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PREFACE

The Proceedings of the Repair, Evaluation, Maintenance, and Rehabilita-
tion (REMR) Research Program Workshop, "New Remedial Seepage Control Methods
for Embankment-Dams and Soil Foundations,' were prepared for the Head.uvarters,
US Army Corps of Engineers (HQUSACE), by the US Army Engineer Waterways Exper-
iment Station (WES).

The workshop was conducted under REMR Work Unit 32310, '"Remedial Cutoff
and Control Methods for Adverse Conditions in Embankment-Dams and Soil Founda-
tions." The REMR Overview Committee consists of Mr. James E. Crews and
Dr. Tony C. Liu, HQUSACE. Mr. Arthur H. Walz, HQUSACE, was Technical Monitor
for this work. The REMR Program Manager was Mr. William F. McCleese, Concrete
Technology Division, Structures Laboratory, WES.

This workshop was organized by Dr. Edward B. Ferry, Soil Mechanics Divi-
sion (SMD), Geotechnical Laboratory (GL), WES, under the supervision of
Mr. Clifford L. McAnear, Chief, SMD, GL, and the general supervision of
Dr. William F. Marcuson III, Chief, GL.

COL Dwayne G. Lee, CE, was the Commander and Director of WES at the time
of the workshop. Dr. Robert W. Whalin was Technical Director.
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CONVERSION FACTORS, NON-SI TO SI (METRIC)
UNITS OF MEASUREMENT

Non-SI unite of measurements uced in this report can be converted to SI (met-

ric) units as ioilows:

Multiply B By To Obtain
acres 4,046.873 square mcires
acre-fect 1,233.481 cubic metres
cubic yards 0.7645549 cubic metres
Fahrenheit degrees | 5/9 Celsius degrees or

Kelvins*
feet 0.3048 metres
feet per second 0.3048 metres per second
gallon (US liquid) 3.785412 cubic decimetres
gallons per minute 3.785412 cubic decimetres per
minute

horsepower (550 ft~1b 745,699 watts

per sec)
inches 25.4 millimetres
inches per second 25.4 millimetres per second
miles (US statute) 1.609347 kilometres
pounds (force) per inch 175.1268 newtons per metre
pounds (force) per 47.88026 pascals

square foot
pounds (force) per 6894,757 pascals

square inch
pounds (mass) 0.4535924 kilograms
square feet 0.9290304 square metres
square yards 0.8361274 square metres
tons (2,000 1b, mass) 0.9144 kilograms

* To obtain Celsius (C) temperature readings from Fahrenheit readings, use
the following formula: C = (5/9)(F -~ 32). To obtain Kelvin (K) readings,

use: K = (5/9)(F ~ 32) + 273.15.



PROCEEDINGS OF REMR WORKSHOP ON NEW REMEDIAL SEEPAGE
CONTROL METHODS FOR EMBANKMENT-DAMS AND
SOIL FOUNDATIONS

INTRCDUCTION

The Repair, Evaluation, Maintenance, and Kehabilitation (REMR) Workshop
on "New Remedial Seepage Control Methods for Embankment-Dams and Soil Founda-
tions" was held at the US Army Engincer Waterways Experiment Station (WES) on
21~22 October 1986. The workshop was sponsored by REMR Work Unit 32310
entitled "New Remedial Seepage Control Methods for Embankment-Dams and Soil
Foundations."

The purpose of the workshop was ¢o stimulate exchange of ideas and
information among leading practitioners, and fro provide an authoritative
review of the state-of-the~art for potential users, primarily those within the
federal government., |

The workshop was attended by 58 people from the Corps of Fngineers,
Bureau of Reclamation, Tennessee Valley Authority, Soil Conservation Service,
and private organizations. A list of attendees is given on the following
page. Presentations were made on grouting, flexible membrane linings, drain-
age measures, jet grouted cutoff walls, reinforced downstream berms, plastic
concrete cutoff walls, and ground freezing. A copy of each written lecture is

included in these Proceedings. A video tape of the workshop, including the

panel diécussion, is available from the WES Library.
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REMR Workshop on New Remedial Secpage Control Methods

for Embankment-Dams and Soil Foundntions

Auditorivw. Building 1006
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Tuesday
Oct. 21,
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8:30 am Introduction of LTC Jack R. Stephens, FEdward B. Perry, WES
Deputy Commander and Director of WES

8:30 Welcome LTC Jack R. Stephens, WES
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8:50 Geotechnicul REMR Research Program Gerald B. Mitchell, WES
9:00 Introduction of Workshop Edward B. Perry, WES

9:05 Introduétion of Speakers Joseph L. Kauschinger

Tuffs University

g:10 Grouting for Ground-Water Control Reuben H. Karol,
Rutgers University

10:10 Break

10:30 Flexible Membrane Linings William R. Morrison,
Bureau of Reclamation
11:30 Remedial Drainage Measures Walter C. Sherman,

Tulane University

12:30 pm Lunch

1:30 Use of Hydrofraise to Construct Jonathan J. Parkinson,
Concrete Cutoff Walls Soletanche
2:30 Jet Grouted Cutoff Wall Giorgio Guatteri, Novatecna
Victorio D. Altan,
Suelotecnica
3:30 Break
4:00 Reinforcement Downstream Berms James M. Duncan, Virginia

Polytechnic Institute

5:00 Adiournment
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8:35 Plastic Couurete Cutoff Walls George J. Tamaru,
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Consulting Engineers

9:35 Break

10:00 Ground freezing as a Construction
Expediency for Excavating Cutoff

Trenches and/or Installation of
John A. Shuster, Geocentric

Drains
11:00 Panel Discussion * Joseph L. Kauschinger
Tufts University
12:30 Adjournment

* Panel consists of all speakers,



GROUTING FOR GROUND-WATER CONTROL

Reuben H. Karol
Consulting Engineer
Professor Emeritur. Hutgers University

Introduction

1. Grouting with cement for control of ground water became an accepted
construction procedure in the late nineteenth century in Europe and, at the
turn of the twentieth century, in the United States.

2, Chemical grouting became an accepted construction procedure between
1920 and 1930, with the successful completion of field jobs using sodium sili-~
cate. The modern era of chemical grouting, which saw the introduction of many
new and exotic products for fiecld use, began only 30 to 40 years ago.

3. Procedures and techniques used with cement grouts were developed
primarily by the large federal agencies concerned with dam construction; Corps
of Engineers, Bureau of Reclamation, and Soil Conservation Service. Predict—
ably, each of these organizations developed its methods unilaterally, result-
ing in major areas of difference in philosophy and execution.

4., It remains difficult, if not impossible, to assess the effects of
these differences on the success of field work. This is partly because each
field project is unique, and two similar jobs done by different approaches do
not exist. Primarily, however, almost all of the cement grouting is done to
increase the safety factor against some kind of failure. There are generally
no precise methods of measuring the safety factors before and after grouting,
when failure does not occur. By way of contrast, remedial grouting (often
done for seepage control) is aimed at a specific problem, where failure or
incipient failure on a Iimited scale is recognizable. Grouting either cor-—
rects or fails to correct the problem, and the henefits of grouting, as well
as the specific procedures used, are directly measurable,

5. By any reasonable yardstick (volume, cost, man~hours, etc.), the
grouting experience of the federal agencies is overwhelmingly in the use of
cement. The standard and practices used in cement grouting quite naturally
were carried over into chemical grouting usage. Some of these procedures were

totally i1nappropriate and severely limited the success of some of the early



chemical grouting experiences. However, these philosophical difficulties have
by now been largely overcome. Chemical grouting is accepted as a valid and
valuable construction proceduvre, and the conceptr ={ short gel times, accurate
control of go2l times, and sophistic: ed multipump systvams and grout pipes have
been integrated invo practice,

6. There are tw. major purposes for . - ring, and any‘fic}d wroblem can

red results of ihe grouting process: (a) to

be classified in terms of Lhe das
reduce seepage or to create a barvier against water flow, and (b) to add shear
strength to a formation or structure iun order to increase bearing capacity,
increase stability, reduce gettlements and ground movement, and/or immobilize
the particles of a granular mass.

/. The term seepage is dii7icult to define quantitatively., The Ameri-
can Society of Civil Engineers (ASCE) ioscary of Terms statras that it is "the
flow of small quantitier -7 water through soii, rock or concrete.'" This
definition depends on the iuterpretation of the word “small." Five gallons
per minute (gpm)* of water entering the bottom of a deep shaft is a small
amount. The same quantity entering a domestic basement is a large amount.
Seepage, then, is better defined in terms of the procedures used to eliminate
it, rather than by job or quantity of water involved. Seepage control gener-—
ally does not require complete grouting of a formation.

8. Creating a barrier against water flow may be done by grouting spe-

cific individual flow channels, by constructing a grouted cutoff, or by a

grout curtain through some or all of a pervious formation.

fypes of Flow Problems

9. During the construction phase of a project, water inflow is consid-
ered a problem (and dealt with) on)y when the inflow halts or retards con-
struction. However, the same amount of inflow that is tolerable during
construction may not be tolerable during operational phase of the structure.
Seepage may also begin after construction is completed, because of the ele-
ments of the structure that modify the normal ground-water flow, because of

faulty construction, because of foundation movements due to consolidation or

* A table of factors for conve fing non~SI units ¢! wmessurement to SI {(met-
ric) units is presented on page 3
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earthquakes, and/or because of ground movements from slope instability. Many
times the need for seepage control is recognized in the design stages, and
cutoff construction is integrated into the overall construction schedule.
However, seepage control procedures are more generyally carried ocut after the
structure s comnleted.

10. Typical seepage problems include infiltration through fissures in
vock, through joints and porous zones in concrete, and through pervicus soil

strata.

Control of Water Flow

11, If only a limited number of channels are available for water flow,
it is feasible and usually preferable to use procedures aimed at individual
channels. These are discussed under the heading of "'seepage control."

12, If many channels are available for water flow, but flow is occur-
ring only through a few of them, seepage control procedures often result in
shifting the water flow from grouted channels to previously dry channels. 1If,
in the end, a large number of channels must be grouted, other procedures will
prcbably be more cost-~effective than treating flow channels one at a time.

13. 1If many flow channels are available and flowing, such as in the
case of granular soils or severely fissured rock, procedures are generally
used that attempt to impermeabilize a predetermined volume of the formation.

These procedures are discussed under the heading 'grouted cutoffs.”

Grouting Materials

14. The desirable properties for grouts used for seepage control and
for cutoffs are similar. Except for very limited special cases, all of the
grouts used must be permanent. They must have adequate strength and impervi-
ousness, and these properties must not deteriorate with age or bv contact with
ground or ground water. The grouts must have controllable setting times over
a wide range, be acceptably nonhazardous to humans and ecology, and be jnex-
pensive enough to be competitive with other construction alternatives.
Finally, they must have a low enough viscositv or particle size to permit

£

piuocment at acceptable economic rates and safe pressures.

i1



15. Figure 1 shows a comparison chart of various ground-water control
methods and materials, including commercial grouts. These are plotted against

minimum grain size and permeability of granular materials in which the various

processes are effective. The data can :i=0c be used to define the minimum
gre v-nie fissure size [ur fractured rock or concrete., The limits -hown in
the char:i are approximate, but ii:c relative positions of the processes sre

reasonably correct,

16. All of the grouts shown have histories of successful field use.
The effectiveness of each in terms of penetrability can be evaluated by defin-
ing the specific formations to be grouted. All of the grouts shown are con-
sidered permanent, except for some of the low concentratiocn silicates.
Although the various products differ considerably in strength, all (again,
except for some of the low concentration silicates) have adequate strength to
resist extrusion from flow channcls if placed at pre. . res greater than the
maximum static head at the point of placement. Recent leboratory tests give
indication that some of the silicates may not be stable under long-term, high
static heads. 1In a series of tests reported by Krizek and Madden at the
April, 1985, ASCE symposium in Denver, Colorado, the behavior pattern shown in
Figure 2 was presented. Silicate grouts generally followed patterns 1 and 2.
Acrylamides and acrylates followed pattern 3. The report concludes:

a. The polyacrylic grouts AM-9 and AC-400 show no signs of deteri~

" oration or erosion due to the application of a gradient of 100.
The permeability of specimens ipnjected with these grouts
remained constant throughout the tests and appeared to be inde-
pendent of the curing time allowed prior to testing or the
average void size in the soil matrix.

Specimens injected with the sodium silicate grouts underwent
large variations in permeability during the early stages of
testing, but once the permeability stabilized, it remained
relatively constant for the remainder of the test. The value
at which the permeability stabilized appears to be dependent on
the permeability of the ungrouted soil and to a lesszer extent
on the chemical characteristics of the grout. In general, it
appears that at gradients between 50 and 100 the maximum Ilong-
term reduction in the permeability of a soil due to the injec~
tion of these grouts is one to two orders of magnitude,

(ke

c. The amount and rate of grout elutriation appear to be dependent
on the strength of the gel and the amount of syneresis experi-
enced in the grout. The polyacrylic and sodium aluminate

zrouts, which achieve their maximum strenpg:h very shortly after
gelztion and experienced little or no syneresis, showed no sign
of grout elutriation when cured for periods of at least 10 and

12



30 min, respectively. The silicate grouts require several days
to achieve their maximum strengths and exhibit reductions of as
much as 25 percent of their original volume due to syneresis.
Specimens injerted with silicate grouts and cured for less than
one day experienced vapid, and usually complete, elutriation
because of lack of =tyength. 1In older specimens the elutria-
tion wss a gradual process, and the rate at vhich the permea-
bility increased was apparently accelerated by iuncreascs in the
degree of synerasis.

For the silicate grouted specimens in which most of the gr.out
was eroded, that grout which remained appeaved to be concen-
trated at the contact points between the so:! grains.

=0

e. Extreme caution is recommended when considering the silicate
grouts tested in this program for use in situations where they
will be subjected to high gradients.

17. All properly placed grouts at time of placewent have permeabilities
of 10—8 cm/sec or less. Silicate grouts, within days or weeks after place-
ment, undergo permeability increase, probably due to syneresis, with final
permeability in the range of 10M4 cm/sec. This does not appear to be a seri-
ous limitation when grouting granular deposits. When grouting rock fissures,
however, syneresis may have serious affects. Recent graduate studies at Rut-
gers University, of which some results are shown in Figure 3, indicate that
the amount of syneresis varies with the catalyst systems (and with other fac-
tors) and may approach 40 percent of the grout volume. Thus many of the sili-

cate formulations may not be appropriate for grouting fissures for water

control.
18. All of the grouts have controllable setting times. Among the best

are acrylamides and acrylates, and among the worst are silicates and pheno-
plasts. The degree of difference between those described as "best' and those
described as "worst" is not sufficient to remove any of them from considera-
tion for field work. All of the grouts pose some degree of hazard to people
and ecclogy. Among the best are the various silicate formulations, and among
the worst is acrylamide. Although acrylamide has been used throughout the
world since the mid-fifties and continues to be used everywhere except Japan,
it has been known for many years that it is toxic and neurotoxic. More
recently, laboratory studies by the manufacturers indicate that acrvlamide is
also carcinogenic. These negative properties obviously forecast a decrease in
usage.

19. The grouts that come zlosest to matching acrviamide's excellént

properties are the acrylates. Currently, two commercial products, somewhat

13



similar in nature, are available in the United States. One of these is
AC-400, and the other is Terragel. Typical properties of the commercial

grouts are shown in Figure 4. Many of the metallic acrylates can function as

chemical growis. The selection of the ones marketed commercially is ba:
largely on co~t, but also on specific properties of the varivus salts. Since
we of the salts will increase in volume when changing from lig to solid,

it iz possible to tailor products to specific f£4:77 reguirements. /lcrylates
have low levels of toxicity aud zcological impact and seem to be the best can-
didates to repliace acrylamide.

20. Among the relatively new catalyst systems for silicates is a prod-
uct called glyoxal. This material has been used in large quantities in Japan
in recent years and also in Europe. It has seen little use in the
United States, although it is readilv available from seversl sources. 1t can
be used for both low and high concentration silicate solutions, =nd with or
without accelerators, such as calcium chloride. Limited laboratory studies at
Rutgers University, some results of which are shown in Figure 5, indicate that
glyoxal tends to give much higher stabilized strength than other catalyst sys-
tems. However, there appears to be a falloff of strength with time. (This
phenomenon also occurs with other catalyst systems.) Glyoxal was not among
the materials checked in the report by Krizek and Madden. More extended test-
ing is needed to determine if glyoxal is the catalyst that will permit effec-
tive use of silicates for seepage coatrol.

21. The ability of a solid grout, such as cement, to penetrate a fis-
sure or formation is a function of the particle size. A rule of thumb is that
formation openings must be at least three times the maximum particle size to
prevent rapid blinding of the formation. When normal Portland Cement will not
penetrate, high early-strength cement (a more finely ground material) is often
used. Although this change is generally effective, the degree of difference
i¢ small. Within the past 5 years a new product, Microfine Cement MC~500, has
been introduced by Onoda Cement Co. of Japan. The product and its usage were
detaiicd in a paper, which appeared in the proceedings of the New Orleans ASCE
Grouting Conference held in 1982, Figure 6 lists some of the physical
properties of this product.

22. Manfacturers’ data suggest that penetrahility of MC-530 is equal to
that of scrylamides and acry.-teg, Laboratory stndiss at Rutgers Uniw. reity

tend to equats MCU~500 and the silicataes, in regard to penetrability.
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23, Cement and silicates are mutual catalysts. Each, in small quanti-
ties, can be used to gel the other. MC-500 also follows this relationship.
When silicates are used to catalyze MC-°00, setting times of a few seconds to
geveral minutes are obtained. When MC-500 is used alone with water, settings
times are 4 to 6 hr. No cat vat cvstem has yet been feund that wili give
reliable setiiug times in the 10-min to 3-hr range. This is a severe draw-
back, but possibly one that can be elimirated by modifying percentages of the
MC~500 components. Currently the cost of MC-500 is high, in the range of the
chemicai grouts., As the market grows, and other manufacturers compete, costs
will decrease smignificantly.

24, Based on the data presented above, material recommendations for
seepage control and cutoff construction are: (a) use Portland Cement wherever
feasible, and (b) use MC-500 and the acrylates for field conditions where

ordinary cements will not penetrate,

Crouting Procedures

Seepage control
25. The earliest studies of seepage control procedures that were fully

documented for the profession were performed in 1957 by the author wvhile in
charge of Cyanamid's Engineering Materials Research Center. It is probable
that the methods developed by these studies had been used as described below
or in modified form by others prior to the publication of the results and rec-

ommendations. I1f so, these data remained buried in contractors' files as pro-

prietary information.

26. The initial field work in the 1957 study was performed in a Cana-
dian copper mine, 250 ft below ground surface. This was one of the first
applications of grouts other than silicates in mines. Data on fault zone
location, such &#s shown on the drift map in Figure 7, as well as direct visual
observation of seepage locations were used to determine placing and direction
of grout holes. Grouting through these holes proved to be completely ineffec-
tive in reducing seepage. This work indicated clearly that the route grout

would follow {frcm its injection poiutr to 1ts exit point or final location)

could net be determined with any accuracy by interpretation of the geologic

map coupied with visual site examination. In fact, the complexity of seepage
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through a fissured rock mass virtually precludes the effective preplanning of
a complete grouting operation.

27, Following the initial mine grouting, a series of laboratory experi-
ments were set up to simulate field seepage conditions. Luciie tubing was
usi o represent seepage channels and drill holes, as shown in rigure 8.

28. In one experiment, point B was shut and watef was pumped thiough
point A at a coustant rate until cguilibrium was reached. The numbers on the
lines in Figure 8 show the percent of total flow going through each line.

When the volume pumped through point A was chanped and equilibriuw zzain
established, the percent of total flow going through each line varied as shown
on the table in Figure 8.

29, Other experiments verified the conclusion to be drawn from this one
that percent flow was not z direct function of total flow and that the varia-
tion was much higher in pipes with low percentage flows than in those with
high pefcentages.

30. It was found after working with any given model under a number of
different coenditions that sufficient data were available so that the simulated
seepage system could be sealed with a preplanned procedure., The required data
for any system could be summarized by the following descriptions:

a. The required pumping pressure to fill all the seepage channels
with ground-water dilution held to negligible proportions.

b. The time lapse from the start of pumping until the pumped fluid
reaches the end of each seepage channel.

c. The volume of pumped fluid required to fill all the channels at
the required pumping pressure.

Such data can be obtained only by a pumping test. It cannot be obtained by
visual examination even for very simple seepage systems, because the addition
of external pumping pressure, which will be required for grouting, changes the
characteristics of the seepage system,

31. Lab work and field work both indicate conclusively that when pres-
sure conditions within a seepage system are changed, the very small leaks are
much more affected than the large ones. Thus, it should be expected that a
fleld pumping test will reveal leaks which were not flowing under normal
static head conditions.

32. The laboratory studies showed that at some point within a seepage
system the exter~s) fluid pumped mixes with the internal fluid (in field work,

thiis means grout would wix with ground water}. At small pumping volumes it
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should be expected that somewhere within the seepage system grout will be
diluted with ground water to the extent that it will not gel. As the pumping
volumse is increased, the detrimental diluticn will decrease. Under both con-

iy

ditions, ihe prout tends to ilow toward and into that portion of the secnage

system farthest from the source of ground water supply.
33. The laboratovy studies pointed the way to techniques. vefined by
field experimentation, whish work well in stoppring seepage in fractured rock

and which are alsc useful in treating fractured and porous concrete. The
technique consists of first driliing a short hole that will intersect water-
bearing fissures and cracks. Holes are drilled in the simplest fashion, often
hy jeckhammer. Dry holes are generally worthless and should be abandoned.

Wet holes (holes that strike water) are generally useful and are dye-tested as
goon as completed.

34, The dye test is done with the gryout plant by pumping yed water
through a2 packer placed at the collar of the wet hole just drilled. The dye
concentratior must be carefully controlled, so that if ground water dilutes
the dye beyond the point where similar dilution would prevent the grout from
gelling, the dye cannot be seen. Pumping pressures should be kept well below
the pump capacity. If these criteria limit the pumping rate to less than
1 gpm, it may be best to abandon the hole and drill a new one. (The rate
noted is approximate and may well vary from job to job. At some low rate for
each specific job, it will become economically more feasible to drill new
holes to find higher takes rather than to treat tight ones. Job experience
will soon dictate which wet holes need not even be tested.)

35, When the dye test begins, the adjacent wall area is carefully
watched for evidence of dye. When dye is first seen at any point, the time
since the start of pumping is noted as well as the pumping pressure and rate.
Dye tests mzy be stopped when dys appears at one point or may be continued
until a number of Jdifferent locations show dye. (Generally, the points where
dve appears are in areas which are already wet or flowing. This is the
assumed condition in the discussion which follows. If dye appears only in
areas that were dry prior to the dye test, the hole should be abandoned.) For
each point, time, pressure, and rate are recorded.

36. Every time dye appears, this indicates that an open secpage channel
exists Lerween the packer w4 the point where dys appears. The exact location

of the channel within the rock mass iz not known, but if the drill hole being
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tested made water, then the established channel must reach into the water
source somewhere. Therefore, the hole is worth grouting.

37. The time recorded for the appearance of dye is the maximum gel time
that can be used to seal that particular channel, Tf longer gel times are
used, the goout will run out of ths JTeak before it se: . Tf the time is
short, of the order of 5 to 10 sec, this may be too short = :! time to handle
readily.  The effective time can be lengtiwned by lowering the puuping rate.
This is & necessary step when attempting to sea! =+ number of zones from one
hole and one of the zones has a very short return time.

38. If the return time is long, say 5 min or more, it can be shortened
by increasing the pumping rate. This will generally raise the pumping pres-
sure and may therefore not be feasible if allowable working pressures would be
exceeded. ¢ I1s usually not productive to treat holes that show return times
of 10 min and wore when holes with shorfter return times are svailable.

39, Metering pumps are highly desirable for dealing with seepage prob-
lems for both the dye tests and the actual grouting. Once a hole has been
drilled and tested and it has been determined that greouting is in order, the
pump suction lines may be switched directly from the dyed water tanks to the
grout tanks. Dye may also be used in the grout, a color different from that
used for dye tegting.

40. When pumping begins, the pumping volume should be brought as
quickly as possible to that used during the tests, and the grout itself should
have a gel time of about three quarters of the previously recorded return
time. The pumping pressure is monitored to make sure it does not exceed the
allowable, but otherwise no attempt need be made at this stage to keep the
pressure at dye test values. The leak is watched closely. Tt should begin to
seal at about the recorded return time. If this does not happen and dye {(of
the color used in the grout) does not appear at the leak, then dilution beyond
the ability ¢o gel has occurred. (This would normally mean too high a dye
concentration was used in the dye tests.) If dye does appear but the leak
does not seal, then dilution of the grout has extended the gel time heyond the
return time. This may be counteracted by decreasing the gel time (easy to do
with metering equipment but very difficult with equal volume equipment) or by
decreasing the pumping rate (easy to do with either kind of couipment).

41. As the leak beging to seal, the pumping pressure will rise, partic—

ularly it « single channel is being treated. If thc rise is rapid or voaches
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high enough values, it will blow out the seal just made and reopen the leak.
Therefore, it is important, as the leak begins to seal, to keep the pressure
from rising by reducing the pumping rate. Tt is desirable at this time to
continue pumping and, if peosszible, to place additional grout, since the grout
now being pumved is most probablv going directly into the source of the seep-
age, If field conditions and experiernce offer mno clue to the additional vol-
ume to be placed, pump an amount equal to that pumped up to the time the leak
sealied.

42, Once gel begins forming in the seepage channel, the entire seepage
net is altered, and all previously gathered seepage data may become totally
unreliable, This is the primary reason why holes should be drilled, tested,
and grouted one at a time. For holes which feed more than one leak, consider-—
able change in return times will occur once sealing of one leak begins. Iov
such holes, sealing of additional leaks becomes a trial-and-error proposition,
with a good chance of blowing out earlier seals with the higher pressures that
may be needed for other leaks.

43. The process described can be readily used to seal one leak or zone
at a time, and if the total number of leaking zones is small, the technique is
economical for complete seepage control. (Actually, 100 percent shutoff can
be obtained for individual leaks but is often not economically feasible for a
system with many leaks. For example, it may cost as much to shut off the last
10 percent as it does the first 90 percent of the total seepage.) However, if
there are many leaks, the method becomes very time-consuming, and it also
becomes necessary to shut off leaks by shutting off the source of seepage.
Grout pumped through the hole after all the external leaks have closed is very
effective for this purpcse. It may be necessary to use cutoff wall procedures.
Curtains

44, Grout curtains are barriers to ground-water flow whose purpose is
to restrict or redirect the existing ground-water flow paths sufficiently to
limit total water flow to tolerable amounts. A curtain is created by grouting
a volume of soil or rock, generally of limited thickness, normal to the exist-
ing flow direction. Typically, a grout curtain could be used alongside or
underneath a dam to reduce drainage of the impounded water. Curtains may also
be placed around construction sites or shafts to reduce water inflow. Where
the required service life is of limited duration, well points or other

construction methods often prove more practical. For long-term shutoffs,
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where the zone to be impermeabilized is close to ground surface, slurry walls
are often more cost-effective. Where the treatment is deep or below a struc-

ture that cannot he breached, grout curtains remain the most practical

solution.

45, The previous discuscion of grouting moterials is applicy
grout curtains a2s well as to sealing small seepages. I!owever, grout cuivsing
are generally large jobs in terms of time and materials involved. For large
jobs of any kind, there is often economic merit in the use of more than one
grout, using a less expensive material for the first treatment (cement, clay,
and bentonite should be considered if they will penetrate coarser zones) and
following with a (generally) more expensive and less viscous material to han-
dle residual permeability. To date, there has been very limited use of the
microfine cements. These products fall in between normal cements and the low
viscosity chemical grouts both in penetrability and cost, and depending upon
site conditions, they may replace one or both of the other grouts.

46, The pattern for a grout curtain is a plan view of the location of
each grout line or row, and every hole in each row. The sequence of grouting
each hole should also be noted on the pattern. In order to approach total
cutoff, a grout curtain must contain at least three rows of grout holes and
the inner row should be grouted last. The distance between rows, as well as
the distance between holes in each row, is selected by balancing the cost of
placing grout holes against the cost of the volume of grout required. As the
spacing between grout holes increases, the required total grout volume
increases, but the required linear feet of drillling decreases. For any spe-
cific job, the actual costs of drilling and grout can be computed for several
different spacings to determine the specific spacing for minimum cost. This
generally turns out to be in the 3- to 6~ft range for chemiczl grouts., For
the microfine cements, optimum spacing will fall in the same range.

47. Grout curtains placed with normal cement grout have in the past
used much larger hole spacings to begin with (10 to 30 ft), and have used a
technique of splitting the spacing one or more times while grouting to a
refusal pressure or volume. Thus, holes placed at a 20-ft spacing to begin
with may be cut to a 10~ft spacing, then 5 ft, then 2 1/2 ft, etc., This
process, which requires a lot of drilling, 1s based on the fact that cement
grouts, as generaily used, will have long setting times in the field, several

hours or more. When working with cement as the major grout, hole zpacing
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should start at 10 ft or more if microfine cements or chemical grouts will not
be used, or will be used only in the center row of holes. If normal cements
are to be used at the start of a chemical grout curtain primarily to plug
large voids, the spacing of grout holes should be that applicable to a chemi-
cal grout curtain.

48, The length of a grout curtain is ~ften determined by the physical
parameters of the job. A cutsff between two foundations obviously has a
length equal to the distance between them. A grout curtain on one side oi a
dam, however, need not extend indefinitely or to the closest impervious forma-
tion. Such curtains function by extending the otherwise short flow paths far
enough so that flow is reduced to tolerable amounts. The length may be
extended to where more permeable zones terminate or may be designed on hydrau-
lic principles alone.

4%. The depth of a grout curtain is determined by the scil profile.
Unless the bottom of the curtain reaches relatively impervious material, the
curtain will be ineffective 1f shallow, and very expensive if deep.

50. When a grout curtain is built for a dam prior to the full impound-
ing of water behind the dam, there may be no way to evaluate performance of
the curtain for a long time after its completion. Even when performance can
be evaluated quickly, there is often no way to relate poor performance to
faulty construction opening or "windows' in the curtains which were not
grouted. Thus, complete and detailed records are vital for each grout hole.
These will indicate the location of probable windows and permit retreatment of
such zones while grouting is still going on.

51. In contrast to the seepage problems previously discussed, grout
curtains cannot economically be constructed by trial and error in the field.
The entire program of grouting must be predesigned, based on data from a
geological investigation and an adequate concept of anticipated performance.

52, The first step in the design of a grout curtain is the spatial def-
inition of the soil or rock volume to be grouted. The design then defines the
location of grout holes and the sequence of grouting. For each hole the vol~-
ume of grout per lineal foot of hole is determined, based on the void volume
and the pipe spacing, to allow sufficient overlap between grouted zones. The

intent is to form a stabilized cylinder of a desired specific diameter along
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the length of pipe. The diameter is selected so that stabilized masses from
adjacent grout holes will be in contact with each other, and overlap slightly.

53. In practice, it is difficult to synchronize the pumping rate and
pipe puliinz (or driving) rate to obtain a uniform grout placement rate z=lcong
the pipe lengiii. it is common practice ‘¢ pull (or driv-’ che pipe in incre-
ments and hold it in pisce for whatever length of time is required to place
the desired volume of groutr. If small volumes of grout are placed at consid-
erable distances apart, the obvious result is isolated stabilized spheres (or
flattened spheres). As the distance between placement points decreases, the
stabilized masses approach each other. The stabilized masses will also
approach each other, if the distance between placement points remains constant
but grout volume increases. Experiment and experience have shown that the
chances of achieving a relatively uniform cylindrical shape are best when the
distance the pipe is pulled between grout injections does not exceed the grout
flow distance normal to the pipe. For example, if a stabilized cyliinder 5 ft
in diameter f{s wanted, in a soil with 30 percent voids, 45 gal of grout are
needed per foot of grout hole. The pipe should not be pulled more than 30 in.
At 30-in. pulling distance, 112 gal should be paced. (The grouting could also
be done by injecting 77 gal at 18-in. intervals, etec.)

54. Even when the proper relationship between volumes and pulling dis-
tance is observed, nonuniform penetration can still occur in natural deposits
when these are stratified. Degrees of penetration can vary as much as natural
permeability differences. Such nonuniformity has adverse effects on the abil-
ity to carry out a field grouting operation in accordance with the engineering
design.

55. It would be of major value to be able to obtain uniform penetration
regardiess of permeability differences in the soil profile. In assessing the
cause for penetration differences, it becomes apparent that the grout which is
injected first will seek the easiest flow paths (through the most pervious
materials) and will flow preferentially through those péths. To wmodify this
condition, other factors must be introduced. If the grout were made to set
prior to the completion of.the grouting operation, it would set in the more
open channels where it had gone first and force the remaining grout to flow
into the finer ones. Accurate control of gel time thus becomes an important
factor ¢ . cbtaining more unifcrm penetration in stratified deposits. Just as

in controliing the detrimental effects of ground-water f{low, more uniform
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penetration in stratified deposits also requires keeping gel times to a
minimum.
56. The operating principles can be summarized as follows:

a. The pipe pulling distance must be related to volume placed at
one point.

b. The dispersion ef‘ccts of gravity and ground water should be
kept to a minimum.

c. Exces~ pepetration in coarse strata must be controlled to per-
mit grouting of adjacent finer strata.

57. The first criterion requires only arithmetic and a knowledge of
soll voilds. Tsolated stabilized spheres will result if the distance the pipe
i1s pulled between injections is greater than the diameter of the spheres
formed by the volumes pumped. Graphic trials at decreasing pipe pulling dis-
tances readily show that the stabilized shape begins teo approach a cylinder as
the distance the pipe is pulled spproaches the radial spread of the grout as
discussed previouslv.

58. The second criterion requires that grout be placed at a substan-
tially greater rate than the flow of ground water past the placement point and
that the gel time does not exceed the pumping time. In the formations where
chemical grouts would be considered--those too fine to be treated by cement,
pumping rates more than ! gpm are adequate to prevent dispersion under laminar
flow conditions. (Turbulent flow does not occur in such soils other than at
surfaces exposed by excavation). The control of gel times not to exceed the
pumping time is readily done with dvual pumping systems but is difficult and
frustrating with batch systems.

59. The third criterion requires that the gel time be shorter than the
pumping time. (The alternative is to make additional injections in the same
zone after the first injection has set. This would require additional drill-
ing and would certainly he more costly). This process is feasible with chemi-

cal grouts hut obviously cannot work with a batch system. Dual pumps and

continuous catalysis are required.
Summary

60. Controlling seepage or {low through subsurface channesls requires
»lugging the channels individually or coilsetively. Grouts =ve often used for

these purposes. Cements, inciuding the new microfine products, and acrylates
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are the materials most suitable, considering cost, toxicity and gel time con-
trol. Field procedures for seepage control and curtain grouting differ

greatly, but each method works most effectively when used with short gel

times,
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Figure 1. Gicund~water control methods
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Syneresis of some sodium silicate grouts
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VISCOSITY CYCLES/SECOND

PROPERTIES OF CONCENTRATED GROUT

THE NEW GROUT CONSISTS OF A MIXTURE OF ACRYLATE MONOMERS IN WATER SOLUTION
WITH THE FOLLOWING PROPERTIES:

APPEARANCE STRAW YELLOW COLOR
DENSITY 9.8 LBS/GAL (1.18 GM/ML}
STABILITY GOOoD

PERCENT SOLIDS 38 - 42%

pH BE-~7E

STORAGE STABILITY BUT SHOULD BE %17 ABOVE ITS FREEZING
BELOW 100°F (38°C). 1T CANNOT BE STORED IN CONTACT

THE GROU | H¢
POINT - 49 F (-6
WITH STEEL.

PROPERTIES OF GROUT IMG SULUTION

AC-400 GROUTING SOLUTION COMNTAINS 10 PERCENT MONOMER SOLIDS AND SUFFICIENT
ACCELERATOR (TEA) AND INITIATOR (AP} TO GIVE THE REQUIRED GEL TIME, THE
FROPERTIES OF A TYPICAL GROUTING SOLUTION FOLLOWS:

VISCOSITY 2 CPS (20°C, 60 RPM, BROOKFIELD)
DENSITY 8.6 LBS/GAL (1.04 GM/ML)

pH 75-95

STABILITY 3DAYS CATALYZED

PROPERTIES OF ACRYLATE GELS

THE LONG, FLEXIBLE, CROSSLINKED POLYMER CHAINS OF ACRYLATE GEL AT 10 PERCENT
SOLIDS IN WATER HAVE THESE PROPERTIES:

APPEARANCE WHITE, FLEXIBILE GE|

SOLUBILITY INSOLUBLE IN WATER, KEROSENE, GASOLINE. THE GEL
WILL SWELL SLIGHTLY N THE PRESENCE OF WATER,

PERMEABILITY 5 x 10-9 CM/SEC

STABILITY UNDER CONDITIONS THAT ALLOW WATER TO EVAPO-

RATE, GEL WILL GRADUALLY DEHYDRATE. IN UNDER-
WATER OR AT 100 PERCENT RELATIVE HUMIDITY
(CONDITIONS UNDERGROUND), THE GEL WILL MAINTAIN
ITS VOLUME FOR YEARS. THE GEL IS RESISTANT TO
ATTACK BY BACTERIA, FUNG! AND THE DILUTE CHEMI-
CALS THAT MAY BE FOUND UNDERGROUND.

LONGEVITY BECAUSE OF THE PERMANENCE OF ACRYLATE POLY-
MERS IN SOILS AND THE SIMILARITY BETWEEN
ACRYLAMIDE MONOMER AND ACRYLATE MONOMER
POLYMERIZATIONS, IT IS BELIEVED THAT AC-400 GEL
WILL REMAIN UNAFFECTED FOR MANY YEARS IN SOILS,

36
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32 = O 10% ACRYLAMIDE GROUT 10% AC-400 GROUT
28 | & 10% AC-400 GROUT 0.5% TEA, 0.5% AP
0.5% TRIETHANBLAMINE
0.5% AMMONIUM PERSULFATE 10 0.100,200.300 PPM KFe
24 |~ 300 PPM KFe 9
B 50% SILICATE GROUT 8
20 7 5% FORMAMIDE 7
5% ETHYLACETATE 8
5
L‘ﬁ
woog
>
2 3
=
5 2
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GEL TIME, MINUTES @
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09 |~
THE CHEMICAL GROUT CONSISTED BY [eX: 20 e
WEIGHT OF 26 PERCENT LIQUID GROUT 0.7 ™
CONCENTRATE, 0.3 PERCENT 0.6
TRIETHANOLAMINE AND 0.3 PERCENT 05 |-
AMMONIUM PERSULFATE; THE 0.4
BALANCE WAS WATER, THIS GROUT .
MIX GAVE A 10 MINUTE GEL TIME AT 03 |-
18° C. ’
0 10 20 30 40 50 60

TEMPERATURE, °C

Figure 4. Propertiss of acrylate grout
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Wie- 200 MICROFINE CEMENT

CHEMICAL COMPOSITION (%)
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FLEXIBLE MEMBRANE LININGS
by William R. Morrison

Bureau of Reclamation

Background

1. Since the end of World War 1T, the rapid development of synthetic

polymers has made a host of new construction materials available. In coopera-

tion with industry, the Bureau of Reclamation has conducted extengive labora-~-

tory and field research on many of these synthetic materials engineered
specifically for use as waterproof membrane linings. This work has led
development of FML's (flexible membrane linings) for seepage control in
gation canals, reservoirs, and ponds. As a result of this developument,
has been an increased use of Fiii.'s in dam construction.

2. The FML's are thin, tough, impermesable plastic or elastomeric
ranging in thickness from 10 to 100 mils (1 mil equals 0.001 in.}). The

"geomembrane" has recently been coined for FML's.

to the
irrdi-

rhere

films

term

3. The most common membrane linings include the following materials:

. PVC (polyvinyl chloride).

o o

. LDPE (low-density polyethylene). This plastic is the type used
in manufacturing trash bags, such as Hefty and Glad. For com-

parative purposes, trash bags range in thickness from 1-1/2 to

2 mils. Also, LDPE is quite often called "Visqueen."
. HDPE (high-density polyethylene).
CPE (chlorinated polyethylene).

[E=" e

fo

|+h

+  Butyl rubber.

. EPDM (ethylene propylene diene monomer).

joe

CSPE (chlorosulfonated polyethvlene). This material is also
called Hypalon, which is Dupont's trade name for the compound.

Some of these linings (g through g) can be manufactured with a reinforcing

scrim to improve tear strength properties and dimensional stability (shrink

resistance).

Canal Linings

4. Much of the development work on plastic canal linings has been

accomplished under the Bureau's LCGCL (Lower (net Canal Lining) program,

34



terminated In 1967, and its replacement, the OCCS (Open and Closed Conduit
Systems) program.

5., The use of the plastic linings has primarily been in conjunction
with the vehabilitation of old, uv=lined canals, especlally in areas unsuitable
ior compacted eartu or concrete linings. This work inveiving the procedures
listed below is general:v saccomplished during vhe nonirrigation season, and 1t
often involves wintertime construction.

&. Excavation of the existing canal a minimum of 1 ft.
b. Subgrade preparation.
. Installation of the membrane lining.

. Placement of an earth cover (12 to 18 in. in depth) to protect
the membrane from the elements and physical damage.

6. Because of the requirement of an earth cover, membrane linings are
restricted to canals having low-velocity riews (1 to 3 ft/sec). 4lso, the
side sicpes should be no steever than 2.5:1 and preferably 3:1. Several
excellent articles have been prepared recently concerning slope stability of
membrane-lined facilities (Giroud and AH-Line 1984, Martin and Koerner 1985).

7. Either PVC or LDPE can be used in plastic canal lining work. The
decision to use PVC or PE (polyethylene) is made on the basis of local condi-
tions and service requirements for each specific installation. Because PVC is
more resistant to punctures, more readily available in larger sheets (up to
70 ft wide and 1,000 ft long, depending upon thickness), and more easily
repaired and fileld spliced with solvent-type cement, it has been used more
extensively than PE in Bureau work.

8. Although PE possesses better low~temperature properties and aging
characteristics than PVC, it is more difficult te handle and currently is
available only in seamless rclls up to 40 ft wide and 200 ft long. Conse~-
quently, it requires more field seams. These shortcomings have recently been
discussed with Unired States manufacturers of PE film.

9. The first PV( installation under Bureau construction specificatiors
was in 1968, on the Helena Valley Canal, Helena Valiey Urnit, Montana. GSince
then, PVC has been used in rehabilitation work on the East Bench Unit,
Montana; Riverton Unit, Wyoming (Wilkinson 1984); Farwell Unit, Nebraska; and
the Yakima Project, Washington.

10. For this work, PVC of 10~-mil (0.01 in.) thickness was used. liow-

ever, based on field and laboratorv performance studies ccnducted the past few
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years, 20-mil PVC is now being specified in Bureau work. The additional cost

of the heavier gauge material will be minimal. With a 100 percent increase in
thickness of the membrane, the overall cost of construction will only increase
by about 15 percent.

1. Plastic linings are now heing specified for v+ ronstruction. For
example, a 20-mil PVC is being used on :ie San Luis Project,; Colavado, to line
a conveyance channel for 'o'ivering salvaged ground water as a supplerental
source to the Rio Grande River. Three of four specifications have been issued
and awarded for this work. The installation on the San Luis Project is the
largest use to date of a plastic lining in canal construction in the
United States (Starbuck and Morrison 1984; Morrison 1985).

12, 1In 1984, a study wos completed (Morrisor and Starbuck 1984) on the
performance of buried plastic membrane linings, primarily 0.25-mil-thick PVC,
used for seepage comtrol in Bureau irrigation canals. Samples from nine canal
instailations ranging in service life from 1 to 19 years were evaluated.
Results of the study indicate that plastic linings are providing satisfactory
service for seepage control and are viable alternatives in areas not suitable
for concrete or compacted earth linings. Results of the study indicated that
some stiffening of the PVC has occurred with time. This stiffening or aging
is caused by the loss of plasticizer, the agent used in the manufacturing of
the lining to impart flexibility., The rate of this aging is primarily
dependent on three factors:

a. Source - linings originally manufactured with a high plasti-
cizer content exhibited less aging,

b. Location - samples obtained from within the water prism exhib-
ited less aging than those obtained outside the prism, and

c. Subgrade preparation.
13, From 1975 to 1982, the Bureau was involved in a joint study with
the Soviet Union on the use of plsstic films for canal Iinings. Highlights of
this study included the following:

a. Exchange of technical informution on plastic linings used in
both countries. (The Soviets primarily use PE in their canal
construction work. In small canals, they use 8-mil PE under
concrete, and in larger canals, they use two layers of 8-mil
film covered with about 3 ft of earth in the bottom and precast
concrete slabs on the side slopes at the waterline for erosion
control.}

. TInstallation of nine experimental caval lining systems at the
Ukranian Field Tes. Station, Black Sea Canal, The Soviets
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constructed the test sections in accordance with Bureau speci-
fications and using Bureau-furnished materials. Based on the
results of these tests, two lining systems have been selected
for further study in an operating canal on the Kakhovka Project

in the Ukraine. The two svstems are a 10-mil ¥VC with a con-
crete cover and a 20-mil polyolafin lining with a concrete
cover.

e Installation of a PF and a PVC study v-~tfon on the Amarill:

Canal, Navajo Indian irrigation Project, New Mexico. Included
in the study will be detvermination of the performance of
several different protective earth cover materials. Special
seepage monitoring stations were also installed to determine
the effectiveness of the plastic linings for seepage control.

An interim report (Krupin et al. 1982) was prepared, summarizing the joint

studies to date.

General

14. The Bureau has been involved in three major projects using flexible
membrane linings: The Kualapuwu Reservoir, Molokai Project, Hawaii, the
Mt. Elbert Forebay Reservoir, Fryingpan-Arkansas Project, Colorado, and the
San Justo Reservoir, Central Valley Project, California.

Kualapuu Reservoir
i5. The Kualapuu Reservoir, built during 1968-1969, is the principal

storage facility for the Molokai Project, Hawaii. This is a State venture
that is federally funded in part under the Small Reclamation Projects Act of
1956. The storage capacity of the reservoir is 4,300 acre-ft, with a maximum
head of 50 ft (Chuck 1970).

16. Since onsite clay materials were borderline in regard to satisfac-
tory seepage control, a 1/32-in. nylon-reinforced butyl runner lining was
installed in the reservoir to control seepage. 'The Bureau provided technical
assistance for this 160-acre installation.

17. Bureau 0&M (Operation and Maintenance) personnel have made periodic
inspections of the reservoir. They report that occasional repairs of the
seams have been required. Also, slope protection material has been placed at

the waterline to minimize damage from wind and wave action.
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Mt. Elbert Reservoir
18. General., During the summer of 1980, the Bureau installed 290 acres

of a flexible membrane lining in Mt. Elbert Forebay Reservoir (Morrison,

et al. 1982). The veservoir, part of *he Mt. Elbert pumpe:-storage facility,
ig situated on the morth shore of picturesqgues Twin Takes locaved iv Lake
County upproximately 15 miles southwest of Leadville, Colorado.

19. Thoe reservoir impounds 11,530 acre-ft of wator of which
7,160 acre-ft is used to develop 200,000 kw of electrical puwer during peak
demand. Two 138,000-hp hydroelectric turbine-generators are used to generate
the power. These generators have also been designed to operate as 17(,000~hp
motors to drive the turbines in reverse to pump the water from Twin Lakes,
back to the forebay reservoir during nonpeak hours.,

20. The installstion at Mt, Elbert constitutes the world's largest
single~ceii flexible membrane lining application to date, and it is the first
time that such a material has been used in a pumped-storage reservoir for
seepage control. Also, to meet the Buresau deadline of July 1, 1981, for power
on-line, the installation had to be accomplicshed in one comstruction season to
allow sufficient time to fill the reservoir and conduct acceptance tests on
the generating units and other accessory equipment,

21. The membrane lining was installed under Bureau Specifications
No. DC~7418. Green Construction Company of Des Moines, Iowa, was awarded the
contract on April 16, 1980, and installation of the membrane was completed on
September 20, 1980. The B. F. Goodrich Company of Akron, Ohio, was the sub-
contractor who furnished and installed the membrane lining. The cost of the

work is shown below:

Engineer's Bid

Item estimate price
Total v $20,566,000 $17,884,170
Furnist: and install $10,160,000 $ 8,712,200
membrane lining ($O.80/ft2) ($O.686/fﬁ2)

22. Forebay reservoir. At an elevation of 9,645 ft, the forebay reser-

voir is approximately 435 ft above the Mt. Elbert pumped-storage power plant.

The bulk of ithe water used for power generation must b pumped into the
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forebay reservoir from lower Twin Lakes, one of a pair of glacial-age lakes.
The capacity of the lakes has been increased by construction of an embankment
dam at the ocutlet end of the lower lake. Additinnal water for power produc-—
tion comes from the western slope of the Continental Iivide. The mort¢h side
and south sidv Zollection System uii i+ western slope cuifscts runoff from
snowmelt above 10,000 ft. The water is bryought to the eastern slope via tun-
nei to Turquoise Reserv:i: where it is held in temporary storage until con-
veyed through the 10,3-mile-long Mt. Elbert conduit to the forebay reservoir.
23, The forebay reservoir has a surface area of 290 acres at an eleva-
tion of 9,645.7 ft, the top of active conservation capacity. The minimum
operational water surface is at an elevation of 9,615 ft. Adjacent to the
upper edge of the glacial scoured valley now occupied by Twin Lakes Reservoir,
the forebay reservoir occupies a former topographic depression. The reservoir
was built in 1976~1977 by constructing & smwall dike in the open southwest cor-

ner «i the depression and a 80-ft-high zoned earth embankment acrcss the open
north side. The earth materials in the floor and sides of the depression var-
ied from sandy clay to pervious sands and gravels. The depression was
reshaped to provide & bottom shape suitable for placement of a 5-ft-thick
earth liner.

24. The earth lining extended up the sides of the reservoir to an ele-
vation of 3 ft above maximum water surface. In-place testing of the earth

liner indicated that the permeability of the earth lining was in the range of

1.0 to 10 ft per year.
25. Water was introduced into the forebay to a depth of 25 ft during

the period November 1977 through March 1978. Water levels in several of the
piezometers and observation wells located in the valley side between the fore-

bay reservoir and the power plant began to rise shortly after compiction of

this first introduction of water into the forebay. By the summer of 1979, the
water level had risen over 8 ft in uvve well and 4 to 6 {:¢ in several others.

Since other wells had not either responded or experienced watc: level
decreases, the continuous rise experienced in scme wells was considervaed to be
attributable to water in the forebay rather than cyclical changes in the
ground-water level.

26. An old (szveral thousand years) landslide scarp had been noted
along ir: valley side duriug earlier investigatione for the reserveir and

power plant. Slope stability analyses for the valley side were performed, and

34



the stability was found to be marginal for conservative strength parameters
and saturated conditions. It appeared, therefore, that enough water to influ-
ence stability of the valley side could possibly seep through rhe compacted
earti, iining. The decisivi ro line the forebay with an impermeable membrane

was made iz ‘fupust 1979,

27. Earthw..i.. A major portiov. f the constructic: scivivities for
installing the membraiic lining at Mt. Elbert involved various types of earth-

work. for example, before installing the membrane lining, the following

earthwork had to be accomplished:

a. Kewoving and stockpiling existing riprap aud other slope pro-
tection material (coarse gravel and quarry reject material)
placed to protect the existing earth liner from erosion.

b. Excavating and processing the top 2 ft of the existing zone 1
earth lining to obtain earth material for membrane subgrade and
earth cover. The excavated material was .creened to remove all
patticles larger than 1 is. in size. The pluc ! in. fraction
was later incorporated into gravel slope protection material
placed upon the earth cover.

¢. Excavating bedding material for the viprap. This material was
obtained from the Sinclair aggregate source located northwest
of the Mt. Elbert power plant. Existing bedding was later
reused as part of the gravel slope protection.

Flattening the reservoir side slopes were required to 3:1 or
less. This work was performed based on discussions with vari-
ous membrane lining manufacturers who indicated that the side
slopes should be no steeper than 3:1 in ovrder to facilitate
earth cover placement and to improve the stability of the cover
on the slopes.

o

e. Subgrade preparation. Since the membrane lining required a
very smooth subgrade, considerable time and effort were spent
on this work. To serve as a bedding for the lining, previously
processed earth material was placed and compacted to a minimum
of 6 in. in depth. For compaction and to obtain a smooth sur-
face, two passes of a pneumatic-tired roller followed by two
passes with a vibratory steel roller provided satisfactory
results. Hand labor was used to remove loose gravel or other
materials which could puncture the membrane.

28. After the mewbrane lining was installed, the following types of
material were placed to protect the membrane from weathering, vandalism,
animal traffic, dice action, etc., and to provide erosion protection on the

side slopes. The materials placed included:
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Material Depth (ft) Quantity
Earth cover 1.5 720,000 yd

3

Coarse gravel slope 0.5 108,000 tons
protecyiom

Quarry reject 1.0 56,000 tons
 Beading for riprap 1.0 91,000 tons
Ripra=p 2.0 108,000 tons

29. To protect the membrane from mechanical damage during construction,
vehicles were not allowed to operate directly on the lining. Consequently,
the processed earth cover material initially was dumped at the edge of the
lining and theresfter spread over the membrane by dozers. A minimum 18-in.
depth of earth cover was maintained between the lining and the cquipment dur-
ing the spreading operation. Earth cover compaction of about 95 percent of
laboratory staundard density was achieved solely by equipment traffic.

30. For placement on the side slopes, the earth cover was spread from
the bottom toward the top of slope, again maintaining the aforementioned earth

cushion.
31. Membrane lining. The specifications provided alternate bidding

schedules for installation of any one of three lining materials. These
included 45~mil R CSPE (reinforced chlorosulfonated polyethylene), 45-mil CPER

(reinforced chlorinated polyethylene), and §0-mil HDPE. The contractor

selected CPER.
32. CPER lining material is of three-layer construction consisting of
two equal thicknesses of CPE laminated to one layer of 10 by 10, 1,000-denier

polyester scrim. The physical properties requirements for this lining are

given in Table 1.
i

33. The lining was factory fabricated into '"blankets," each

14,000 gg ft in size and weighing approximately 5,000 1b. Two sbspes of
blankets were furnished: 200 by 70 ft, containing 14 factory seams made with
a Leister hot 2ir gun; and 100 by 140 ft, containing 29 factory seams made
dielectriéally. The latter shape was selected primarily for installation on
the side slopes. For delivery to the jobsite, the blankets were accordion-

folded, rolled, palletized, and transported via commercial truck. Approxi-

mately 930 blankets were installed in the forebay reservoir.
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34. To install the membrane lining, a crew of 18 to 20 laborers was
used to unfold and position the blankets. Adjacent blankets were overlapped a

minimum of % in., the contact surfaces thoroughly cleaned with trichloroethy-~

lene solvent, @i the manufacture: ' Lodied-solvent Ckb i hcsive applied a
minimew width of 4 7. The fileld seams weve fhen hand rolled and =7lowed to
cure before air testing ¢+ Jetect any weak ox unbonded areas. Compressed alr

at 50 psi, supplied through a 3/16~in. nozzle, was used for this test. In
addition to air testing, visual insyection of all blanke!s and seams was
performed by Bureau inspectors.

35. After the field seéms were tested and approved, a cap strip was
applied. The cap strip consisted of a 3~in.-wide, 30-mil-thick unsupported
CPE fully bonded over the field seam.

36. To check the seaming method and integrity of the resultant seams
(this dnstallation involved aﬁproximately 50 miles of field seams;, *he fol-
lowing samples were taken daily:

One 2~ by 2-ft cutout sample taken randomly.

A field fabricated sample for every 1,000 ft of field seams
made. These samples were prepared by having the seaming crews
seam two l- by 2-ft pieces of similar material so that the com-
pleted seamed sample was 1.5 by 2 ft in size.

o s

Both peel and shear tests were conducted on the samples tc monitor and deter-
mine the integrity of the field seams.

37. For dinstallation on the side slopes, an anchor trench 1 ft wide by
2.5 ft in depth was excavated at the top of the slope to hold the lining in
place. The lining was placed down and across the bottom of the trench. It
was then backfilled and compacted.

38. The upstream face of the forebay dam was not lined. The membrane
lining was terminated in an anchor trench in zone 1 material at the toe of the
embankment dam. This trench was backfilled with compacted zone 1 material.

39. Quality control program. An extensive quality control program was

conducted in conjunction with the Mt. Elbert installation. The procedures
implemented for this program included:

a. Reqguiring the contractor to submit for approval certified labo-
ratory test reports on the physical properties listed in
Table 1 for each day's productiou of the CPER roll goods before
fabricating the blankets.

‘ Weekly visits to vhe fabrication plants by Bureau resident
insuectors to view aud monitor the factory seswing methods.

42



During these visits, they also audited the shear test results
for factory seams.

¢c. Obtaining the samples for every 10th blanket for testing and
approval at the Bureau's laboratory in Denver.

Air lance tescti 211 factory and ficld geams (involvins

approximately 4L wi.es of seams).

e. Daily sampling and tescing of field seams, and visual inspec-
tion, previously described under the section pertaining to the
membrane.

40. Test section. Included in the specifications for this work was a

5~year maintenance warranty period on the membrane lining. To monitor the
performance of the lining during the warranty period and for long-term
research purposes, a 20- by 100-ft test section was installed in the southwest
corner of the reservoir.

41. This location was selected to allow easy retyieval of the samples
at intervals over a period of years. The test lining was placed on a cushion
of sand above and separate from the main lining, thus precluding the need to
cut and patch the actual lining to obtain samples.

42. The limitations of the test section are that the reservoir water
will have access to both sides of the test membrane, and the actual effects of
stresses introduced into the reservoir lining during installation and opera-
tion will not be reflected except for freeze-~thaw cycling. Also, the effects
of hydrostatic pressure present in deep parts of the reservoir will not be
evident.

43, The test section was field fabricated into one large sheet and then
cut into 11 separate sections for periodic sampling. Each section contains
both types of factory seams, and field seams, both capped and uncapped.

44, The physical property tests listed below are being used to monitor
the changes in the lining. These tests include:

a. Hydrostatic resistance using the Mullen burst (ASTM: D-751,
method A).

Hydrostatic puncture resistance using the Bureau test facility
and standard subgrade.

Ply adhesion (ASTM: D-413, machine method, type 4).

|

in

Tear resistance (ASTM: D-751, tongue tear, method B).

=N

Low-temperature bend test (ASTM: D-2136).

[Ked
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45. For the seams, the following tests are being conducted:

a. Seam strength in shear (ASTM: D-751 as modified in Appendix A
of NSF standard No. 54, "Flexible Membrane ILinings," dated

Novewber 1985),

Seam strength in peel (ASTM: D-413 as modified in Appendix A
of NSF stavdard No. 54).

46. Samples have been retrieved on a yearly tasis during the 5-year
! y 24 y

to

warranty period. 4 report is now being prepared summarizing the results of
the laboratory tests.

San Jusio Reservoir

47. San Justo Reservoir is located 3.4 miles southwest of Hollister,
California. When completed in the fall of 1986, the reservoir will impound
approximately 10,800 acre~ft of water for municipal and irrigation purposes
which includes 690 acre-ft for flood control purposes (Cyganiewicz 1986).

48. Tie reservoir will become an off-stream regulating facility thar
will be enclosed by two earthfill embankments on the west (dam) and north
(dike) sides of the reservoir. The reservoir will be filled and releases will
be made by an inlet~outlet works located in a tunmel through the east side of
the reservoir. An emergency spillway is located near this structure and is
provided strictly as a guard against overfilling of the reservoir.

49. Several large beds of clean sand are located within the reservoir
site. In addition to loss of water, the increased seepage through the sand
beds could increase the potential for landslides on the downstream portions of
natural ridges which enclose the reservoir. Consequently, the decision was
made to install a flexible membrane lining over sloping portions of the reser-
volr containing the impervious sand beds. 1In flatter areas where natural
impervious soll covers the sandbeds, a supplemental 6-ft~(minimum) thick
earthfill blanket of clay was placed in lien of the membrane lining.

50. Several types of FML's were included as options in the specifica-
tion (USER 1984), The contractor selected the 40-mil HDPE-A (high-density
polyethylene elastomeric alloy) flexible membrane lining.

51. Approximately 227,000 sq yd of this HDPE-A material was installed
at six locations within the reservoir site, 7o protect the membirane from the
elements and mechanical damage, a soil cover was placed over it. The protec-
tion consisted of 18 in. of impervisus earthfill cover, 6 in. of bedding
material, and 12 in. of rock fragments. The installation was accomplished

during the summer and fall of 1985,
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52. In February 1986, extensive rains caused some slippage of the pro-

tective cover at several locations resulting in approximately 15,000 sq yd of

lining being cxposed. Specificasiions (USBR 1986) have been issued for the

repair of areas damaged from the sliprzpee. The repair werk is scheduled to be

completed in the fall of 1986,

Research Activities

53, The Bureau is currently involved in the following research

activities:

e

=9

Evaluation of exposed membrane linings such as CPE, Hypalon,
EPDM, butyl, and HDF{ for use in canal lining construction.
These materials are being studied as alternates to concrete and
buried membrane lining systems. Two sites have heen identified
for field testing. These inciude the M&D Canal, Uncompahgre
Project, Colorado, and the White Rock Extension Canal, Court-
land Unit, Kansas. fThe projects have indicated an interest in
providing labor and equipment to install field study sections
if lining materials and technical assistance can be provided by

the E&R Center.

Evaluation of FML to control hydrilla and other aquatic weeds.
A field test installation was made in August of 1982 on Wiste-
ria Lateral Six, Imperial Valley Irrigation District, Califor-
nia. This test installation will provide an opportunity to
study shading techniques for controlling hydrilla weeds. Lim-
ited studies conducted by the USDA (US Department of Agricul-
ture) using 4-mil LDPE showed promise.

Evaluation of bottom-only lining for seepage control in irriga-
tion canals. Results of recent studies on the use of bottom-
only membrane lining indicate this may be an effective low-cost
method of reducing canal seepage in loessial soils. In these
studies, conducted on the Farwell Unit in Nebraska, a reduction
of 52 percent in seepage was obtained when 10-mil PVC Ilining
was installed in the canal invert. Additional studies are
rneeded to verify the results and develop puidelines for design
and construction associated with this type of membrane lining

application.

Evaluation of FML for use in the construction of emergency or
auxiliary spillways on earth dams and canal wasteways. The
objective of this study is to give a preliminary assessment of
the concept. TIf feasible, this approach could lead to a low-
cost method of providing the additional emergency spillway
capacity. The current study is limited to low head, noncriti-
cal, earth embankments. A field installation at Cottumwood
No. 5 Dam, Collbrar Proiect, Colorade, bas heen initiated in
connection with the virolng reconstructiorn of the dam and
spiilway {(Timblin 1985).
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Future Work

54, As part of the modification work at Pactola Dam, Pick-~Sloan
Missouri RBasin Program, Rapid Vsllev Unit, Soufh Dakota, the existing dam and
rwo dikes on the left abutment will be radsed 15 ft above iie uresent crest,
ite completed dam will have a maximum structural height of 24% f+ and a
2,050-fr ~rest length. The completed dikes wil? have a combined crest length
of 2,570 ft. Raising the embaukment will include the installation of a f{lexi-
ble membrane lining with a geotextile backing and the placement of processed
sand, rockfines, and rockfill zones. The purpose of the lining is to reduce
the amount of impervious fill.

55. 4 60-mil PVC lining is now being considered as the waterproofing
element in the elrvator shaft to be constructed as part of the new visitor
facilities at Hoover Dam. This type of material has been used in tunnel con-
struction in Europe (Werner 1984). The installation at Hoover will be the
Bureau's first.

56. The use of plastic membranes in the Bureau's canal lining work con?
tinues to increase. Additional installations are planned for the Garrison
Unit, North Dakota, and Grand Valley Unit, Colorado. The latter installation
will be part of the Colorado River Basin Salinity Control Project.
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Table 1
Physical Properties Requirements for CPER (Reinforced

Chlorinated Polyethylene) Lining

L Property Requirement Test Method

Thickness, in., 0.041 ASTM D-751
minimum

Tear strength, 1b, 75 ASTM D-751
minimum (tongue method)

Low temperature Pass ASTM D-2136

1/8 mandrel
4 hours at -40°F

Dimensional stability, 2 ASTM D-1204
each direction 212°F, 1 hour
perceni change,
maximum

Bonded seam strength, Exceeds that ASTM D-751
1b, minimum of parent (modified)

material

Hydrostatic resistance, 300 ASTM D-751

method A

1b/in2, minimum

Breaking strength, 200 ASTM D-751
1b, minimum grab method

Ply adhesion, 1b/in. 8 ASTM D-413
width, minimum machine method,

type A
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REMEDIAL DRAINAGE MEASURES

Walter C. Sherman, Jr.

Tulane University

Introdug

L. Earth dams subjecied to deterioration as & result of percolation
and/or internal erosion must be =aieguarded by prompt snd effective remedial
measures. These measures for the most part involve either impermeabilization
{(water tightening) or drainage.

2. The use of embankment and foundation drainage to provide for the
contrclled exit of seepage has long been an established practice on Corps of
Engineers (CE) daws. The type and extent of the seepage cont:cl measures
empivyed vary widely depending not only op site specific conditions but also
on the age of the dam. Remedial measures usually consist of restoring or
replacing existing drainage facilities which are considered inadequate or pro-
viding new drainage facilities when necessary. With respect to foundation
seepage, new facilities may include drainage trenches, relief wells, or per-
vious berms. New drainage facilities to handle embankment seepage may include
vertical chimney drains, drain wells connecting to existing horizontal drain-
age blankets, new outlets, or addition of drainage on the downstream slope.
All drainage measures result in shortened seepage paths which result in a usu-
ally slight increase in the quantity of underseepage.

3. In a recent (1984) report published by the International Commission
on Large Dams, a review was made of various remedial measures applied in the
case of earth dams subjected to deterioration because of seepage and/or inter-
nal erosion. Where the probiems related to the foundation (131 cases),

37 percent of the cases involved some type of impermeabilization such as cut-
off walls and grouiing, and 31 percent of the cases involved drainage. Sim-
ilariy, where the problems related to the embankment (137 cases) 23 percent
involved impermeabilization and 19 percert involved drainage. On the basis of
the above, it appears that drainage and impermeabilization measures are of
approximately equal importance as remedial measures.

4, The subject report deals with new and innovative remedial drainage
measures for earth dams and th: iy earth foundations when subjected to deterio-

ration by seepage and/or internal erosion.
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Foundation Drainage

Relief wells

5 For dams founded on permeable foundation strata, control o:¢ -nder~
seepage and fcundation uplift pressvres ig of prime inportance. Tn many
rases, this has been accomplished successiclly by the use 7 rressure relief

weils along the downstream toe. Most permeable foundations tend to be strati-
fied with the permeability in the horizontal direcrion usually many times
greater than in the vertical direction. Thus surface ‘'rains are generally
ineffective in reducing uplift pressures in underiying foundation strata.
Pressure relief wells have proven to be very effective in the case of deep
stratified pervious foundations and constitute an important remedial measure
in situations where excessive foundation uplift pressuvres develop along the
toe of the dam.

6. The use of pressure relief wells & a remedial measure on CE earth
dam projects dates from 1942 when wells were installed at Fork Peck Dam. Dur-~
ing filling of the reservolr, piezometers at the downstream toe indicated an
excess head of about 45 ft above ground surface. A large sand boil also
developed. Relief wells were immediately installed, and the piezometric pres-
sure dropped as soon as the first few wells were put into operation.

7. Relief wells are an extremely versatile remedial measure offering
the best means of intercepting seepage in deep pervious aquifers. The use of
relief wells as a design seepage control measure on levees and dams is well
established, and considerable experience is available regarding the design and
installation of such systems. Therefore, they represent an excellent remedial
measure where it becomes necessary to control underseepage.

8. The use of pressure relief wells to increase the stability of an
existing embankment is demonstrated by the experiences at Smithville Dam
described by Walberg et al. (1985). Because of uncertainties regarding
embankment stability at high pool levels, a series of four 4-in.~diam wells
were installed at the embankment toe. Pumping these wells resulted in a
piezometric drawdown sufficient to increase the factor of safety with respect
to sliding to acceptable values., umping the wells, which would be required
only when the reservoir pool reached a certain level, was considered to be

only an interim solution. A svstem of permaneni velief wells, disclarging
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into a buried collector pipe, was designed to provide an adequate factor of
safety for all pool levels.

Toe drains

9. Controlled grade open toe trenches of various types 2re commonly

emplov.s to lower ground-water levels at embauskment toes. Porous concrete

slabs with <v without an underiving filter have been used for shallow depth
trenches. With pgreater depth the trench is filled with filter gravels. With
large anticipated flows, perforated coliector pipes with manholes to permit
inspeciion and flow measurements may be employed,.

10. Narrow trench drains at the dowristream tce of the dam are fre-
quently used to facilitate the escape of shallow seepage and to reduce uplift
pressures. They are particularly effective in preventing satuvation along the
downstream toe, Toe drains ave less effective in cases where the foundation
permeabilicy increases with depth or where the foundation is stratified.

11. Of special interest 1s the case where the downstream foundation
strata are overlain by an impervious or semipervious blanket. Trench drains
extending through the blanket offer a means for reducing foundation uplift
pressures providing the foundation strata aré not too pervious or highly
stratified. Analytical solutions for flow quantities and downstream uplift
pressure for horizontal and semicircular trench bottoms are shown in Figure 1.
The solutions for a two-laver foundation are given by Barron (1953). It was
found for cases where the lower pervious layer is somewhat more pervious than
the upper pervious layer, the efficiency of the drain is seriously reduced.

12. When the foundation strata are semipervious and no topstratum is
present, partially penetrating trench drains may be employed usually connected
with the horizontal drainage blanket to collect seepage., Gradations of the
drain materials are based on CE filter criteria. The drains are usually pro-

vided with perforated collector pipes connected with gravity outlets. An

example of this type of toe drainage system employed at Cochiti dam is shown
in Figure 2 (f.illard 1985). The collector pipe also serves as a collector for
the pressure relief wells.

13, The effectiveness of toe drains increases as the depth increases;
however, greater depths become uneconomical because of the large excavatious
required and costs of a dewatering system. Deep drains generally require col-

&

iector pipes with outlets at low elevaticns in order to be effective.
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14, A method for constructing deep trench drains economically has been
considered highly desirable by many engineers. Londe (1970) suggested con-
struction of trench drains using a starch slurry to support the excavation
during placement of the filter sand hackfill. The starch would be removed in
a few davs by bacterinlopical action thus creaving a drain of the required
porosity, Whether such drains were constructed iz not known.

15, Prain wall. A method for constructing deep drainage trenches by
the panel method has been developed tv Bachy Enterprises, France. The method
degceribed by Deniau et al. (1981) has been used to construct drainage trenches
to depths of about 30 ft. FExcavation of panel sections are supporied by a
biodegradable slurry. Filter material is placed in layers through the siurry
or else can be placed as preformed panel units. Procedures have been devel-
oped for excavating and fitting adjacent punels to provide a continuous wall-
type french drain. The effectiveness of the dr.ain has been verified by field
measurements. At least five installations have been made as of 1986 according
to Bachy Enterprises, who consider the drain wall to be more eifective than
relief wai]s because of its continuous nature. No information iz available on
the characteristics of the biodegradable medium.

16, Prefabricated draindge panels., Prefabricated panels of plastic are

now available which have been suggested by manufacturers for potential use in
the control of underseepage. The panels generally consist of a plastic core
shaped in a series of peaks, valleys, and water charnels which support a geo-
textile filter fabric. The fabric allows water to pass freely from the soil,
‘between the open supporting core peaks, and to flow away via the channels.
The type and placement (fully wrapped, one side only, or no geotextile at all)
of the filter fabric, the physical dimensions (thickness, width, and length),
and the type and crushing strength of the core material can be varied to meet
gpecial requirements. The permeability of some panels is reputed to be main-
tained of depths up to 40 ft and with lateral pressures of 1,600 psf. The
panels uave been used primarily for the reduction of hydrostatic presscf&s in
below grade structures and behind retaining walls., A wvartial list of manufac-
turers is shown in Table 1. The physical characteristics ¢f the panels vary
widely. Evidently, the panels have not been used on any embankment dams to
date,

17. Doeowite claims made by the manufacturers of vrefabricated drainage

panels there rema:: many important questuions regarding their effectiveness,
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The possibility of the filter clogging with fine soil particles, smearing

effects caused by installation, and permeability characteristics in the trans-

verse and axial directions ute factors which mayv affect their periormance. In
addition ¢« further laboratory tesvs, field tests zre needed to evaluat: their
performance uscer job conditlons.

Embankment Drainage

18, Emba

variety of reasons. Cracking cf the clay core is usually the primary cause of

ment seepage may increase during the 1ife of a dam for a

increased seepage. Excessive seepage for those dams which do not employ a
chimney drsin ie usually denoted by wet spots or sloughing of the downstream
slope. The selection of a remedial drainage system depeunds on the magnitude
o seepage, the geomeiry of seepage paths, location and conditicn of existing
drainage facilities, and time and funding available for implementation. Loca-
tion of the source of seepage may be a difficult time-consuming problem which
must be solved before designing an appropriate seepage control measure. This
is specially true for older dams where good construction records may be
lacking.

Dams with ne internal drainage

19. Older dams with no internal drainage systems, if subject to subse~
quent cracking, could be subjected to undesirable seepage. Under such condi-
tions, the most effective approach, particularly if the embankment is of
limited height, is to excavate the downstream portion of the dam and incorpo-
rate a horizontal drainage blanket and chimney drain. A more cost-effective
solution consists of trenching near the axis of the dam to the depth of crack-
ing, filling the trench with a filter material, and providing suitable outlets
at intervals to the downstream voe¢ areas.

Soil Conservation Service dams

20. The Soil (vrservation Service (SCS) constructed a nuwber of long,
low dams with homogeneous cross sections in Arizona. The dams, genersily of
sand clays and sandy silts, were not provided with seepage control measures.
Manv of the dam: experienced cracking that appears to be associated with des-
iccation. The SCS institfured a remedial repair program using a filter-
drainage :.vctem to seal the cracks. This proceduve described by Talbot et al.

(1985) consists of trenching to “h= depth of cracking snd filling the trench
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with a properly graded gravelly sand filter. The design (see Figure 3)
includes drain outlets, spaced at intervals generally less than 100 ft, that
are constructed of gravels coarser than the filter. The construction is fea-
sible =5 the dams are ge . -='ly less than 30 £t i+ hedght and do uni retain a
reservouir except in the event o %igh intensity vain sitornme.

Vertical embanhw;gng£§}ns

21. For olde: w=nvth dams which have horizontal drainag~ hilankets but no
chimney drain, through seepage way be intercepr 4 by installing vercical
drains downstream of the core which dintercept the existing drainage blanket.
Various types of vertical drains have been developed primarily for the reduc~
tion of excess pore pressures in fine grained soils, but may also have appli-
cation for intercepting embankmant seepage. Significant advances have hesn
recently msade In the developmeni: «F installation equipment and materials .:=ad
in prefabricats=d <vains, permitting installations to depihis of over 30 m in a
single operation of rates in excess of 1 wm/sec. A summary of practical fac-—
tors which influence the design, performance, and costs of vertical drainage
systems is presented by McGowan and Hughes (1982).

22. The major types of drain installations include: (a) traditional
sand drains, (b) sandwicks consisting of filter sand prepacked in geotextile
filter stocking and placed in predrilled hole, (c¢) wrapped flexible pipes
consisting of flexible, usually corrugated plastic pipe surrounded by a geo~
textile filter cloth, and (d) band drains such as Geodrain and Alidrain. The
band drains generally have insufficient permeability to be consgidered for
seepage interception in an earth dam.

Arroyito Dam
23. The Arroyito Dam, a 20-m-high earth fill dam in Argentina described

by Giuliana et al. (1985), was observed to have sreas of seepage on the down-
stream face of the dam duriung initial impoundment of the reservoir degpite the
presence of & subhstantial downstream drainage blanket. Tt was concluded from
piezometric data that the most likely cause of seepage was the presence of
horizontal stratification in the embankment with layers of high vermeability
which forced the water to exit at the downstream face. Remedial measures
included a system of vertical drains, 3 in. in diameter and about 18 ft deep,

located on the dowvmstream slope and intevcepring the drainage blanket.



Kanapolis Dam

24. A novel approach tc provide additional embankment drainage is being

carrvied out by the CE Kansas City District at Kanapolis Dam. The embankment

1@ congstructed as o homogeneous section wiih a dewnstream dr:inage blanket

which was tound to be iunndoquate with respec: to interception of rivough seep-
age. The ¥Kunsas City Districrt is currently develcping a method for imsts’‘ing
vertical drains nzar the top of the embankment, which intersect the existing
drainage blanket. The drains consist of 10-in.-diam holes filled with a
filter sand. Initially a geotextile sleeve was used as a liner but was subse-
quently eliminated. The drains are spaced at 10 to 20 ft and extend to depths
of 70 ft. The design and construction of the drains were developed on the
basis of field experience. Data are not yet available on the effectiveness of
the drains in control of ihe embankment seepage.

Prefabricu. o< drainage panels

25. Prefabricated drainage panels installed as chimney drains would
appear to have some merit in the case of small dams. An important advantage
would be that flow in the panels would be under gravity conditions to cutlets
at the toe of the dam. As previously noted, considerably more development and

testing are required before the panels could be considered for use in an

embankment.
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Table 1

Typical Prefabricated Drainage Modules

Trade Name

Bidim

Eljen Drainage System
Enkadrain

Filtram

Ceofab

Geotech Drainage Board
Hitek

Hydraway

Miradrain

Permedrain

Tensor

___ Manufacturer

Quline Corporation
Eljen Corporaticn
American Enko Company

ICI Americas

- Mercantile Development Inc.

Southern Ohio Foam

Burcan Manufacturing Company
Monsanto Company

Mirafi Inc.

NW Fabrics Company

The Tensor Corporation
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~EMBANKMENT FILTER., 3FT ( 1-m)-WiDE
TRENCH FROM TOF OF DAM TO DEPTH
GREATER THAN CRACKING. TRENCH IS
FILLED WITH SAND-GRAVEL FILTER

A

y

REPAIR MEASURE FOR CRACKED DAMS LESS THAN 30 FT (9 m )
HIGH USING SAND-GRAVEL FILTERS

\

\\~ DRAINED OUTLETS PROVIDED
INTERMITTENTLY IN DOWNSTHREAM
SECTION

EMBANKMENT SECTION EXCAVATED 70O
FACILITATE TRENCHING. REPLACED
WITH COMPACTED FILL AND
SAND-GRAVEL FILTER IN CENTER

DRAIN OUTLETS PROVIDED
INTERMITTENTLY IN DOWNSTREAM

SECTION OF DAM

# .

30 FT (9m)

2-1/2-FT (0.8-m)-WiIDE
TRENCH FILLED WITH
SAND-GRAVEL FILTER

REPAIR MEASURE FOR CRACKED DAMS OVER 30 FT (3 m ) HIGH
USING SAND-GRAVEL FILTERS

Figure 3. Remedial seepapge control on SCS dams
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USE OF THE HYDROFRAISE TO CONSTRUCT
CONCRETE CUTOFF WALLS

Junathan J. Parkincon

Soletanche and kodic, Inec., Paris, Fraunce

Introduction

1. The SOLETANCHE HYDROFRAISE is a machine used for excavating trenches
for concrete slurry walls. The idea of building such a rig stems from the
early 1970's when the need to provide deep underground parking garages in
Paris, France, led to the requirement of installing slurry walls close to
adjacent buildings, through varied types of soil which frequently contained
hard limestonme layers up to 50 ft thick. The traditional wmethods used for
cutting through rock, i.e., chiselling or explosives, were very slow at best,
and not acceptable in an urban environment.

2. The name "HYDROFRATSE" is an abbreviation of the French for "hydrau-
lically powered milling machine" and describes the machine's basic features -
hydraulic motors driving cutter drums. A less obvious but equally important
part of the concept is the method used for continuous spoil removal during the
excavation process. The machine has been the subject of continuous develop-

ment and refinement since its inception, but the basic layout has remained the

same.

Description of the
machine and method of operation

3. A HYDROFRAISE "work unit" consists of four principal components:
e Heavy duty crawler crane, 100~ to 150-ton capacity.
e Hydraulic power-pack.
e HYDROFRAISE itself.
e Slurry treatment plant
4. The HYDROFRAISE consists of a metal frame 50 ft high, weighing 20
to 25 tons depending on the model (Figure 1). At the base of the frame there
are three hydraulic motors.
5, Two of these operate the cutting drums, one motor being built into
the center of each drum {¥icure 2). The speed of rotation is slow, about

10-20 rpm, but the torque is sufficient to break up all the soil and rock

[eat
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encountered during trench excavation. The drums have tungsten-~carbide teeth
which are reblaceable; they are changed when they become excessively worn.
The rate of wear depends on the type of soil or rock being excavated.

6. The third hyi-aulic motor operstes a special pump wounted centrally
just above the cutter drums (Figure 3). The drums rotate in opposite direc—
tions, bringing the excavated materiz! towards the re i .1 at the base, auc
then upwards towards the lower orifice of the pump, which continuously pumps a
~luw of bentonite slurry in through this orifice, up through a hose to the
surface and thence to the desanding plant. All the excavated spoil is caught
in this ascending flow of slurry and thus removed from the trench; the HYDRO-
FRAISE excavates continuously downwards until it reaches the required depth of
the cutoff. This spoil-removal system is similar in principle to the reverse-
circulation system used on some rotary drilling rigs.

7. Clean, screened bentonite slurry is fed back inte the top of theo
trench to compensate for the volume pumped out and for the increasing trench
volume as excavation proceeds.

8. The power pack is mounted on the rear of the crane. It is diesel
driven and provides hydraulic power for the three down-the~hole motors.

9. Built into the upper part of the HYDROFRAISE frame, there is a
hydraulic feed cylinder (Figure 3). The support cable from the crane is con-
nected to the piston of this unit and not directly to the HYDROFRAISE frame.
The operator can use this device to control the effective weight of the HYDRO-
FRAISE, i.e., the force of the vertical reaction at the base of the cutter
drums. For cutting through rock, the maximum weight of the machine is mobi-
lized, but for excavating soft materials, the weight can be partially relieved
so that the excavation rate does not exceed the capacity of the spoil-removal
pump.

10. The slurry desanding plant consists of a slurry preparation unit,
holding tanks, and the actual desander, which works bv continuously screening
and centrifuging the spoil~laden sluryy avrriving from the trench. The type of
desander used with the HYDROFRAISE produces spoil which is virviually free of
bentonite. The spoil can be handled by conventional loaders and trucks. The
fact that a2ll the spoil from the trench transits to the desander in a pipe-
line, together with the clean state of the spoil, means that the work platform
and the desander az:»: can be kept clean a difficult feat with a conventional

slurrvy wall operation.
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11. In a single cut the HYDROFRAISE creates an 8-ft long excavation;
this is the overall length defined by the exterior of the cutter drums, mea-
sured along the wall axis. The laterai width, i.e. the thickness of the panel
being excavated, can be varied by changing the drums from 25 in. (minimum) to
5 ft, which is the practical maximum. Operation depth is usually up io

300 ft, but greqier depths can Le attained to suit project requirements.

Excavation Performance

12. The upper limit of rock hardness for excavation with the HYDRO~
FRAISE is an unconfinad compressive strength of about 15,000 psi. The excava-
tion rate varies inversely with the rock hardness.

13. The HYDROFRAISE is slso extremely efficient in excavating through
soil. 1In dense sand and gravel or residual soils for example, the excavation
rates can be well above those obtained with clamshell equipment.

14. The one limiting condition on use of the HYDROFRAISE is the pres-
ence of boulders of extremely hard rock. When these have a diameter greater
than about 4 in., they cannot be crushed or be removed by the spoil-removal
system, and the HYDROFRAISE 1is not recommended for use in situations where
there is a large quantity of such boulders.

15. The cutting action of the drums is such that there are no shocks or
vibrations, even when cutting through rock. This is of extreme slgnificance
for urban-type slurry wall sites, but it can also be important in dam repair
work where heavy chiselling during excavation with conventional equipment can
cause vibrations that are undesirable for trench stability or can fracture the
rock surrounding the trench.

16. Since the HYDROFRAISE excavates a full-depth cut without being
brought to the surface, it avoids the constant up-and-down motions of clam-
shell excavating rigs, which can cause local instability of the trench walls
in some cases. Confirmation of this is found in the fact that overbreak is

considerably less with HYDROFRAISE excavated cutoffs.

Permanent Desanding

17. The use of the reverse circuiation principle mean: that the bento-

nite slurry is continuously desanded and the slurry in the panel being
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excavated 1s always clean, with a low sand content. Thus there is usually no
need to undertake an extensive desanding operation when excavation is complete
and before concreting.

Panels and panel joints
18, A slurry wall installed using "he HYDROFRAISE consiuis of primary

aud secondary panels, but tihe relative lengths of the panels arnd the method of
forming th= joints is different from that of clamshell walls,
19. Primarvy panels usualiy consist of three or five full-depth HYDRO-

FRAISE "bites" (Figure 4). In the case of a three~bite panel there are two
8-fr-long segments separated by a soil "wedge'' about 3-1/2 ft long, which is
removed by the third bite to zive an excavated panel (8 + 3~1/2 + 8) =

19-1/2 ft long. A five-bite panel typically has an excavated length of

(8 + 3-1/2 + 8 + 3-1/2 + 8) = 31 ft. Once excavated, a primzry panel is con-
creted, without the use of joint pipes of any sort. Concreting iz by tremie,
as for a conventional concrete cutoff wall. The primary panels are accurately
positioned so that they are exactly 7-~1/3 ft apart.

20. A secondary panel is formed between the primaries by a single
HYDROFRAISE bite, which iz necessarily 8 ft long. As the HYDROFRAISE
descends, it excavates the 7-1/3-ft length of soil or rock left between the
primaries, and it also removes 4 in, from the end of each adjacent primary
(Figure 5). Since it is able to cut into rock of up to 15,000 psi, it has no
difficulty in cutting the concrete of the primaries, which typically will have
a strength of about 2,000 psi when the secondaries are installed. When exca-
vation has reached full depth, the secondary is concreted.

21, The panel joint prodﬁced by this method consists of a serrated sur-
face resulting from the presence of grodves cut in the concrete of the primary
panel during excavation of the secondary, with a tight concrete-~to-concrete
contact between the panels. These joints have proved to be very watertight.

22. As mentioned above, joint pipes are not used at all to form the
jointsé this is an important advantage over conventicnal methods, especially

for very thick and very deep cutoffs,

Verticality Control

23:.  In order to produce & high quality cutoff wall, and in particular

to construct the panel joints as described above, it is scsential that the
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verticality of the excavation be kept extremely accurate. In this respect the
HYDROFRAISE can attain a precision which far exceeds that of other equipment.
Iy 4 test performed in 1979, the maximum devistion at a depth of 330 ft was
kept to within 6 in., i.e. 0.15 percent of the depth. This can be compared
with the ususl ~virerion for siurry walls, which is 1. rercent of the depth.

24. Several features of the HyuLUOFRAISE enable suci. precision to be
atizined. Built into the HYDROFRAISE frame, there are four high-vrecision
inclinometers, of which the read-out dials are in the crane cabin in front of
the operator. Readings from these instruments enable constant observation to
be made of the verticality of the HYDROFRAISE in both the lengitudinal and
transversal directions.

7%, In the event of a tendency to deviate in the longitudinal direc-
tion, the opavator can immediately modify the hydraulic power supplied tc cach
of the cutter drum motors in such a wav that the deviation is corrected.

26. Deviations in the transversal direction are corrected by actuating
hydraulic pistons, which enable the operator to tilt the plane of the entire
cutter drum assembly in relation to the HYDROFRAISE frame.

27. A permanent record of the verticality readings and of other excava-
tion parameters can be obtained by using thé ENPAFRAISE. This device records
and provides a simultaneous printout of the following parameters:

e Four inclinometers.
o Torque supplied by each cutting motor.
e Excavation rate.

28, The quality of the finished cutoff wall, in particular the wall
verticality and the soundness of the panel joints, leads to use of the HYDRO-
FRAISE on projects where the soil contains no rock, but where the above

aspects or other advantages of this machine dictate its use.

Applicaticn to Embankment Dams

29, The method of operation of the HYDROFRAISE makes it highly suitable

for use in installing concrete cutoffs for embankment dams and other seepage

control projects.
30. In addition to the aspects described in the preceding chapters,

wiih: the HYDROFRAISE it i; possible to cut a kev in the vertical face of an
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existing concrete structure at the point where the cutoff wall contacts such 3
structure.

31. Also, when the cutoff is irstalled through the dam core and into
the rock below, the problem of keeping the excavation on line at the abutment
sections, where the core-rock interface is often steeply inclined, i=s solved
by using tu= “ROFRAISE's verticality-control devices.

32. Another problem sometimes &#ricrs when the alignment of the cutoff
intersects existing steel grout pipes, or concrete dental work a® the core-
rock contact. In both cases, the HYDROFRAISE can cut i1ts way through the
obstacles.

33. The HYDROFRAISE can be used on any cutoff wall project where bento~
nite slurry is used during trench excavation. It has always been used on con-
crete panal-type walls: either normal '"hard" concrete of 3,000~ to 4,000~psi
strength, or "plastic” concrete of lower strength and greater deformability.
There is no reason, however, why it could not be used for excavating the
trench for a soil-bentonite cutoff, where hard ground or other considerations
favor its use.

34, To date, the HYDROFRAISE has been used to install more than 4 mil-
lion sq ft of slurry wall worldwide including, in the United States,

St. Stephen Dam in South Carolina and Fontenelle Dam in Wyoming. 7Its continu-
ing improvement in performance makes it sultable for use on more and more
projects, especially those where its unique features can be utilized to the

full,
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the HYDROFRAISE

General view of

.

Figure 1
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Figure 2. Schematic view of HYDROFRAISE

Figure 3. Detail of cutter drums
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JET GROUTED CUTOFF WALLS

Georgioc Guatteri, Paolo Mosiici

Novatecna . Sao Paulo, Brazil

Victorio D. Alvarn

Suelotecnica, Buenos Aires, Argentina

Dimensions and Physical Properties of Soil-Cement Bodies That Can

Be Placed by Jet Grouting Methods -~ Recent Developments

Introduction

1. Jet grouting is a géneral tern which can be applied to any construc-
tion method which utilizes an ultra-high pressure fluid (typically 5000 psi.)
to cut, replace, and then mix the native soil with a cementing material, often
a water-cement grout. At present there are about eight different construction
techniques which can be classified as jet grouting methods.

Background and Historical Perspective

2. The original idea and early studies of using high pressure water
jets to cut, remove, and cement soils were conducted in Japan about 1965 by
the brothers Yamadado. 1In early 1970, two competing forms of jet grouting
were developed nearly simultaneously. The jet grouting technique developed by
Nakan, originally utilized chemical grouts, but now water-cement grout as the
jetting medium which is injected at ultra-high pressures through horizontally
projected small nozzles (1.8 - 2.2 mm), which are located at the bottom of a
single drill rod, which is depicted in Figure 1. Because the single rod is
both lifted and rotated while jetting the grout, a pile~like soil-cement col-
umn is formed, from whence arises the name of this type of jet grouting:
chemical churning pile or CCP jet grouting. Typical CCP columns are about
0.8~1.0 meters in sand, and 0.50~-0.70 meters in clay.

3. The other jet grouting technique developed in Japan about 1970 was
termed jet grouting by its originator Yahiro and Kajima Construction Company.
The most distinctive feature of this method is related to the three rod system
employed to cut, replace, and cement the in-situ soil. The three rod system
is requircd because three diffc:ent types of fluids are used during jet

grouting: water, =iy, and cement grout. High pressure water is spouted as
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the jetting medium through the narrow outer rod, depicted in Figure 2, while
the cement grout is injected into the cut soil at relatively low pressures
(100 - 200 psi), through the center rod and then out nozzles located below the

cutting jet. Yahiro discovered that enshrouding the high pressure wutaxr jet

within & <0 of compressed ai: =llowed the jet to proiect its energy farther
into the soii wo:  wiich results i ¢ Taesper cut into the .o 1. Ordiginally,
the three rod syster - - used to form pai+is (no vod rotatiou;. However, due

to the popularity of CUr et grouting, Yahiro modified his jet groui method in
1975 so ihat the three rod system ~ould be rotated to form columns. This
variation of jet grouting was termed column jet grout (CJG). Typical CJG are
about 2.0-3.0 meters iun sand, and 1.5-2.0 meters in clay.

4. Also in about 1¢75 Nakanishi modified the CCP technique so that com-

~cement jet. This form

pressed alr rould be used to protect the cutting wat
of jet grouting utilizes a double rod system, as illustrated in Figure 3, and

grout (JSG). The wmajor advantage of jumbo grout (JG)

was called jumbo-specia
is that compressed air alljows the use of a double vod. Thus simpler ard mere
robust equipment is employed. For example, it is easier to remove a double
rod (than triple rod) when shortening the drill string in a tight overhead.

5. More recently (1981}, Nakanishi developed a jet grouting method
which can totally replace the in-situ soil with chemical or water cement
grouts. This soil replacement wethod was termed: super soil stabilization
management (SSS5-MAN). The SSS-MAN syét&m is schematicalliy represented in
Figure 4.

6. CCP jet grouting was first introduced in South America in 1980 by
Novatecna Construction Ltd. of Sao Paulo, Brazil. Jet grouting was rapidly
accepted in Brazil because this technique was better suited to grouting the
silty and clayey soils of coastal Brazil than conventional intrusion and per-~
meation grouting techniques. However, due to the robust nature of jet grout-
ing many otber applications followed guickly, such as: comstruction of
gravity retaining walls (Mercedes Benz 2nd Dalmine Siderca pits); deep shafts

for pump stations (Capivavi pit), 6iaphragm walls beneath earth dams (Porto

Primaver

. Edgard de Souza Dame, and the Piedra del Aguila test section). The
details of these particular projects are discussed in subsequent sections of
this paper.

7 The diversii, ~f applications of jet prouting produced a need for

i

uging

larger smeter columns thew ~hav was being produ:




In early 1985, field experiments were conducted by Novatecna in an attempt to

improve the design methodology and construction of jet grouted columns. Nova-

tecna employed the jumbo grout method in field trials where awnvoximately
30 columpe were drilled in various soil fermations (sand and cley’ ueing vari-
ous drilliing parameters (nozzle pressure and sizs iotation rate, lifting
speed, grout injection rate, compressed air emshrouding the water/cement jai).

The test measuremcrts indicated that columns 2 to 3 times larger than conven-
tional CCP columns could be economically formed if relatively large sized noz-
zles {(up to 3.4 mm in diametev) and high grout injection rates (200-250 1/min)
were used to drill the columns. By injecting a larger siug of cement grout
into the soil, than that injected during the CCP process, larger columns could
be formed using relatively low nozzle pressures (3000 psi.). This approach to
jet grc.ring is in direct convrast to the origimal CCP process proposed by the
Japanese in the early 1970's, who advocated smaller diameter nozzles (2 mm and
less), higher nozzle pressures (5000 psi and above), and much lower grout
injection rates (50~70 1/min.). Prior to 1986 over 150,000 meters of CCP col-
umns have been built in Brazil; after 1986, JG jet grouting has been used
almost exclusively by Novatecna and has been utilized on over 60 jobs through-
out South America to construct about 50,000 m. of large diameter columns

(2-3 meters in diameter).

Geometry of jet grouted bodies

8. Cylindrical bodies. The normal shape of soil-cement bodies obtained

by any jet grouting method is approximately cylindrical, depending on thixot-
ropy and the homogeneity of the soil. Generally, this body is designated a
column. The diameters of the columns, in the same types of soil, depend on
the injection parameters, which in turn depend on the available equipment,
especially on the pumping system utilized.

9., The equipment normally used by Novetecna allows diameters of 1.2 m
in applic=tions of the CCP system and 2.2 m in appiications of the JG system.
Tt should be clear that diameters of about 2.00 to 2.20 m can be obtained with
the CCP system provided adequate pumping equipment is used. This statement is
valid for any type of jet grouting system in relation to formation of diame-
ters larger than 2 m. The limit of the largest column diameter that can be
reached with any of the various jet grouting methods will be of economical

g with a distance between their

rather than technical ovder. A row of col

axes smaller than the diamever of each column forms a diaphragm wall.
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10, Laminar bodies or panels, Another possible configuration of soil-

cement bodies is the panel that is formed in soil when the drill/injection rod
is removed without rotation.

11. Fie¢?: tests were conducted in San Paulo, Brazil, in which panels
were formed by the CCP wmethod in clay and in granular material by the
JG method. The tests showsd that the CCP panels in clay resulted in slender
triangula. c:o.tions (Figure 5), and the JG panels in granular materials
resulted in rectzngular sections (Figure 6).

12. During the field tests which lead to the improvement of the JG
technique, measurements were made to verify the dimensions of the panels. 1In
the beginning i1t was noticed and proven in successive experiences thaf by
using the same jetting parameters (Table 1), double radial ranges were
obtained in relation to the column diametey. The individual ypanels have a

width on the same order as the column diameter. A double panel equal in width

to two times the column diameter is obtained with jets on opposing sides of

the drill/injection red.

13. After a number of field experiments in sand and clay undertaken in
1984 to 85, Novatecna has learned that the JG technique, can be used to form
soil-cement panels with lengths of 1.80 to 2.20 m in single panels and 3.60 to
4,40 m in double panels with wall thicknesses from 0.20 to 0.40 m.

14, A test using the JG method was performed in March 1986, in two
types of high-density artificial soils, one with normal and well-graduated
grain size distribution, ranging from clay to 2-in. gravel, and the other made
up of fine soils with medium sand and Portland cement with 40 percent in
weight of stones from ! to 7 in. in diameter. Columns with a diameter of
approximately 1.40 m and panels with a minimum individual length of 1.50 m up
to a maximum length of 1,80 m with wall thicknesses varying from 15 to 30 cm
were obtained in this artificial soil medium.

1%, Encouraged by these results and foreseeing specific uses, Novatecna
has recently tested a soil~cement body consisting of two divergent double
laminar panc!s (Figure 7) coupled by a column of small diameter. These panels
were obtained by utilizing four jet nozzles set two-by-twu in opposite
directions (Figure 7). The maximum total length of the double panels in both
types of suils was approximaiely 3,20 to 3.90 m. A row of laminar (single or
double) panel. with & distance be'een their axes less than twice the radius

of each panel forwms s diaphragm wall,
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16, The cutoff wall formed by the double laminar panels seems to offer

the following advantages over the column~type cutoff wall:

a. Due to the greater longitudinal extension of the individual
body, larger ininzraxial distances can be established. This
shape, therefore, should prove the most economical.

b. Due toc the reduced mean t:ickness of the panel-type diaphragm
wall, it should also be more economical to produce since the
consumptics of slurry will be lower.

Properties of soil-cement
bodies formed by jet grouting
17. Homogeneity. By utilizing high-pressure pumping equipment, the in

situv scil is pulverized and thoroughly mixed with the injected cement slurry
and exhibits homogeneity comparable to a mortar or concrete. The resulting
s0il cement mixture is called soilerete. In a subsoil composed of various
layers of stratified material, the resulting soil-cement mixture will be homo-
genecus through each layer, presenting slightly different mechanical charac-
teristics in each layer of strata. In the transition zone between the layers
of strata, there will be a gradual change from one type of material to the

next.
18. Permeability. Based on the results of several tests, it can be

stated that the permeability of the soil-cement bodies is within the following

limits:

10—8 s k = 10_6cm/sec

19. Strength. The mechanical strength of the soil-cement depends on

four factors:

e Type of soil.

@ Cement qﬁantity.

e Water/cement ratio.

& Curing time.
The purpose of including strength values in this report is to give some guide-
lines about expected strength ranges. Such values and relations should be
considered merely indicative for the purposes of this report.

20. Guideline - values of compressive strength. The values of Tables 2

and 3 are defined as the average results obtained from a series of many uncon-

fined compression tests performed on samples of cylindrical shape from varinus
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soill types from Japan, Italy, Venezuela, Colombia, Brazil, and Argentina. The
strength values (kgf/cmz) are averages only. The values correspond to setting
times of 30 and 177 days and are related to the cement quantities (kg/mB) and
tiiz water/cement ratic of the consolidating . wzry as indicated.

210 Table 4 presents preliminary correlaiious between the dndireot ten-

sile strengus .o sn2asured in the dismetral compression test {Brazilian Test)

and the compressive strength as measured in the unconfined compression test.

Considerations of Cutoff Walls from NOVATECNA Projects

Porto Primavera Dam cutoff wall

22. The cutoff wall for a cofferdam over the Parana River, Sao Paulo,
Brazil, 1982, was the first of {ts kind in the New World (Figure 8). Several
test walls were made with 10- to lé-m depth to demonstrate the efficiency of
the jet grouting system and to delineate other factors related to the project.

23. The cutoff wall was formed in alluvial sands with a 5~ to
18-Standard Penetration Test (SPT) blow count. The soil included five contin-
uous layers of firmly cemented conglomerate averaging in thickness from about
0.20 to 1.0 m. The maximum depth reached was 32 m,

24. Some important design aspects were:

e Drilling/injection - same unit - @ 2~-in. drilling rod.
# Column diameter £ 0.80 m.
e Cutoff wall in single rows except for one double row stretch
parallel to river.
¢ Interaxial (center to center of columns = e) distance:
Single-row sections e = 0.56 m.
Double-row sections e = 0.60 m.
® Permeability of column material - k £ 10 cm/sec.
e Longitudinal extension of cutoff wall - 2,000 m.
e Execution time - 140 days.
The other drilling parameters (nozzle pressure, lifting rate, cement
congurpltion, etce.) used to form the CCP columns at Porto Primavera Dam are
listed in Table 1.
25. The project was carried out based on solid soile data. The execu-

sn of the tests and studies took slighti, wore than a year,
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26. Geometric specifications for this project (column diameter and col-
umn interaxial distances) were considered a valid antecedent and were adopted
for the cutoff wall project later performed.

27. Two important observations resulting from informatic. gained from

the Perte Primavera project are:

@. In this particular alluvium type, ine vertical drilling -hould
be controlled by instruments so that interconnection of adja-
cent columns can be assured, and therefore, insure an efficient
cutoff wall, A

b. The jetting parameters should be selected as a function of soil
characteristics (SPT) as the depth increases.

Mercedes Benz pit
28. The structural cutoff wall for a pit to be excavated in soft, sub-

merged soil in Sao Paulo, Brazil, 1982, presented no verticality problems due
to the limited column depth and the excellent soil properties (Figure 9). In
spite of the specified interaxial distance of 0.75 m between the columns of
0.80 m diameter, the cutoff wall formed with four-column rows resulted in per-
fect sealing. The 80 cm diameter columns were formed using the drilling
parameters cited in Table 1. The structural strength was excellent.

Dalmine Siderca pit

29. A structural cutoff wall was built for a pit to be excavated in

soft, submerged soil in Buenos Aires, Argentina, 1984, as shown in Figures 10
and 11. This pit, as far as we know, was the first to be performed to this
depth (7.40 m) utilizing jet grouting, employing the drilling parameters
listed in Table 1. The results, both technical and economical, were‘
excellent.

30. With the knowledge and experience accumulated in the last two
years, the authors feel that it would be possible to achjeve comparable

results using JG and fewer columns than needed for the CCP wall.

Capivari pit

31. 4 structural cutoff wall was constructed as a cylindrical shart

12 m in diameter, excavated in soft, submerged soil for the Companhia de

Saneamento Basico do Estado de Sao Paulo, Brazil (SABESP), 1986, as shown in

Figure 12.

32. Vertical drilling control was not necessary for two reasons:

a. ‘e drill/injection unit performed in a satisfactory manner in
the soil type encountered over the 9 m depth vequired by the
design.
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b. For structural reasons, the cutoff wall was designed with two
rows of columns. The results of this project were excellent.

Edgard de Souza Dam cutoff wall

33. ‘the cutoff wall for this dam across the Ti«fe River, Sao Paulo,

Brazil, 1985, was a relatively small job (2,870 m of C{U ¢olumns) designed to
connect the river bank wii: a reinforced concrete cofferdam (Figure 13)., The
soll i be treated was sav: 2i the bottom and clayey fill above. i double row

of columns wag utilized to form the cutoff for the Edgard de Souza Dam, which

was similar to the design concept used for the Porto Primavera Dam. However,

the time spent jetting the CCP columns at Edgard de Souza Dam was only

2.9 min/m, as indicated in Table 1, which resulted in a column which was about
7/8 the size of the CCP columns used for the Porto Primavera Dam.

34. Vertical drilling control was unnecessary in this project due to
the shallow depth (8 m) and the excellent soil properties. A double row of
columns was specified due to the probability cof encountering granite blocks at
the lower extremities of the drill holes. The resulting cutoff wall was cou~
sidered an excellent example of both efficiency and economy.

Banco Itau pit

35. The structural cutoff wall for subsurface work, Banco Itau, Sao
Paulo, Brazil, 1986, was the first diaphragm wall constructed in Brazil using
the JG method. The designer selected an interaxial distance of 1.20 m, fore~
gseeing a nominal column diameter of 1.40 m. There were no verticality prob-
lems with this endeavor due to the shallow depth required.

36. The site for Banco Itau was a former gasoline station. The soil in
some areas had become contaminated with spilled oil and gasoline which pre-
vented the cement slurry from hardening. It is imperative to perform a chemi~
cal analysis of the soil to detect the presence of petroleum products,
sewerage, efc., as well as geoteciinical investigations.

Piedra del Aguila cutoff wall

L

37. Two basic uncepts essential for the effective design of a deep
jet—-grouted cutoff wall are:
a. The minimum guaranteed dimension of the soilcrete body.

b. The gzuaranteed maximum limit of deviation from the vertical of
the scilcrete body.

NOVATP NA has used these two concepts as a basis for designing a uni.ue

alternative procedure for diffis 7+, very deep cutoii wall in Patagonia,
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Argentina, at the Piedra del Aguila site where a concrete dam is presently
under construction on the Rie Limay.

18. Sometime in the remote past, an undetermined geological incident
occurred which diverted the Rio Limay to its present course. The origineal
paleocauce (ancient riverbed) is almest immediately adjaccnt to the present
rivar valley, ane "¢ now completely filled with quite diversified soill-types
lyiner in random, mixed strata of irregular dimensions to a depth of approxi-
mately 180 m below the upper surface, which, in the area involved, is com-
pletely covered with a layer of basalit to a depth of 60 to ~80 m and with an
expanse of about 1,100 m. The level of the future lake is expected to be
30 to 40 m above the upper surface of the paleocauce: a cutoff wall through it
is dmperatdive.

39. ibe solution suggested or =pecified by the contract documents calls
for impregnating the alluvium with grouting substances by means of low-
pressure injection to be implemented from two horizontal tunnels, one near the
bottom of the basalt layer, the other 120 m above the bottom layer of the
paleocauce.

40, The difficulties facing the contractors in trying to transform the
specified solution into a workable, cost-efficient procedure gave NOVATECNA
the impetus to develop an alternate concept and design. We decided to design
a jet—grouted cutoff wall performing all necessary operations from the upper
surface of the basalt cover and to take advantage of the excellent pexformance
of our JG method.

1. For Novatecna, the design of jet-grouted cutoff walls consists

essentially of making thebproper decisions regarding three aspects:

a. The choice of the type of soilcrete body (column or panel) and
the definition of the pertinent minimum column diameter or
panel extension actually obtainable in the soil context of the
specific case.

b. Fixing the proper spacing between axes (interaxes) of the
contiguous soilcrete bodies.

c. Whether the wall should consist of single- or multiple~row

bodies, and if multiple rows are choseun, between which levels

they should be executed.

In this project, the third aspect was not a consideration because no struc-

tural reason existed which required a muliiple-row wall.

42 Our initial studv of the problem resulted in some conciugions based

on the first two aspects stated zbove in a and b:

/9



a. Taking into account the difficulties inherent in drilling the
axial holes for the soilcrete bodies through the basalt layer
and the alluvium, the panel-type body was preliminary chosen
(subject to confirmation by a technical feasibility study now
underway) .

The inte:rn+is spacing would obviously depend on the mi
guaranteed exteusion of the dc¢. + 4 panels and woul: pend as
well on the actusl guaranteed limit of :

ic

maximum deviation from
vertical attainable at the depths involved,

43. To further define and examine these three interconnccted aspects,
Novatecna decided to test ihe performance i the JG method in representative
samples of the soils involved and teo transfer the solution of the drilling

problems to & highly specialized group: the o0il well drillers. We were able

to interest a highly qualified oil field, mining, and deep-water service com-
pany, Dresser-Atlas, in our concepts; and early this vyear, they begarn studying
the drilling problems, while .« in Brazil performed our soil tests.

44, The highly respected engineer, Professor Vicior de Mello, former
president of the International Society of Soil Mechanics and Foundation Engi-~
neering, studied the situation and gave us his support. After a careful anal-
ysis of the available geological and geotechnical information from the site,
he specified two types of soil from those present in the paleocauce alluvium
for the tests:

a. Type A. A duly proportioned mixture of components-clays,
silts, sand and gravel, and pebbles with grain sizes up to
2 in. and a moisture content between 10 and 15 percent. The
specified density to be no less than 2.2 to 2.4 t/m~ (125 to
136 pecf).

b. Type B. This soil is composed of a matrix of sand mixed with
clayey silt and 5 percent in weight, dry Portland cement,
40 percent in weight, granitic gravel, pebbles, and cobbles
ranging from 1 to 8 in. in size,.

These soils were representative of the lower portion of the paleocauce's
sediments.

45. The components for these soils were collected from a large quarry
near Sao Paulc, Brazil, then compared and verified by a highly qualified lab-
oratory; and an embankment was carefully prepared to the specified densities.
The dimensions of the embankment were large enough to allow the symmetrical
formation of six flat double panels and three columis in each type soil (A and
B) to test various jetting parameters. The excavated embankment gave evidence

of excellent soilcrete bodies. Panels wiih a single-sheet exrension of up to
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1.4 m were observed. Then using another set of jetting parameters, panels

with a single~sheet extension of up to 1.8 m and columns with 1.4 m diameters

were obtained,

46, Afic: a detailed study «f the soilcrete bodiesn obtained in these
tests, we considered tie results to be quite satisfactory iu terms of the
dimensions of the bodies and the quality of the suilcrete material relative to

the severe conditions they wers t¢ withstand.

47. Meantime the Dresser-Atlas team had arrived at the following

conclusions:

a. It is possible to drill the nccessary holes for the cutoff wall
within the soil context of the paleocauce, meeting the special
requirements of very tight tolerances in vertical deviation.

b. Even with the thick basalvic cover layer, it is possible to
keep the maximum deviation of the holes at the maximum depth of
the paleocauce within the required limit of 50 cm.

c. Tools exist that are capable of meeting today's stringent
requirements for directional surveying of drilling and precise
well bore positioning. Special sensors assure measurements of
0.1° azimuth and 0.05° inclination, independent of magnetic
influence. Tight directional control during the drilling oper-
ation is a matter more closely related to cost than technical

possibilities.

Taking into account the number of holes required and the rela-
tively limited amount of time available, the Dresser-—Atlas team
designed a satisfactory, rapid drilling program at acceptable
cost.

[{=8

48. At this point, then both the basic concepts of the minimum guaran-

teed dimensions and the maximum guaranteed deviation limits were verified.

With this information, we can proceed with the design of the cutoff wall.

49. Based on the results of our Sao Paulo tests, the use of the panel-
type soilcrete body was confirmed. A reduction factor of 25 percent was
applied to the minimum extension obtained in the tests to define the guaran-
teed minimum extension of the panels to be used for the actual design of the
cutoff wall. 1In this case, the design extensicn for the individual panels was

1.2 m.

50. Theoretically, an adequate interaxis is the maximum horizontal

apacing that will safely assure a sufficient continuous seal between con-
tiguous panels (or columns) for the entire depth of the cutoff wall even in
the event +t maximum allowed deviation between their axes. The operational

procedure that ir our opinion seems suitable for effectively implementing a
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condition of continucus connection consists of first injecting two jumbo grout
double panels (odd panels), spaced sufficiently far apart so that an inter-

mediate panel (even panel) can be jetted and used to assure a continuous cut-

off as cuown in Figure l4.

51. By wmoanitoring the drilling operation, it is possible to determine
the actual position. [ the axes of the . panels with respecr o the devia-

=

tions. Taking advantage o/ :tis information, then any even body may hbe

accurately located in position hetween two contigucus odd bodies so as to

compensate for the effects of the odd panel deviations by means of the even
panels dimensions and deviations, thereby producing the required continuous
connectiong all along the cutoff wall to ensure sealing.

52. Perhaps we should further clarify the term adequate interaxis. The

spacing between two contiguous bodies should be such that even for the most
snfavorable conditions of deviation (maxziwum allowable in the design) two
contigucus bodies, a satisfactory compensation to ensure sealing of the wall
could be made by means of the intermediate even body by proper positioning
when drilling its axis.

53. This definition is valid if the soilcrete bodies are columns; in
fact, since we know the design diameter and limit of maximum vertical devia-
tion of the boreholes, it becomes a simple matter to determine the interaxes
that satisfy the sealing requirements. (It is interesting to point out that

as we are dealing with design extensions of bodies with maximum allowable

deviations, we could consider tangency between contiguous bodies, i.e., zero

overlapping, an acceptable situation.)

54. With the case under consideration, the type of cutoff body chosen

was a double divergent panel (see Figure 7). For this type of soilcrete body

we may add something to the definition of adequate interaxis:

The spacing should be such that even in the most unfavorable case
of deviation (within maximum design limits), satisfactory compen-

proper posgitioning when drilling its axis; and depending on the
orientation and deviation of its own borehole, by adjusting as
necessary between the pairs of divergent jets, the resulting panels
will ensure the continuous sealing of at least one row of panele.

55. 1In cases of extremely adverse conditions of deviations such that
compensation by means of one intermediate body would not be considered pru-

dent, then two bodies properly located between the two deviating odd bodies

oy ry
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should provide adequate sealing. In this particular case we would determine

by tests the adequate interaxis spacing.

56. The convenience and economy of the panel-type jet grouted cutoff
wi @ deascribed are evident if we compare it wi:h a hypothetical solution using
column~tyre bodies. Assuming columns with a minimum cii«ctive diameter of
1.3 m (minimum radius of 0.65 m) and applying the same reduction factor of
2% percent, the miuiwum guaranteed design column radius would be 0.49 m,
comparable to 1.2 m of the panels single-shect extension. However, aside from
the fact rhat a design radiue of 0.52 m is very likely not compatible with a
limit of maximum deviation of 0.5 m, we see that even supposing the possibil~
ity of drilling the holes perfectly vertical, the column-type wall would
require more than twice the number of boreholes required by the panel-bodied
wall and would need a much l:rgor quantity of cement as well.

57. We have presented the criteria used in the preliminary design of
the Piedra del Aguila cutoff wall. We feel that the criteria presented are
valid and should be considered, where applicable, for constructing jet-grouted
cutoff walls.

Final comments on the selected projects

; 58, The verticality control of the drill holes was not considered in
any of the reported cases with the exception of the Porto Primavera and Piedra
del Aguila projects.

59, In the other cases, where the columns were visible after excava-
tion, it was obvious that in the range of depths encountered (up to 15 m),
perforation in soft soils by the drill/injection unit resulted in excellent
verticality. Visual inspections have allowed us to prove that the effective
column diameters were consistent with the theoretical forecast of the project.

60. The satisfactory results achieved, indicated that the choice of the

column interaxial spacing was correct.

Recommendations for Jet-Grouted Cutoff Walls

Essential concepts for design

61. 5oil characteristics. Soil characteristics are usually the first

available data. The geological and gzotechnical information should be com~
plete. Data sampling /requency should be un par with the compiexity of each

job.

{
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62. Cutoff wall efficiency. This aspect should be previously fixed by

the designer. The relevant information consists of:

The underground water levels up and downstream from the panel.

oo

asum head loss ¢hiz cutoff should provids in relation to

b. The maxi;

the ups=ivam water level.
The Lo efticiancy of a cuter! panel {(ratio of hicad loss between puiuts
immediately wunpstream and downst:-#w of the cutoff wail =t its junction with
the base of the to the head loss «~vauns the dam expressed as a percent-

) is generally estab?ished to be between /0 and 80 percent.

63. Guaranteed limit of deviation related to the verticality [ tle

drill holes. The guaranteed limit of deviation depends on the drilling equip-

ment and method adopted as well as the maximum depth of the cutoff wall and

the so0il type.

4. The drill/injection unit normally usec ‘or det grouting cnn drill
directly into clays, silts, sands, and mixed soils up to 30 m. For greater
depth requirements or perforations in alluvial soils containing gravel and/or
stones, it may be necessary to drill holes previous to treatment by means of
equipnment especially designed for each specific case.

Example: To drill to 13 m depth in soil made up of 70 percent rolled
pebbles of 0.5 to 5-in. diameter in the Limay River bed in Patagomnia,
we utilized Stanwick equipment. Drilling through 80 m of basalt

underlying 180 m of heterogeneous alluvial deposit required the use of
equipment such as that used for drilling oil wells.

In each case, however, it should be possible to define by means of pre-
vious testing the guaranteed limit within an acceptable safety margin
for the drilling deviation (in relation to the vertical requirements)
in the specific context of the cuteoff wall to be designed,

The word guaranteed makes sense insofar as dimension, direction, and
level of the deviations could be verified by adequate instrumentation.
The term guaranteed limit should be compatible with the resources
available for the JG method to be applied in the cutoff formation to
obtain the required sealing within economical limits. This guaran-

teed limit should also be the one allowed or compatible in individual
cases.

The best equipment available should be utilized to assure minimum devi-
ation within the acceptable limits at maximum depth. This information
should be svailable when the cutoff wall is designed.

65. Minimum guaranteed soil-cement body dimensions. When choosing the

JG method to be utilized, the designer must take into consideration the mini-

mum dimensions of the treated soi) pndies obtainable wiiivin the soil condi-

tions encountered.
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66. The minimum guaranteed dimensions (diameter of columns or length of

panels) to be considered for the definition of the cutoff wall geometry will
resul: in the selection of a reduction factor for the minimum dimensic.us.
(The one that iz hased on previous in situ tests couid be obtained at any
pvoint along the consolidated bodies in actual soil conditicns.) The maximum

allowed guaranteed deviation and the minimum guaranteed dimension of the con-

solicaied bodies forming the cutoff wall will ceunctitute the basis of the
design for the wall.

67. Quite often, -omplete soils information is not available during the
initial design phase. If this is the case, the designer must complete his
preliminary work based on the information at hand but should require that ade-
quate field testing be completed and the results be made available prior to

final design of the cutoff wall.

68. Basic requirements for an in situ diaphragm wall test. The aspects

that must be considered in performing an in situ test should include the

following:

e Analysis of available geotechnical data - usually provided by the
client.

@ Discussion and definition (with the client) of the limits the
diaphragm wall must ensure.

e Definition of stresses the wall may have to tolerate under
various circumstances.

® Design of the cutoff wall (preliminary).

¢ Location, shape, and extent of wall.

® Minimum characteristics -~ strength, modulus of deformation,
permeability of the injected soil-cement bodies in relation to
the various soil types it will encounter, acceptable tolerance
ranges.

@ Shape of soil-~cement bodies forming cutoff wall.
@ Criteria for definition of interaxial spacing.
@ Analysis of resistance conditions expected.
69. The formation process of the test wall consists of the following:
@ Drilling of alluvial ma=zs and bedrock.
e Type of drilling.
e Equipment, tools, and materials.
%

Sequence of operaiions.

@

Productivity range.
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® Necessary inputs.

@ Drilling verticality.

® Maximum acceptable vertical deviation of drilling.

@ Methods of c¢nsuring verticality.

@ Instrumentation and methods to control wverticality.

¢ Checking routines.

® Procedurrg to correct effecis of eventual tolerun:e deviations,
e Utilization of DACTEST instrumertc (monitor which continuously

records the depth of hole, rotation speed, torque, flow rate, and
water loss during drilling).

e Jet grouted trial diaphragm wall.

Procedure and rangeé of foreseen parameters for the execution of
diaphragm wall tests.

Range of cementing materials consumption.
Levipment .

Coordination of cementing operations and drilling operations.

S & e g

Procedures for correcting the effects of deviations occurring
during drillings.

@ Necessary support and inputs.

® Routines for checking operating parameters.
70. Control of diaphragm wall efficiency is accomplished by:

@ Proving rates of efficiency and acceptable tolerance range of the
diaphragm wall.

e Instrumentation programs and proposed surveys to establish
efficiency rates in the trial diaphragm wall.

e Conclusions from results of the trial diaphragm wall.

® Procedures to correct eventual faults in efficiency of the
diaphragm wall and controlling the efficiency of such

corrections.
@ Preliminary program for controlling the efficiency of final

diaphragm wall.
71, Time must be allotted:
e For design, execution, and test of diaphragm wall.
® For final diaphragm wall.
72. Among the costs involved is:

@ Final cost to be drawn up with general contractor.

Design guidelines

73. The design of a jet grouted cutoff wall consist essentially of

decisiong concerning:
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a. The kind of consolidated-body which will form the wall, charac-
terized by the shape and correspondent minimum dimension.

b. The horizontal distance which will separate the axes of the
mverlanping bodies.
c. Whethzr the wall should i :omposed of single ltiple col-

umns, 07 ii multiple rows ol culumms are specifiec. between
which underground levels they shoul:d be injected.

Ty

74. The relsvant decisions cronoerning aspects (a) and (b) are closely
intercommected, and for the same technical result of possible alternatives,
the decisions should be directed to the most convenient economical solution.
It is essential that the designer should have available the basic information
regarding the minimum dimensions of possible alternative bodies and the limit
of maximum deviations that can be obtained as well as the approximate cost of
therse alternative components.

75, The relevant decisions concerning aspeci (¢) when impervious cutoff
walls are involved can be appliec - particular situations, but not required
to assure the best performance of their sealing functions. The columns should
be sufficiently connected so that in the werst situation of reciprocal verti-
cality deviation of two adjacent columns, there should still be a minimum
safety connection or overlapping between them. The worst situation of recip-
rocal verticality deviations between two contiguous bodies is determined by
the positions of the axes of those bodies when both show maximum deviation and
are oriented in the most adverse directions.

76. Keeping in mind the technical condition mentioned above, in our
opinion the alternative ways for a satisfactory definition of the basic design
decisions could be as foilows:

a. To predetermine one fixed interaxial distance compatible for
the type of body selected based on the economical convenience,
and to determine by trial simulating adverse positions of the
overlapping bodies, which should be the minimum range (diameter
in the case of a column, or length in the case of a panel) that
should be guzranteed #o these bodies or to satisfy the design
requirements.

To define the type of body which will form the panel and the
respective minimum range that could be guaranteed in the soil
context of the job site, then to determine which should be the
more convenient interaxial distance that satisfies the design
requirements.

jo

77. 1t is Important to emphasize that the analysis should consider the

cutoff constructiocs wrocess. First, tih. odd bodies are forwed, then the even

bodies (see drawing on Fzge 87). The even bodies should be localized in such
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a way that each one compensates for effects of the deviation on the two

adjoining odd bodies.

78. In cases of extremely adverse situations of reciprocal verticality

deviation of two adjacent odd body axes, a satisfactory ¢ mpensation may be

accomplished by means of two even bodies ratrher than one in &% .ir respective
pPositi s,
79. For the column-typ: iiaphragm wall, the specified procedures are

simple and quick. However, when using the double laminar panels (Figure 7),
the procedures are not so simple and a special computer prograwm should be

developed to aid in determining the proper procedures. The suggesied

procedures imply the absolute necessity to know the direction of the deviation

in terms of dimensions, orientation, and location in relation to the vertical.

80. In short, the fundamental criteria that in our opinion should be

taken into account for this type of project arec:

o Design the diaphragm wall according to minimum guaranteed
dimensions of the consolidated bodies.

o The safety factor adopted to transform the minimum dimensions
into minimum guaranteed dimensions should be fixed by the
designer.

o Design the diaphragm wall taking into account the maximum
compatible deviation in function of the diaphragm wall depths and
in determining the correspondent controls.

This concept implies that if a diaphragm wall has variable depths, the design

could foresee larger interaxial distances in shallower depths.

Verticality Deviations and Corrections for Sealing Between

Two Laminar Double Panels of 0dd Order

81. Figures 14 to 16 illustrate examples of (a) theoretical location of
adjacent panels without deviation, (b} location of even bodies to compensate
deviation of odd bodies, and (c) jets location of even bodies that also had a
maximum deviation to compensate maximum deviations of odd bodies,

respectively.,
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Table 1

Jetting Parameters

Porto Primavera Dam (CCP System}
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5,000 psi
4.1 min/m
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140 kg/m
1.5 : 1
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Table 1 (Concluded)

Edgard de Souza Dam
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o 8000500 e0s 80060
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7.9 min/m
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1.8 mm

4,300 psi
2.9 min/m
118 2/min
29 2.4 nm
4,300 psi
2.9 min/m
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95.6 &/min
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75 cm

* Pre-rupture using only water as
material.
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Table 4

Soilcrete Properties

Ratio of Tensile Strengtl: *o
Unconfined Compressive Strengti

Experimental Conservative
Type of Soil Range Range
Clay 0.18 - 0.36 0.18 - 0.20
Silty Clay 0.16 - 0.32 0.16 - 0.17
Clayey Silt
Inorganic Silt - 0.14 - 0.15
Sandy Silt 0.11 ~ 0.26 0.12 - 0.13
Silty Sand
Sand 0.08 - 0.16 0.10
Sand with Gravel - 0.08
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Figure 5. Ulypical CCP panel in clay
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Figure 6. Typical JG single panel in granular soils

Figure 7. Typical JG double panel in granular soils

96



i DUMPED SOIL
o 1.5m e " .

S ‘224 . 7|: ALLUVIAL SOIL WITH SLABS OF CONGLOMERATE
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J'g' BASALT DOUBLE WALL

{(*) LEVELS OF CONGLOMERATE

REPRESENTATIVE ALLUVIAL PROFILE

METERS OF CCP COLUMNS : 28,000
CONSTRUCTION TiME : 140 DAYS

Figure 8. Porto Primavera cutoff wall for a cofferdam
over the Parana River, Sao Paulo, Brazil
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C.C.P. COLUNMNS

PLAN
DISTANCE BETWEEN CENTERS = 0.75 METERS
NOTE: PIT 19.8 x 6.0 x 5.45 METERS
QUANTITIES ~ 3,000 METERS OF C.C. P. COLUMNS
PERIOD OF EXECUTION ~ 45 DAYS WITH ONE OPERATING UNIT
PROFILE OF GROUND
ELEVATION, m | AL .
-0.2
m IR 2|16 W'Tw;g VSUSHUSUN]
q il |4 G W,
(2 | orRGANIC CLAY
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080 Laf. - 16130
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Figure 9.

Structural cutoff wall for Mercedes Benz pit,
Sao Paulo, Brazil
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STRUCTURAL DIAPHRAGM WALL
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NOTE: PIT: 21,5 x 9.5 x 7.4 METERS

LUMNS
- 30 DAYS WITH ONE OPERATING UNIT

QUANTITY - 4,000 METERS OF C.C.P. CO

PERIOD OF EXECUTION

Structural cutoff wall for the Dalmine Siderca pit.

Figure 10.

Buenos Aires, Argentina
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REINFORCED DOWNSTREAM BERMS

by James M. Duncan
Virginia Polytechnic Institute

Introduciion

I. This paper was preparad for the "Worksliop < New Remedial Seepage
Control Methods for Embankment-Dams and Soil Foundations® held at the US Arwy
Engineer Waterways Experiment Station on October 2lst and 22nd, 1986. The
subject and title of this paper, "Reinforced Downstream Berms," was selected
by the organizers of the workshop.

2. The paper is divided into two major sections. The first deals with
factors that goverr the performance of seepage berms. It borrows heavily from
recent theoretical work on the subject by Barvon (1984). The second section
deals with the characteristics of four different proprietary systems for rein-
forced walls and slopes, including their components and behavior, their

design, construction, and cost.

Downstream Berms for Seepage Control

3. Excessive seepage from the foundation at the downstream side of an
embankment dam can lead to unsafe conditions with respect to erosion and pip~-
ing. One means of controlling such seepage and improving the safety of the
structure is to construct a seepage berm on the downstream side of the dam.
Seepage berms restrain the foundation soils from being eroded by the seepage
emerging from the foundation.

Design of seepage berms

4. Seepage berms are most effective if they are more permeable than the
underlying foundation soils, or if they are constructed on a drainage blanket.
A completely permeable berm has no effect on the seepage conditions and does
not change the heads in the foundation. Such berms allow the water to flow
freely from the foundation, while the underlying soils are restrained. To

prevent foundation scils from being washed into the voids in the berm material
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by upward seepage from the foundation, the lower portion of the berm must sat-
isfy filter criteria with respect to the foundation.

5. GSeepage berms can be constructed using soils that are less permeable
than the foundation, but wider and thicker berms a:«¢ required to achieve the
same degree of iuv. ~vement. When scil with lower permeal’lity is placed on
the foundation downsiresm from a dam, emergence of seepage frow the foundation
is restricted. The heads in the foundation thersfore increase, and a thicker
berm is required to counteract the increased uplift pressures. The berm must
be wider also, because the heads decrease more gradually with distance
downstream.

6. Barron (1984) made theoretical studies of the widths and thicknesses
of seepage berms constructed of permeable and not-so-permeable materials. He
derived equations that can be used to determine required berm widths and
thicknesses for a wide range of geometry and permeability conditions.

7. An example from Barron (1984) is shown in Figure 1. It pertains to
a levee 30 ft high, with a 5-ft-thick blanket capping the permeable foundation
soils. It can be seen that the required berm width is about 300 ft if the
permeability of the berm material is not less than that of the underlying
blanket material. When the permeability of the berm is less than that of the
blanket, however, the berm must be considerably wider to achieve the same
degree of safety. For a berm one-tenth as permeable as the blanket, the
required berm width would be about 1,000 ft. For a completely impermeable
berm, the required width would be nearly 1,400 ft.

8. Barron (1984) used mathematical analysis to derive formulas for com-
puting thekrequired widths and thicknesses of seepage berms. Barron's analy-
sis considered a number of cases that are of considerable interest and which
involve considerable mathematical complexity. Some of the formulas he derived
are long and not easy to use. A number of the results derived by Barron are
summarized in the following paragraphs, in simplified form. The simplified
approach discussed in this paper is intended to make easier applications of
Barron's results to practical cases. The simplified approach does not include
all the cases considered by Barron, and it involves some approximations not
made in Barron's more rigorous analysis.

Determining required widths of seepage berms

9. The formulas Barron derived for infinitely permeable and for com-

pletely impermeable berms are given in Figure 2. The terms used in these
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formulas are defined at the bottom of Figure 2 and in the sketch at the top of
Figure 1.

10. The formulas given in section (1) of Figure 2 can be used to calcu-
‘late berw widths for cases where the permeabilit~ of the berm material exceeds
that of the underlying natural - Market, or where a pormeable blanket drain
underlies the nevn In this case, the distribution of heads in the foundation
is not affected by the berm. The head at the toe of the embankment (ht),
which is the same after the berm is placed as it was before, can be calculated
using the formula given in the figure. When ht has been determined, the
required berm width can then be calculated.

11. Although the formulas at the top of Figure 2 were derived assuming
the berm permeability is infinite, they can be used to estimate ht and B for
cases where the berm permeability exceeds that of the foundation but is not
infinite. As can be seen in Figure 1, the required berm width increases as
the berm permeability decreases. For the case where the berm permeability is
equal to that of the underlying natural blanket, the required berm width is
about 40 percent wider than for an infinitely permeable herm. It seems rea-—
sonable to use the formulas in Figure 2 to determine the berm width for infi-
nite permeability, and then to increase the width to account for a finite
value of permeability using Figure 1 as a guide. Also ht should be increased
by the same factor as applied to the width.

12. The formulas given in section (2) of Figure 2 apply to the case
where the berm is completely impermeable. In this case, the berm completely
seals off seepage from the foundation, and this results in higher heads within
the foundation. With no upward seepage through the berm, the variation of
head with distance from the embankment toe is linear, and the value of ht can
be calculated once the berm width is known.

13. While the formulas given in section (2) of Figure 2 only apply to
completely impermeable berms, the values can be adjusted for cases where the
berm permeability is smaller than that of the underlying blanket but is not
zero. This adjustment can be made using the factors shown in Table 1, which
were derived from the example shown in Figure 1. TFor a completely impermeable
berm, the formula in Figure 2 gives a required berm width of 1,370 ft to
achieve a factor of safety against uplift equal to 1.50. For kt = kb (berm
peizeability equal to blanket permeability), the required berm width is 370 ft

for F = .50, or 27 percent of the required width for zero permeability.
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14, Values of ht calculated using the formulas in Figure 2 can also be
adjusted for other values of berm permeability. The adjustment factors, which

were derived from calculations given by Bavron (1984) for the example in Fig-

uve 1, are listed in the right-hand column in Table 1. For a completely
imperms :hle berm and F = {,20, the formula in Figure 2 gives a value of
ht = 22,2 ft. Vor k_ = kb (berm pevmeability equal to blanket permeabiliiy)

t
and F = 1.20, the value of ht given by faxron (1984) is 12.2 iz, or 56 percent

of the value corresponding to zero permeability,

Determining required thicknesses of seepage berms

15. The required thickness of a seepage berm is governed by the head
beneath it and the desired factor of safety against uplift. The factor of
safety against uplift, defined as the ratio of upward seepage force to buoyant
unit weight, can be calculated using the formulas given in Figure 3.

16. Two expressions for factor of safety are given in Figure 3, one for
the factor of safety ageainst uplift of both the natural blanket and the berm
beneath it, and a second for uplift of only the seepage berm. Either of these
may be more critical, depending on the relative values of permeability of the
berm and the blanket. When the blanket is less permeable than the berm, the
factor of safety against uplift of both the blanket and the berm (given by the
first expression in Figure 3) is usually smaller than the factor of safety for
the berm alone (given by the second expression).

17. The expressions given in Figure 3 can be solved for the value of
berm thickness required to give the desired factor of safety. Using these
expressions with h = ht gives the required berm thickness at the embankment
toe.

18. The required berm thickness at the downstream end of the berm is
zero for cases where the berm is more permeable than the underlying natural
blanket., For cases where the berm is less permeable than the blanket, some

thickness is required at the toe. The thickness required can be calculatsad
ugsing the formula given in Figure 4. This expression gives the thickness
required to achieve the same factor of safety against uplift at the downstream
toe of the berm as for the area just beyond ithe berm toe. It was derived by
using the first formula in Figure 3 to develop an expression for the factor of
safety of the blanket alone, by setting the berm thickness equal to zero.

This expression the.. gives the factor of ~afety just beyond tlie berm toe.
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This expression was then equated to the second formula in Figure 3, and the
resulting equation was solved for the value of t. This value of t thus
corresponds to equal factors of safety at the berm toe and just beyond the
berm toe. This value of factor of safety is the one used in calculating the
width of the berw., by means of the formulas given in Figure 2.

19. 1f the berm was completely impern-uzible. the head at th- “.se of the
natural bianket would vary linearly with distance downstream from the smbank-
ment. A berwm with uniformly varying thickness would have the same factor oi
safety at all locations from the embankment toe to the berm toe.

20. If the berm has a finite permeability, or even if it is infinitely
permeable, the head does not Varyllinearly with distance downstream from the
embankment. Near the embankment toe the variation of head with distance is
more rapid than it is further downstream. In this case, a berm with uniformly
varying thickness has a higher factor of saf«ty in the area between the
embankment toe and the berm toe than it does at those locations. The thick~
ness of the berm would have to vary in a nonlinear manner with distance from
the embankment toe in order to achieve exactly the same factor of safety at
all locations. Barron (1984) extended his theoretical studies to include
consideration of how the berm thickness should vary to achieve an exactly
uniform factor of safety.

21. Because of the way the head varies with distance downstream from
the embankment toe, if the slope of the berm surface is constant, the minimum
factors of safety occur at the embankment toe and the berm toe. All of the
area in between has a slightly higher factor of safety. The extreme magnitude
of this effect occurs when the berm is infinitely permeable. In this case, a
savings in volume of about 30 percent would be possible if the berm surface
was graded in a curve calculated to achieve exactly the same factor of safety

at all locations. The details indicating the required shape are given by

Barron (1984).

Reinforcement of Berms

22. As can be seen from the discussion in the previous section, seepage
berms usually have mild surface slopes and small thickness at the downstream
end. Thus, in most cases, there would appear to be little need for reinfrvce-

ment of seepage berms. In some situations, however, a secpage berm may have a
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steep slope that would need to be supported or reinforced for stability. This
might occur, for example, at the edge of an outlet channel below a dam. The
following sections consider the possible use of various types of reinforcement
*rr such slopes.

2%, Slope reinforcement zvstems of the kinds discussed in thii: paper
are proprieravy. The companie: 5ot market these systems employ engineering
staffs and are «-lg¢ to provide engineering assistance to design engineers who
wish to use their products, as well as technical information regarding their
products and their design methods. Through this mechanism a considerable body
of extremely valuable design and construction experience is available to engi-
neers who may be unfamiliar with the details of the various slope reinforce-
ment systems, but who would like to explore their potential value for use on a
particular proiect,

Reinforced Farth

24, Reinforced Farth, a product of the Reinforced Earth Company (head-
quarters in Arlington, Virginia), was originated by French engineer Henri
Vidal about 20 years ago. It has since been extensively used in Europe and
the United States. Many of the applications have been for highway bridge
abutments, but a wide variety of other applications have also been made,
notably including marine structures.

25. Reinforced Earth walls, shown in Figure 5, employ galvanized or
aluminum ribbed strips as the reinforcing elements, and precast concrete or
steel panels as the wall facing. The facing panels overlap to prevent ravel~
ing of the backfill, and cork is used in the joints between panels to accommo-
date differential settlements. The backfill for Reinforced Earth must be a
fairly clean sand or gravel, with less than 15 percent finer than the
# 200 sieve, and a PI less than 6.

26. The company provides a full range of engineering services, includ-
ing preliminary design and cost estimates, final Jdesign, assistance at prehid
and preconsiruction conferences, and assistance to the contractor during

construction.

Hilfiker Welded Wire Walls
and Reinforced Soil Embankments

27. The Hilfiker Company, lccated in Eureka, California, was awarded
its first patent for a reinforced retaining wall system in 1370, and now holds

several. Hilfiker walls have been used for a wide variety of applications,
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including bridge abutments, landslide repairs, embankment stabilization, ero-
sion control, and others.

28, Two different systems are marketed by Hilfiker. Their Welded Wire
Wall, the lese costly of the twe, uses wire mesh and wire screen as wall fac-
ing (Figure 6). 1he second system, icinforced Soil Embankuw::. which is shown

i Figure 7, uses precas: concrete facing el

ments, Both types wse galvanized
wire mesh sz the reinforcing element, and both interlock for assembly, so no
bolts or other fasteners are requirsd. Backfill materials range from GW to 5C
by the Unified Clussificatlon System, and required compaction is 90 percent of
Standard Proctor,

29, Hilfiker provides a full range of engineering services, in addition
to manufacturing the wall components. Many designs are standardized, and

designs for unique conditions are prepared on request.

VSL Retained Earth walls

i,  The VSL Corporaticw has its headquariers in Los Gatos, Calirfcornia.
In business since the 1960's, VSL was originally a contracting company spe-
cializing in post-tensioning. Unlike the manufacturers of the other wall sys-
tems included in this paper, VSL offers construction services and will build
complete wall systems, including erection and backfilling as well as manufac-
turing the components. VSL will also work with other erection and backfilling
contractors if desired.

31. Retained Earth walls, shown in Figure 8, use galvanized wire mesh
reinforcing elements and precast concrete wall panels. The company does not
set general specifications for acceptable backfill systems, but candidate
backfills must be approved by VSL engineers. Retained Earth walls have been
used for a wide range of applications, including bridge abutments, retaining
walls, stream protection, and others.

32. VSL employs structural and geotechnical engineers and offers a wide
range of services, including consultation, feasibility studies, design, and
coustruction.

Tensar Geogrid-reinforced walls and slopes

33. The Tensar Corporation has its headquarters in Atlanta, Georgia.
Tensar has recently reached a marketing agreement with Armco, and information
on Tensar products is available from all Armco offices. Tensar Geogrids were
manufactus.d first in England by a company called Netlon, Ltd. The gecgrid

manufacturing process involves punching holes in sheets «f polymer and
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stretching them at elevated temperatures. As the polymer sheets are
stretched, the molecules become oriented in the direction of stretch, and
their strength is increased. The oriented polymers actually have tensile
strengths exceeding that of some steel. ine polymer grids arc¢ chemically
inert uudev wmest circumstanc.. sprountered in burial, and the grids are thus
not subject ic déterioration by chemical action. Carbon black is added to the
polymer mix to make the geogrids resistant to damage from ulrraviolet
radiation.

34, Geogrid~reinforced walls use the polymer grids for reinforcing and,
in some applications, for facing also, as shown in Figure 9. The exposed grid
facing system is called the "wraparound" design. With the grids exposed, the
face of the wall can be seeded to develop a turf covering. Other types of
faciug have also been used. These include brick, wood, concrete, and other
materials. The facings can be attached to the reinfcrcing, or with the wrap-
around design, the facing can stand in front of the wall face, serving as a
decorative and protective element in front of the geogrid facing. Applica-
tions include retaining walls, reinforced slopes, landslide repairs, gabions,
cecastal structures, and others.

35. Besides manufacturing the geogrids, Tensar employs geotechnical
engineers in a number of offices around the United States and provides a wide
variety of engineering services. These include feasibility studies, design
studies, technical assistance regarding geogrid properties, and construction
advice.

36, Table 2 contains a summary of the characteristics of these rein-
forcement systems. It can be seen that Reinforced Earth, Reinforced Soil
Embankments, and Retained Earth have a great deal in common. All use galva-
nized steel reinforcement, all use precast concrete facing panels, and all use
similar types of backfill soils. They differ in that the Hilfiker and VSL
products use welded wire mesh for reinforcing rather than the separate flat
ribbed reinforcing strips used in Reinforced Earth, and the Hilfiker walls
lock together withuut bolts or other connectors. Reinforced Earth has been
constructed using aluminum reinforcing strips in at least one application, and
using steel wall panels in anocother.

37. The Welded Wire Wall produced by Hilfiker uses no concrete facing.
The backfill is reteined by wire facing ~lements called "backing mats,'" with

finer screen behind to retain the finer soil particles. Eliminaticn of the
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concrete facing reduces the cost of Welded Wire Wall as compared to the Rein-
forced Soil Embankments, which are also produced by Hilfiker and which are the
same in wmost other respects.

38. The Tengar Geogrid-rein:creed walls and slepes differ from the
other systems mainly in the reinforcement, which is high~sirength oriented
peliicry rather than metsn.. Tensar walls are sometimes faced with the pgeogrid
material. and sometimes with other materials. The geogrids can be cast into
the facing if desired. When the grid itself is used as the facing material,
the grid is wrapped back around the soil at the face to encapsulate and retain
the backfill. Most types of onsite soils can be used as backfill for Geogrid-
reinforced walls and slopes. The amount of reinforcement needed in a given
application is determined by the wall height, the external loads, and the type
of backfill.

Durability

3%. Longevity 1is an extremely important consideration for all of these

systems, because they use reinforcement embedded in the backfill, inaccessible
for repair or maintenance. Tests to measure rates of corrosion of buried
metal conducted by the National Buieau of Standards from 1910 to 1955 (Roman-
off 1957) provide data for estimating corrosion rates for galvanized and plain
steel, in a range of pH environments. Rates of corrosion are used in estimat-
ing the metal thickness that may be lost over the design life of the struc-—
ture. Metal thicknesses are used that will provide sufficient reinforcing
capacity at the end of the design life, after reduction of thickness by
corrosion.

40. The polymer materials used in Tensar .Geogrids are chemically dinert
in most environments, an advantage for longevity. No reduction in area or
strength due to corrosion or other chemical action is made in selecting design
loads for the polymer geogrids. The material does creep appreciably under
laad, and the reinforcement loads used in design are selected considering the
creep strains expected over a design life of 170 years or more.

Design procedures

41. Design of reinforced walls involves two types of considerations:
a. External stability.
b. Reinforcemeui capacity.
The proceuures used to ensure external stability are essentially the same as

those used to evaluate stability of conventional gravity and cantilever walls.

114



The reinforced zone is considered as a block, and its safety with respect to
sliding, overturning, and bearing capacity is evaluated using equations of

static equilibrium.

4#2. Design for reinforcement capacity comnsiders the strc . - in the rein-
forcing +lrments and the puszibility of pullout failure. TField measurements
have show: that the peak stress in the reinforcing occurs at a distance Lehind

the facing equal to about three tenths of the wall height. The length of
reinforcing behind the plane of peak stress is the grip length, where resis-
tance tc pullout is developed. |

43, The design procedures used by the Reinforced Earth Company,
Hilfiker, and VSL are very similar. These are shown in Figure 10. The width
of the rveinforced zone (B), equal to the length of the reinforcing elements,
is stavderdized, The minimum width used is 0.7H or O.8H. Larger values of B,
up to 1.3H, are used for low walls and severe loadings conditions. Surcherge
leadings on the backfill are considered in analyzing both external stability
and internal stability. '

44,  The procedures used for design of Teunsar Geogrid walls, while the
same in principle as those shown in Figure 10, differ in some respects. The
reinforcing extends a constant distance behind a plane inclined at 45° + ¢/2
from the horizontal and is thus longer near the top of the wall than at the
bottom. The procedures used to evaluate safety against overload of the rein-
forcement and pullout are similar to those shown in Figure 10.

45, The design procedures used by all of the distributors discussed are
founded on solid principles of soil mechanics, properly tempered with labora-
tory test results and field experience. As noted previously, all of the com-
panies have engineering staffs who can provide assistance with design when
required. It 1s thus not necessary for an engineer wishing to use one of
these systems, or to explore its usefulness for a particular project, to be

fully versed in all of the detailed aspects of its design.

Performance

46. One advantage of reinforced walls as compared te conventional con-
crete walls is that they are more flexible and thus better able to withstand
differentiasl settlements without distress. The reinfeorcing elements can

undergo considevrahle distortion without ill effects, and the articulated fac-

ing panels can accoummndate some differen:i ial settlements without damage. The

flexible facings used on the Hilfiker Welded Wire Walls and the Tensar
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wraparound Geogrid-reinforced walls are even better able to tolerate differen-
tial foundation movements, being even more flexible than the other types of
facing.

Construction and zost

47. One of the principal advantages of s11 of these reinfo ced wall
sys.oog ie that they can U+ constructed using vo aiively small equivnent
Crews of four or five workers a:¢ common. Depending . the height of the

wall, construction rates from about 700 =q ft per shift to 2,000 sq ft per
shift have been achieved. The rate of preduction increases as the height of
wall decreases.

48. According to the manufacturers of these systems, costs per square
foot of wall are about one half of the cost of conventional concrete gravity
or cantilever walls. Cost figures developed by the Federal Highway Admin-
istration in 1971 indicated costs per square foot for Reinforced Earin walls
were less for low walls than for high walls, the per square foot cost for
10~-ft~-high walls being only about 40 percent as great as for 50 ft-high walls.
This strong influence of wall height on the cost per square foot is interest-
ing and worth noting. Costs also depend on job location and the accessibility
of the site, as well as on the cost of suitable backfill material. Costs per
square foot in 1986 probably average somewhere around $25 to $30 per square
foot. The manufacturers of these systems are able and willing to assist with

cost estimates on particular projects if desired.

Summary and Conclusion

49. Seepage berms provide an effective and reliable means for control-
ling excessive seepage from the foundation at the downstream side of dams on
soil foundations. Seepage berms restrain the foundation soils, increasing
safety with respect to erosion and piping iu periods of high water. Berms
construcied of permeable material are more effective than those consiructed of
impermeable or semipermeable materials, in that the same degree of safety can
be achieved with much less material. As shown in the first section of this
paper, berms constructed of material having permeabilities as high or higher
than the foundation soil need be only about one fecurth as wide and half as

thick as berms of less permeable =n7is and would thus have only about
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one eighth as much volume. There is thus a clear advantage to constructing
berms of permeable materials whenever possible.

50. The extensive mathematical studies made by Barron (1984) provide a
valuable basic for estimating the . 'Jths and thicknesses of berms required to
achieve a given factor of safety against uplift. The first section of this
paper oresents a simplil:«d approach for estimating the width and thickness of
berms, "ased on Barron's matheunstical studies.

51. The second section of this paper discusses the use of reinforced
wialls and slopes for seepage berms, in cases where that may be desirable. The
characteristics of four different proprietary systems for constructing rein-
forced walls are discussed: Reinforced Earth, Hilfiker Welded Wire Walle and
Reinforced Soil Embankments, VSL Retained Farth walls, and Tensar Geogrid--
reinforced walls and =lopes. These systems have been used previously for
applications such as marive structures, erosion control, stream protection,
and coastal structures, and all appear to have potential for use in reinforc~
ing seepage berms, as well as for a variety of other applications.

52. The characteristics of the four reinforcing systems, and the meth-
ods used for their design have been discussed iIn detail and summarized in
Table 2 and Figure 10. Their advantages as compared to conventional concrete
walls include lower cost, rapid construction, and greater ability to accommo-
date differential foundation movements without distress. All of the distribu-
tors of these systems employ engineering staffs, and detailed information and
design assistance are available to engineers who want to determine the cost

and the technical potential of these systems for use on a particular project.
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The VSL Corporation, Los Gatos, California.

Telephone No. (408) 866~-5000.

The Tensar Corporation, Atlanta, Georgia.

Telephone No., (404) 968-3255.
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Figure 1. Variation of required width of seepage berm
with ratio of berm permeability to blanket permeability
(Barron 1984)
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(1) Infinitely Permeable Berm

) H - LLS
+
t X + L2 LLS

h (calculate ht before B)

(2) Completely Impermeable Berm

1 L
F Yw b

LS .
B = X+ 1L, =L )
Zb Yy 2 LS

H(B + LIS)

ht ¥ TITTEII (calculate B before ht)
2 LS
kf
where LLS = E; y D e Zb

X =1 * tan h§{ ——
LS LLS

F = factor of safety against uplift
Yé = buoyant unit weight of blanket
Yo T unit weight of water

Definitions of other terms shown in Figure 1

Figure 2. TFormulas for calculating required berm lengths for
infinitely permeable and impermeable berms



(1) Factor of Safety Against Uplifit of Both Blanket and Bcr-

|+ 1
I TS
B h - t) v,

(2) Factor of Safety Against Uplif: in the Seepage Berm

y! {t + 2
t b ky

F = —-

(b= t) v,

where F = factor of safety against uplift
Yé = buoyant unit weight of blanket
y! = buoyant unit weight of berm
Z, = blanket thickness
t = berm thickness
k. = blanket permeability
k., = berm permeability

h = head at bottom of blanket, measured
from ground surface as datum

Figure 3. Formulas for calculating factors of safety against
uplift in the natural blanket and the seepage berm
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t
2y Vb &
p b
FY‘V kt
t = for — < 1
Ve ky
I
YW
k
t =0 for — = I
b

where t = berm thickness required at downstream end of berm

Zb = thickness of natural blanket
Yé = buoyant unit weight of berm

Yé = buoyant unit weight of blanket
kt = berm permeability

kb = blanket permeability

h = head at downstream end of berm, measured
from ground surface as datum

Figure 4. VFYormula for calculating required berm thickness at
the downstream end of the seepage berm
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Figure 7. Hilfiker Reinforced Soil Embenkments
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Design Criteria
(1) Sliding
j B,,.E%ﬂ LN

(2)  Overturning

F=-—2z2.0
ME
MW - M
-,._...______E«>§
b W23

(3) Bearing Pressure

W+ . B allowable
P = ————%B——— £ bearing
pressure
. Mw + Mq - ME
W + gB

(4) Reinforcement Stress

£ = h A < allowable

r A ~ stress

(5) Pullout Resistance

Pullout Resistance

>
Pullout Load = 1.5

F =

q = surcharge

Earth pressure force, E, includes
effect of surcharge. E is determined
using earth pressure coefficient, K,
fron field measurements., K = K at
surtace, decreasing to & - K_ at depth
of 20 feet. “

B = width of reinforced zoue

= length of reinforcement

H = wall height

E = earth pressure force

W = weight

q = surcharge

R = vertical reaction

T = horizontal reaction
Mw = moment due to W ‘

about toe

M = moment due to g of wall

4 - point 0
ME = moment due to E

b = offset of R from toe

o = horizontal earth pressure at a

particular depth

A = area of wall face loading rein-
forcing element

a = cross-sectional area of rein-
forcing element

Figure 10. Design procedure for Reinforced Earth, Hilfiker, and
VSL Reinforced Walls
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PLASTIC CONCRETE CUTOFF WALLS

George J. Tamaro
Mueser Rutledge Consulting Enginsers

iniroduction to Slurry Wall Technology

1. There are basically three methods of achieving an impermeable cutoff
wall using slurry wall techniques:
a. Soil-bentonite backfill slurry trench.
b. Cement-bentonite backfill slurry trench.

Plastic or rigid concrete backfill slurry trench.

in

Soil-bentonite backfill slurry trenches

2. Soil-bentonite (5B) backfill siurry trenches are excavated in a con-
tinuous manner to practical depths down to 100 ft. For depths of approxi-
mately 50 ft, excavatrion is performed by hydraulic backhoe or drag line
excavators. For depths in excess of 50 ft, a combination of either backhoe or
drag line and clamshell operation is necessary to effectively perform the
excavation. A chisel is used to excavate hard lenses of soil or rock and, if
necessary, to cut a key into rock. The slurry trench excavation is kept open
by replacement of excavated soil with a bentonite slurry. Bentonite slurry
stabilizes the sidewalls of the excavation until such time as a mixture of
soil and bentonite slurry can be replaced in the trench to provide the perma-
nent cutoff (Figure 1). This procedure is most appropriate in shallow
trenches (depths down to 50 ft) where the backhoe can effectively dig a con-—
tinuous trench without the need for clamshell or chisel operation. The thick-
ness of the soil-bentonite backfill is usually related to the hydraulic
gradient i (pressure differential in feet of water divided by the wall thick-
ness in feet), which is a measure of the hydraulic head differential across
the cutoff wall. Conventional practice suggests that a maximum gradient of 10
(using a factor of safety of 3) be applied to soil-bentonite cutoffs in order
to minimize the possibility of either hydraulic fracturing or migration of

fines under hydraulic gradienc.* These criteria may be excessively

* For a more complete discuzsi-n of the blowout sezguirements of soil-
bentonite sluxry trench cutoffs, se¢e EM 1110-2-1901, pp 9-24 to 9-25.
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conservative and are more often than not, not followed. These criteria would

require a 5-ft-thick soil~bentonite backfill slurry trench for a cutoff wall

extending 50 ft below ground-water levels. Because of the nature of the geol-

ogy ai certaln sites, it muy not be economical, practical, or even presible to
excavate to - :ull 5-ft width, J.abovatory tests on properly designed and
6

blended backfill indicate permeabilitice in the range of 1 = 10 to

1 x i0 ° cm/sec.

Cement~hantonite backfill slurry trenches

3. Cement-bentonite (CB) slurry trenches are excavated either as a con-
tinuous trench, as described in the foregoing paragraph, or in panels, that
is, a segmented wall excavated as shown in Figure 2. The cement-bentonite
slurry trench differs from the foregoing technique inasmuch as a mixture of
cement and bentonite in slurry form is substituted for the conventional Luonton-
ite slurry. The cement-bentonite slurry provides a two-fcld function. TFirst,
it supports the trench during excavation, and second, it provides the perma-
nent backfill material for the trench as the cement bentonite solidifies in
place.

4. Because of varilations in the geology at certain sites where the
occurrence of various hard and soft materials makes it difficult to predict
and estimate accurately the rate of progress of the trench excavations, 1t is
possible that the cement bentonite would harden in the trench at a rate faster
than the rate of excavation. As a result, it becomes necessary to reexcavate
cement bentonite which has hardened, wasting a significant portion of com-
pleted work. Cement-bentonite backfill undergoes shrinkage and cracking dur-
ing drying; large variations in ground-water levels can render this backfill
pervious if drying occurs. Laboratory tests on properly designed CB backfills
indicate permeabilities of about 1 x 10'-'6 cm/sec.

Plastic coucrete backfill slurry trenches®

5. .Plastic concrete (PC) backfill slurry trenches are constructed in
panels using the following procedure (Figure 2). First, a panel is excavated
by auger (Figure 3), backhoe, and/or clamshell bucket (Figure 4) down to the
specified panel subgrade. The excavation is filled with a bentonite stobiliz-

ing slurry as the excavation advances downward. At the completion of the

* The design of PC mixers and construction of PC cutoff walls is covered in
subscguent paragraphs.



excavation of a panel, the bentonite slurry is cleaned through a desanding
operation (Figure 5). The panel is then filled with a specially designed PC
mix (Figure 6 c¢r 9). The PC mix is designed to provide ultimate strengths
ifc at 28 days in the range of 500 to 1,000 »si (Figure 12) and nominal per-
meability k of approximately I x 10_7 cm/sec.

6. This method is most practical for the construction of deep cuicii
walls in dense scils and soft rock requiring a key into impervious strata
s’nce excavation can be performed in panels using heavy clamshe!l buckets and

chisels to remove hard lenses of soil and rock. The method is not time-

plete the excavation. The method can be used in remedial work on existing
dams and levees since the short panels are stable and cause minimal disruption
to existing soil.

7. Due to the low permeability and high strength of the PC backfill it
is possible to use a thinner cutoff wall. Furthermore, PC backfills have
sufficient structural strength that hydraulic fracturing or migration of fines
under hydraulic head is not of concern. For this method, the thickness of the
cutoff wall is, in most cases, dictated by the minimum width of the excavating
tools. With 2-ft-wide tools the panels can be excavated to depths far in
excess of 100 ft.

8. This method is an extension of the conventional slurry wall technol-

ogy that has been successfully used to cut off seepage from dams, dikes, and
levees, and to construct deep basement and subway structures since the late
1940's.

9. The joining of individual panels is obtained either through the
reexcavation of previously placed plastic concrete when constructing adjacent
panels (Figure 7) or by the slip forming of joints at the ends of consecutive
panels through the use of end stops or pipes (Figures 8, 9, 10, and 11). The
former is known as the overbite method and the latter as the end pipe method.
Laboratory tests on properly designed PC backfills indicate permeabilities in

the range of 1 x 10—7 to 1 x 10_10 cm/sec, with permeability increasing with

sample age.

Cuide Walls
10. Guide walls are essential for the accurate control of the alignment
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and elevations of a PC cutoff wall. They serve as a guide for the excavation

and prevent the collapse of the trench at ground surface.

Panel Dimension and Arrangement

11, Panel dimeusions are usually controlled by both the crchnical
requirements of the work and the type and size of equipment available. Panel
lengths can bes no shorter than the length of the bucket and no thinner than
the width of the bucket. Short panel lengths are usually in the range of 7 ft
and should be used in loose unstable materials or in areas where there are
very high surcharge pressures from adjacent structures or slopes. Longer
panels, ranging up to 30 ft in length, can be used in cohesive soils or other
stable materials. Wall thickness is usually 24, 30, or 36 inches.

12. The bottom of wall elevations are governed by the location of the
top of rock, by the need to embed the wall in impervious strata, and by the
need to prolongate flow lines through pervious strata.

13. If the bottom of the wall is to be seated on rock, care must be
taken to verify the location and nature of the top of the rock. The top of
the rock must be satisfactorily cleaned prior to the placement of concrete in
the panel.

14, If the bottom of the wall is to be seated in a rock socket, the
rock socket should be sufficiently deep to provide the function required,
i.e., lateral support, load bearing, or watertightness. Reinforcing cages are

usually not required.

Construction Joints Between Panels

15. Construction joints between panels are achieved in a variety of
ways. The most basic and simplest method is the half-round joint formed by a
stop end pipe or a joint formed with steel wide-flanged sections. Less often
used are joints formed by square—end buckets and joints incorporating sheet-
pile sections or break-away keys set into the pour. Complicated joint details
are expensive, as well as difficult to install, and perform unsatisfactorily
in less than ideal conditions.

16. Occasionally the overbite method is used. Great care must be taken
to ensure sufficient overlap and lateral alignment., Overstrength concrete can

hamper excavaticnt of the overbite.
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Design of Plastic Concrete Mixes

17. Plastic concrete mixes incorporate various proportions of cement,

bentoniis, fly ash, local aggregates, and local water with the intende. pur-

pose of providing an economical mix that is easily placed. iighly impervious,
and resgistant to locol permeant water.

18. Because of varisitions in materials, mixing equipment, and skilled
labor, it ie difficult to recommend a specific concrete mix design; however
there are several rules that should he followed in the design of the mix.

Hard gravel is preferred over crushed, gap-graded stone; the aggregates used
in the mix should be well-graded. A sandier (45 to 50 percent sand) mix simi-~
lar to pﬁmpwcrete mix will flow better in a tremie pipe and throughout the
panel and is therefore preferred. Plasticizers and air entrainment mixtures
are recommended. Design mixes should be of a#s low an ultimate strength as
practical (less than 1000 psi) (Figure 12) and should be designed and tested
with enough water to guarantee that an 8-in. slump will be achieved.

19. Tests should be conducted to determine the lowest practical
strength for the intended use. A low modulus of elasticity and high strain at
failure are desirable (Figures 13 and 14).

20. It is important that all personnel involved in the execution of the
work understand that an 8-in. slump is essential for the proper casting of
panels and that the field staff will not be permitted to tamper with the mix.

Laboratory testing of the mix should be performed to determine the following:

Permeability with site water.

a.
b. Ultimate strength.
c. Modulus ci elasticity.
d. Strain at failure.

Concrete Placement

21. 1If excavations are performed in fine sand, or with percussion tools
used to drill boulders or bedrock, it is imperative that the panel be cleaned
prior to the placement of the concrete. Otherwise, fine sand particles will
settie to the bottom of the panel or, if held ’n suspension by the bentonite,

will mix with the concrete and form pockets of “mud" in the panel.



22, Panel cleaning can be done by an airlift and desander (Figure 5) at
the trench, by complete replacement of contaminated bentonite with fresh
bentonite, or by cleaning the bottom with a "toothless" clamshell bucket,

23. A single &- or 10-in,-~diam tremie pipe centrally located within the
panel. 7=z recommended. The tremie hopper should be Tque enough to recoive the
occasional surge of concrete and prevent the spillage of concrete from ths
hopper into the trermch (Figure 11).

24, The concrete pour should proceed as rapidly as possible. However,
it should always be timed in such a manner that a continuous placement of con-
crete 1s maintained. Disruptions in the delivery of concrete guarantee a cold
joint in the panel and a future source of leakage.

25, At the conclusion of concrete placement, the stop end pipe must be
extracted from the excavation; it must be removed at a rate slow enocugh that
it is mnever rrized above the 1evei at which the concrere has already set and
at a rate fast enough that the pipe wiil not become stuck within the panel
(Figure 9). In the overbite method, the concrete is permitted to set and gailn
minimal strength. Excavation of an adjacent panel must take place within a

short period of time in order to permit easy removal of the fresh concrete.

Quality of the In~Place Concrete

26. If a correctly designed mix has been broperly placed, it is almost
impossible for the concrete not to achieve its designs strengths. (The prob~
lem is that the concrete usually exceeds desired strength.) Experience has
shown that cylinders taken during the pour usually show concrete strengths 10
to 50 percent greater than the strength specified, and that cores taken from a
wall even under the most disadvantageous placement conditions are apt to have
strengths equal to, or more than, 50 percent greater than the strength speci-

fied. The goal in plastic concrete mixes is to obtain a low strength, low

modulus of elasticity, and a high strain at failure (Figures 12 to 14).

Accuracy, Tolerances, and Finish

27. Construction accuracy and finishes are dependent upon the geology of
the site and the contractor's skill and tools. However, properly executed

constriction should fall within the following tolerances:
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The vertical joint at the end of a panel formed with an end pipe
should fall within 6 in. of the specified location. The wall
should be within ! percent of verticality.

28. Properly executed cuto{’ ~alls are watertign' rhroughout the panel.
Occasionally seepzge will occur at the ve: “ical joint between panels or at
cold toints,

2Y. Leaks are the responszibility of the siurry wall contractor and will
be sealed wi.: chemical or cement giout inserted into the soil directly behind
the wall at the location of the leak. Occasionally grout pipes are placed

directly in the joint and pressure grouted after the concrete sets.
Conclusions

30. Plastic concrete cutoff walls can be successfully constructed to
depths in excess of 100 ft in various geolbgic environments. The walls cau be
keyed into hard, impervious strata and can be joined, panel to panel, using a

variety of techniques.

31. High~strength impervious concrete backfills can be obtained using
mixtures of coarse and fine aggregates, cement, bentonite, and fly ash. Low

strength, low modulus of elasticity, and high strain at failure are desirable

properties,
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GROUND FREEZING AS A CONSTRUCTION EXPEDIENCY FOR EXCAVATING
CUTOFF TRENCHES AND/OR INSTALLATION OF DRATINS

John A Shuster

Geocentrice
Background

l. Controlled ground freezing for mining and construction applications
has been in use for over a century. Despite the great technological evolution
which has occurred during this period, the application of new developments to
the art of ground freezing, especially in the United States, has been slow.
Considering the fact that freezing is a more widely specified and successfully
used construction procedure in Europe and Asia, and that cbmmon alternatives
normally used for temporary construction are becoming more costly in the

United States, it is important that US industry become aware of this important

construction technique,

Purpose and Scope

2. 1In view of the current state-of-the-art, it is desirable to examine
ground freezing‘in light of recent technical developments, together with highF
lights on some of the apparent advantages, disadvantages and economics of the
various alternative construction approaches. The purpose of this paper is to
attempt briefly such an examination, with particular emphasis on the practical

application of presently available technology.

General Description of Construction Ground Freezing

3. Ground freezing employs the use of refrigeration to convert in-situ
pore water to ice. The ice then acts as a cement or glue bonding together
adjacent particles of soil or blocks of rock to increase their combined
strength and make them impervious. Jce is the only thing that makes frozen
ground different from unfrozen ground. It is the key component of the system,
and its mechanical properties are much more dependent on time and remperature

than the geology of the strats in which it occurs.
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4, Essentially all ground freezing projects require one or more of the

following:
a. Structural support by stressed frozen earth, or
b. S8tructural suppo: uy the mass of an e¢=sentially slightly-
stressed zone of frozen ground, or
¢. Ground water control by an impervious frozen eusiyth barrier.

5. Ground freezing may be used in any soil or rock formation, regard-
less of structure, grain size or permeability; however, it is better suited to
soft ground rather than rock conditions. Freezing may be used for analysis,
shape or depth of excavation and the same physical plant can be used from job
to job despite wide variation in these factors.

6. Freezing is normally used to provide:

a. Structural underpinning,

b. Ground stabilization,

c. Temporary support for an excavation, or

d. To prevent groundwater flow into an excavated area.

As the impervious frozen earth barrier is constructed prior to excavation, it
generally eliminates the need for additional ground support or dewatering, or
the concern for adjacent ground subsidence during dewatering or excavation,
However, lateral groundwater flows may result in failure of the freezing pro-
gram if not properly considered during planning. Further, though subsidence
may not be of concern, ground movements resulting from frost expansion of the
soil during freezing may occur under certain conditions, and this potential
must be considered in planning.

7. Contrary to popular belief, freezing can be completed rapidly if
necessary, or desirable. However, the freezing rate can be directly related
to overall costs and rapid freezing, particularly with Liquid Nitrogen or Lig-
uid Carbon Dioxide, is relatively more costly than slower freezing.

8. Frozen ground behaves as a vigco-plastic material with strength prop-
erties which are primarily dependent on the ice content, duration of applied
load, and the temperature of the ground. The type and texture of the ground
are relatively less important. For this reason, a frozen ground barrier is
extremely versatile. Within limits, it is relatively insensitive to advance
geologic prediction. This is particularly advantageous for tunneling by chang-

ing the temperature or durai:on of loading, it will usually be possible to
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accommodate all types of ground conditions on a project with one freezing

scheme.

T ifcal Feasibiliiry

Turitial Evaluation of

tin

Site reiated factors

9. 4 urief examination of the overall site geolopw, together with the

geometry of the planned excavation relative to existing structures, is proba-
bly the first step in limiting the practical construction alternacives for a
project - whether an open-surface excavation or a subsurface excavation, such

as a tunnel.

a. Excavation geometry - configuration, depth, space for open cut,
proximitry to existing struciures and utilities (above and below
ground).

A frozen earth barrier will normaliy be a meter, or more thick;
hence, may require greater clearances, but it is not limited by
depth, as say piling or dewatering would be. A frozen barrier
can also be installed in any geometry and any angle from verti-
cal to horizontal. Furthermore, as it is installed rrior to

excavation, it may function as underpinning for adjacent struc-
tures as well as excavation support and groundwater control.

b. Soil and rock conditions - Because a frozen earth barrier is
less sensitive to geologic conditions and prediction than other
alternatives, it is probable that site geology wil) frequently
be the main reason for selecting freezing.

Freezing is attractive where pile driving depth is limited, or
where driving is difficult or would cause unwanted settlements.
Freezing can be conducted in arezs underlain by building rubble,
piles and old foundation where other alternatives weculd be
extremely difficult. Soft or running gvound and high lateral
soil or water pressures favor freezing. Soil and rock prefiles
which are too herercgeneous to grout predictably may readily be
frozen.

ivity such as

On the negative side, soils of low thermal condur
time to

silts and clays, oc inorganic see shalls, take a I
freeze and have poor structural properties when frozen. Depend-—
ing on the specific conditions, some silty and clayey scils will
undergo considerable volumetric expansi when frozen.

In heterogeneous ground, the frozen zone will be irregular in
shape. Even without laboratory tests a general kncwledge of the
materials to be f{rozen will provide valuable insight &5 to the
probable shape of the frozen zone «nd facilitate prediction of
those areas which m»v bhe critical.

absenee of flowing water, the shape of the
a relativ:
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primarily dependent upon the frozen thermal conductivity of the
strata. This parameter may vary by a factor of only 4 or 5
being lowest for organic silts and clays and highest for sand
and rock. In comparison, the pe:ucabilities of these strata
would range over saveral orders of uwagnitude. It is this funda-
mental difference -~ tween the possible 1:suges of thermal conduc-
tivivy and permeability whir® makes freez e controllable
than grouting in a heterogerecus profile,

For any given refrigerant temperature, the relatively thinner
frozen zones will woymally occur in asiits, clays, organic soils,
and sea-shell beds. These are also the wesker strata; hence,
etructural analysis und design will frequently be dictated by
these materials.

Frozen bedrock is not necessarily stronger than the overlying
soil. The performance of frozen jointed rock is largely a func-
tion of the joint system and the behavior of the interstiri
ice. Though the ice will serve to bond iainted rock, the ice
itgelf has little long-t&+m strength.

g fadilures
d to

Site groundwater conditiong -~ Most of the problews
which have cccurred on freezing projects have been relat
groundwater flow. If water flowing into the freezing zone sup-
plies energy at & greater rate than it can be vemoved by the
refrigeration plant, the zone will not fieeze. For circulating
coolant systems, the maxiwmum rate of water flow which can rou-
tinely be frozen is of the order of 1 to 2 m per day. Rates of
flow greater than this require special consideration. For
liquid nitrogen systems, flows as high as 50 m per day have been
stopped. However, the amount of energy and time required are
increased substantially. The increase in required time is
directly proportional to the increase in energy which must be
removed,

As with most thermal consideraticns, the spacing of the freezing
elements, the temperature and flow the refrigerant (coolant) are
critical. Empirical techmiques have been developed for approxi-
mately calculating the maximum spacing which can be used for any
given temperature and groundwater flow. These techniques pro-
vide useful guidelines, but they are imprecise. A rule of thumb
approach is to combine the normal refrigeration load psr unit
length of freezing element with the additional lead which way be
expected, for any given element spacing, due to water flow, The
refrigeration plant selected must then have a « city, at the
prescribed temperature, greater than these com 2 loads -
including a safety factor.

At present the critical factors which control freezing in the
presence of groundwater flow are reasonably welli-known and they
have been combined intc & comprehensive analytic approach for
design. However, sufficient data from projects are not yet
available to confirm the desiygn vrocedure. Considering the
importance of this information, addit ial regearch ds veeded in
this avea. As : dwater flows c.¢
close and aligumeor

11
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carefully controlled. Further, the coldest practical refriger-
ants should be used.

The feasibility of dewatering and the potential effect of
dewatering on adjacest structures may govern the selection of

the freezing approach. 5 sites where dewatering is either not
feasible or cconcmically dmproctical, freezing becomes an
attractive alternative. Alsc, {vr excavations where siitc oy
work condition: :=guive the use of a pump(s) manned twentv-four

hours a day, freezing automatically becomes more attractive.
The sane man who would have operated the pump can operate the
refrigeration plants iIinstead; thus combining excavation support
with groundwater control ai little or no additionz] labor cost.

Ground which is too dry - say less than 107 saturated -~ cannot
be frozen unless water can be introduced prior to, or during,
freezing. This has been dene on projects in the past, but
requires special considerations.

The quality of the groundwster may significantly affect the per-
formance oi "he frozen barrier. [lie presence of diszolved salts
or hydrocarbons in large quantities will prevent freezing or

reduce the strength of frozen material at any given temperature.
Because of this, the salinity of the groundwater or the concen-—
tration of hydrocarbons should be determined when there is
doubt. Further, where saline groundwater conditions exist, fro-
zen strength properties should be determined by laboratory tests
or extrapolation of data frowm prior tests on saline soils.
Extrapolation of existing strength data obtained for materials
containing fresh water is not recommended.

With proper understanding and planning, almost anything can be
frozen.

Anticipated loading - Static loads imposed by earth, water and
existing structural pressures will normally govern design. How~
ever, dynamic loading must be checked when applicable, and for
structures such as Class I structures for nuclear power plants,
the design will probably be governed by seismic or other
disaster-~type loadings. In fine-grained soils where the soils
are confined, ice pressure must also be considered.

Ground movement - The settlement, heave and lateral displacement
criteria for adjacent structures and utilities will be an impor-
tant influence on the decision whether or not to use freezing.
Freezing under the right conditions will essentially provide a
rigid support system eliminating any cencern for movements of
any kind. Conversely, under the wrong conditions, freezing can
induce movements which would not otherwise occur.

Two type of potential ground movements must be considered in the
design oi a temporary frozen ground support system; these are
movements due to creep, and frost effects.

Ground movements after excavation can thicoretically occur due to
vresp relaxation of the frozen zone after ;nvolonged loading.

However, as a practical it is rarely of concern. The




I+n

amount of creep which will occur under any given stress is small
and determinable hence, displacements under field conditions are
small and more or less predictable and within the control of the

designer.

Ground movements due to frost expansion occur only in sous
s0ils. The moveme:. i r=.ult from two different phenomena:

(1} Basic frost expansion v~ to the conversion of existing
pore water to ice during ireezing, and

(2) Secondary frost expansion dus to pore water migration and
‘ ice segregation with time at the freezing isotherm or in
the frozen zone.

These two phenomena occur simultaneously; however, they differ
in predictability and magnitude. Further, when secondary frost
expansion occurs, it may continue after the freezing isotherm is
no longer advancing. For these reasons, the two phenomena are
considered separately. ‘

Clean free draining sanus and gravels are genevally mot suscep-
tible to either type of frost expansion. Basic frost expansion
is avoided in these soils because of their high permeability.
During freezing, water is forced out of the soil at the same
rate as freezing progresses resulting in a lower frozen water
content without volume change. Secondary frost expansion is
closely related to capillarity and pore water pressure. In
clean free draining sands and gravels, the potential capillary
head is small or non-existent; hence, the soil will not support
appreciable water migration, and secondary frost expansion will
not occur. As the percentage of silt and clay size particles
increases in a soil, the permeability is reduced, capillarity
increased, and basic frost expansion may occur if the water con-
ditions are right and the freezing rate exceeds the rate at
which the water can be forced out. Confining pressure will
reduce the apparent frost expansion, particularly in coarser
materials.

Basic frost expansion is relatively small and predictable (97 or
less of the pore volume). It does not increase with time. In
contrast, secondary frost expansion is more difficult to predict
and may be much greater. Furthermore, it continues as long as
the soil and water conditions remain unchanged and freezing
continues.,

As a rule, fine silts and lean silt-clay mixtures below the
water table usually represent the worst combination of potential
combined pressure and permeability. Further, an additional con-
sideration of secondary frost expansion, particularly in these
soils, is the possible subsidence and loss of strength which may
occur upon thawing.

Thermal loads - In addition to the ground movement criteria
discussed above, it 1s necessary to consider thermal criteria,
particularly ivn~service water, sewage or stream lines which
would pass through or adjacent to the frozen barrier. Unle s
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these lines are stagnant for very long periods of time, the
thermal load they represent normally are more of a threat to
the frozen barrier than vice versza. Because of potential
condensation problems, stream lines are probably the most sen-
sitive of the various vti

Preliminary design - 1i tus aforementioned fac:ois have been
considercd and freezing appears 1o be an attractive alterna-
tive, then a preliminary structurzi analysis and design must be
undertaken to dotermine the approximate geometry of the frozen
barvier, and whether ©r not it should be designed as a stressed
or unstressed section. The results of this analysis are impor-
tant for evaluating the economic feasibility of freezing for

the project.

Job related factors

10, In addition to the characteristics of the site, there will normally

he project constraints which are imporisvt. As a rule, such constraints usu-

ally have a more important e¢ffect on the ecoiomic than technical feasibility

of the work.

a.

jor

Time - two time periods are important., First, how much time is
available to form the frozen barrier (prefreezing time). This
would be analogous, for example to how much time is available
to drive sheeting, dewater and excavate. Longer available time
means less expensive freezing. However, where circumstances
warrant, and frozen barrier can be completed in a matter of
hours after the freezing elements have been installed.

The second important time period is how long must the frozen
barrier be maintained after it is in place? In general, where
there are other competitive altevnatives, frozen barriers are
most attractive if they do not have to be maintained for a long
period of time.

Continuity of work -~ Can the barrier be installed in one con-
tinuous operation, or does the work require multiple mobiliza-
tions and complex scheduling which could make for poor
equipment utilization?

Power, water and space requirements - Refrigeration plants for
field use are normally wobile mounted on truck trailers which
need only be connected to water, power and the in-situ freezing
elements. About 3.5 kilovolt-ampere (440 volts, 3 phase) of
power per ton or refrigeration will be required. Where com-
mercial power is not svailable, diesel generators must be used.
The availability and cost of electric energy is a major factor
in determining economic feasibility, and may result in the
selection of liquid nitrogen or liquid carbon dioxide as an
alternative. Water use will normally be of the order of 5 -

10 gallons per minute. For a large project, available storage
space for multiple vefrigeration plants may be a concern.

Pergonnel and equipment svailability - Large mobile refrigera-—
tion piants are not commenly available in the United States.
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However, it is possible to rent or lease a plant; though it may
have to be mobilized a long distance. If obtained from anyone
other than a specialty ground freezing subcontractor, the mobi-
lization may be quite costly, az all of the anciilarv “quipment
which is norwmalily an integrated part of a mobile plaic +ustr be
assembled on multiple skids, shippe. the gite and fie.: con-~
neriad. This facter mzy offer an econo dvantage for LN o
LCOZ on some projects, as mno re{rlgeratlon plant is required
when expendable refrigerants are used.

Because of the rather unique nature of mobile refrigeration
plants, the availability of equipment to do the work may govern
the technical feasibility of a project.

The availabllity of trades personnel to install and operate a
freezing system should be no problem. Normally, on union proj-
ects, the work is distributed between the Operating Engineers
and the Laborers; the installation being much the same as a
well point dewatering system. However, though the craftsmen
may be available to assemble and operate the equipment, it may
be difficult to locate anyone sufficiently iumiiiar with the
process to design, organize and control the work. Ground
freezing is much like chemical grouting in that a thorough
understanding is necessary to ensuve success. The availability
of such personmnel, usually from speciality firms may govern the
technical feasibility of a project.

As a rule, because of the specialized equipment and personnel
constraints, ground freezing is normally a speciality subcon-
tract item. It has been used with varied success by General
Contractors marginally familiar with it. In general, it is
important to be very selective in choosing a ground freezing
subcontractor or consultant., A careful review of credentials
and past performance are a must.

Material availability - Ground freezing require a relatively
small amount of materials, principally steel (or aluminum),
pipe, rubber hose and plastic tubing. Most alternative con-
struction methods, particularly those for excavation support
require large amounts of timber, concrete, and steel. These
materials are becoming increasingly costly and difficult to
obtain with reliably delivery. Further, from the standpoint of
conservation, freezing does not deplete these natural resocurce
materials by using them for temporary consiruction applications
where they will be abandoned with the permanent construction is
in place.

Because of these concerns, freezing will probably be increas-
ingly attractive in the future.

Initial Evaluation of Economic Feasibility

1. Excluding considerations of the contractnr's capability, the actual

direct costs of freezing for a specific project wili depend largely on ths
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ground conditions, the spacing of the freezing elements, the time available,
and the type of refrigeration system used.

12. Given a competent freezing contractor, the relative economics of
ground freeziny are critically dependent on the specifi: onditions and
requirements of a project. Furthermore, 1o properly evaluate the relative
econonics of various aliternatives means of temporary ground suppori, it is
necessary to consider their effcct on the total project costs, rather than the
direct costs of the specific alternative as a single item of work. In some
cases, the direct costs of freezing alone may appear somewhat higher than the
direct costs of another alternative; however, when indirect costs required
with the alternatives are considered - such as dewatering, compressed air,
shield, congested excavation and building area, spoil disposal, space
required, material uvailability, etc., the actual total costs may favor the
freezing approach.

13. Any consideration of costs must include an estimate of the proba-
bility of success. For example, grouting may appear economically competitive
or advantageous for a project. However, heterogeneity of the formation and a
wide range in permeability, which commonly occurs, may cause the approach to
be unsuccessful. Freezing is more predictable and less difficult to control
than grouting; hence, because of increased confidence, a properly engineered
freezing scheme may be more attractive.

l4. Though it is difficult to make any generalized statements regarding
the relative costs of freezing, it is probable that the method will be compet-
itive for supporting open excavations greater than about 7 to 8 meter deep in
bouldery, soft, or running ground, particularly sands, and for subsurface
excavations in similar soils or mixed soil-rock face, particularly below the
water table. These generalizations will probably be especially true in urban

areas where concern for underpinning of adjacent structures and utilities is a

major concern,

Design Considerations

15. 1If, after a preliminary feasibility analysis, it appears desirable
to consider freezing as one of the prime alternatives for the work, then a
complete design must be undertaken to obtain a final evaluation. This initial

design need not be as thorough and detailed as will be required for
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construction, but it should be adequate to cover all of the important consid-
erations. Though a presentation of detailed design procedures 1s beyond the
scone of this seminar, we will briefly discuss several of the wors important
factorc which must be consi. i~ red in planning aud 2xecuting a ground ‘reezing
project, ansd our present abllity to predict fileld periirmance as related

zach of them. As a rule, design is based on a number of interrelated factors;
hence, an optimum design {2 normally a trial and error iterative process. The
amount of effort put into such optimization obviously depends on the relative
gize and importance of the project.

16, If the frozen barrier is for groundwater control ounly, or will be
essentially unstressed, then structural design 1s a simple matter of statics
and the available time for completion of the barrier will be the key factor
governing design. The design in this case would be primsrily based on thermal
analyses.

17. 1If the barrier is to be stressed then the ground temperatures and
duration of applied stresses will be important. Under these circumstances,
the thermal and structural design procedures proceed more or less in paral-
lel - starting from initial separate assumptions and converging to a compati-
ble result, For circular shafts the procedure is simple; for tunnels,
diaphragms, arches, etc., the procedure becomes complex. Though the thermal
and structural design is normally combined, we will separate the two for
clarity.

Thermal analyses

18. The thermal design consists of the following:

a. Thermal properties and methods of obtaining them - The thermal
properties (latent heat, specific heat and conductivity) of the
ground are primarily dependent on the mineral/textural nature
of the ground and its water content. Tests of laboratory sam-
ples are of limited value and published data are probably ade-
quate for most jobs. The range of vatues for the variables is
fairly small, and the resultant thermal cslculations will be
most critically affected bv water content. The more water the
slower the rate of freezing and the more energy required,

In-situ methods of measurements are available, They have been
used primarily for measuring glacial ice properties, but it is
only a matter of time hefore they will be applied to soil and

rock,
Freezinpg rvates ~ The amount of thermal energy and Juratlon of
time necessary to complete freezing may be approximurzly calcu-

lated. The conventional closed form snalytic approach fa based
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on two-dimensional heat conduction theory and assumes isother-
mal boundary conditions at the freezing elements and in the
surrounding ground at some large distance from the freezing
elements. Heat transfer during freezing in normally hetc-oge-
neous ground is guit2 complex and more sccurate closed form
solutions are not presently avajilable. However. for projects
of unusual geometry, or with nonuniform therms: ioads, the use
of finite elements or differeice techniques on a digital com-
puter will provide more accurate results and may be justified.
Computer analyse:s may cost several thousand dollars in -labor
and computer time to set up, run and interpret for several sets
of conditions, even with an availlable program; hence, they
would normally be used only for critical situations or more
important projects. In view of this, for many smaller or less
critical projects of regular geometry, approximate closed form
analytic solutions may be expected to remain the principal
technique of analysis. Regardless of the analytic technique
used, for any given material properties and geometry of frozen
earth structure, the most important factors which govern the
thermal performance of a freezing project are the =zize and
spacing of the freezing elements. TIn fact the amount of drill-
ing and material required, the capacity of the refrigeration
plant and the time required to complete freezing are all criti-
cally dependent on these factors.

The prefreezing period - prior to excavation - is composed of
the duration of time necessary for the barrier to close between
adjacent freeze elements (Tl)’ and the subsequent time (T2)

during which the barrier thickens to meet the requirements of
the structural design.

Other things being equal, T1 is exponentially proportional to

the relative spacing of the freezing elements (Rl). Secondary
factors which affect the variation in both Tl and T2 for any

given value of R' are soil and refrigerant (coolant) proper-
ties. For any given spacing of freezing elements, the required
prefreezing time is directly proportional to the energy to be
removed from the ground, and inversely proportional to the rel-
ative temperature of the outside of the freezing element. For
any given ground conditions, relative refrigerant temperature,
and spacing of the freezing elements' prefreezing time is sig-
nificantly affected by the heat transfer efficiency between the
refrigerant (coolant) and the freezing element,

The combined effects of very efficient boiling heat transfer,
very low temperatures and changes in soil thermal properties at
these temperatures account for dramatic differences between the
relstively slow freezing time required for a closed circulating
coolant system and rapid freezing with an liquid nitrogen sys-
tem. However, with improper field control of the liquid nitro-
gen freezing process; the potentiaily great savings in time may
not be realized. Tiquid nitrogen is much more difficult to
control effectively under field conditions than is circulating

coolant,
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Energy requirements ~ The thermal energy required to freeze
ground is directly proportional to the groundwater content.
For coarse~grained soils, the energy requirements are rela-
tively low I1f no lateral groundwater flow ocecurs. In fine-
zud clay soils, tl energy requirement will

wr, As a rule of rhunb, the energy veq

grained silft
generally be
ments in K calories pev
ween 2200 and 2600

ire-

y

v cubic meter of coil frozen will Lo
times the water corntent in percent.

i

The votal energy required is Jdependent on the frozen volume;
hence, it is directly proportional to the total length of
freezing elemoznts in operation. The total refrigerav:  load
is also dependent oun the total length of freezing element. For
any given geometry of zone to be frozen, the closer the freez-
ing elements are spaced the greater the total length of ele~
ments in operation and the greater the initial refrigeration
load, or cost of refrigeration plant. The cost of drilling and
materials alsc goes up as the spacing between adjacent elements
is decreased. The net effect of thewe two factors results in
an exponential increase ip direct cost sud attendant reduction
in time. If time 1is of the essence and an approximate dollar
value can be attached to it, it 1s possible to determine the
optimum economic spacing of freezing elements. Ab cluse spac~
Ing the cost of refrigeration plavis with sufficlent capacity
and related energy exceed the cost of using an expendable
refrigerant, When the value of time is considered the optimum
spacing, which corresponds to this economic crossover point,
may be increased.

The maximum freezing time 1is theoretically infinite; however,
as a practical matter, pipe spacings greater than about 15
times the pipe diameter are not normally used, except with
liquid nitrogen systems. Furthermore, at spacings greater than
the thickness of the desired frozen zone, the efficiency of
energy utilization drops sharply.

The preceding discussion of time, energy and related effects on
coste is based on the fundamental assumpition that a constant
refrigerant (coolant) temperature is maintazined in the distri-
bution system and that the refrigeration load varies with time.
This is the most rapld, readily controlled and desirable freez-
ing approach. Furthermore, with raliquefaction or expendable
refrigerant systems it is the only pra(tlcal approach. Mow-

ever, when a rerz “te capacity to main-
available for a

; .Ty run at fu]l cometant load and
the COO}4Q£ temperature varies with time. Under these condi-
tions the e¢ffect of spacing on direct costs i1s markedly reduced
and the required freezing time 1s substantially increased. For
reasons of plant costs and availlability, many projects have
been conducted this wav. To optimize costs and reduce time
when sufficient plant capacity is not available, it may be pos-
sible (¢ use an expendable vef+igerant to pre- Lﬂ]l’ the coolant
during the initial freezing petiw” when the peak refrigerat
load ocecurs. The use of the expendable refrigerant can be
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discontinued when the refrigeration load has been reduced to a
point where the plant can maintain the desired coolant

temperature,

Within the frawmework »f available tec!..ciogy all of the thermal
considerations menticned are reasonably eii understood and the
various time-energy rel:.i{onships can be calculated with

acceptabls accuraecy. Greaizr information on the thermal prop-
erties of carth and their temporature dependence, together with
increased use of digital computers, should enhance the flexi-
bility and accuracy of these calculations.

Structural analyses

19, Structural analyses and design with frozen ground is much the same

as for unreinforced concrete. The design depends primarily on ground type,

groundwater conditions, ground temperatures, rate of excavation, and duration

of loading.

a.

o

Selection of material properties and methods of obtaining

them - For an essentially unstressed barrier the material prop-
erties can be rather crudely estimated. For a stressed bar-
rier, a careful laboratory determination must be made of the
actual properties of the frozen solls of the site. On occa-
sion, and especially for smaller projects, data obtained in the
past from similar soils may be used with an appropriate factor

of safety.

Frozen ground behaves visco-plastically. 1Its long term
strength and stress-strain characteristics are primarily a
function of ice content, temperature and duration of applied
load. Presently available test procedures may be used with
reasonably good confidence to characterize frozen soil, and to
a lesser extent fractured rock. The creep test procedures are
straight forward, but they require complex temperature-
controlled equipment which is available in very few laborato-
ries in the United States. Further, the interpretation of the
test results is technically involved and should be done by
someone knowledgeable in frozen ground technology.

Structural design — If the mechanical properties of the ground
and the maximum probable duration of loading prior to the
placement of the permanent ground support is known, a designer
can select compatible allcwable stresses and ground tempera-
tures. Though design will frequently be dependent on the
strength characteristics, it is also necessary to evaluate the
displacements which may be expected.

Though structural designs based on complicated plastic creep
analysis are possible for some simplified conditions, most
designs are presently based on 'cut and try" elastic analysis
using parametric values from creep tests, and loading condi-
tions, which are compatible for a given duration of loading.
Normally, two trials at different durations of loading will be
sufficient to define the most critical duration.
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If the delay between initial excavation and the installation of
permanent ground support is less than about one shift, the most
critical condition will probably occur within two to four hours
after excavation., In this short interval, the frezen ground
loses a gyl deal of its initial strength due to primary
creep, but ies vrudergone insufficient creep displacement to
appreciably reduce the surrounding earth pressures. Design
ioads for this condi: uun will normally be between at-rest anu
passive.

If the delav between the iniiial excavation and the installa-
tion of permarent ground support will exceed about one shift,
the most critical condition will probably occur at the end of
the delay. After this period, the frozen ground has lost most
of the strength it will ever lose (at the given temperature)
and secondary creep has probably caused some redistribution and
reduction of ground pressures. Design loads for thig condition
will normally be between at-rest and active.

Digital computers can be programmed t¢ include load-history inm
structural analyses directly; further, they can handle nonlin-
ear material properties and any structural geometry. However,
such analyses are relatively costly and would normally be used
only for major properties and loadings modified for creep
behavior, will probably continue to be the most common tech-
nique of analysis for many projects.

Overall design considerations

20. During ground freezing, a number of somewhat unusual factors must
be considered. Some of the more important items are discussed below.

21, To control the freezing process and ensure completion of a satis~
factory frozen zone, it is necessary to monitor ground temperatures at criti-
cal locations. Multi-sensor termistor or copper-constantan thermocouple
strings are good for this purpose. However, they may be supplemented by frost
penetration monitors. Both types of instrumentation are read periodically to
determine ground temperatures and rates of frost penetration. The proper
installation and interpretation of this instrumentation is vital. An other-
wise successful project may be unnecessarily costly or experience difficulties
because of a lack of instrumentation, or proper interpcretation of the data

obtained from good instrumentation.

22. Ground freezing in areas containing steam, water or sewage lines is
best avoided; however, it need not be a matter of particular concern
providing:

a. The Contractor knows the utilities are there,
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b. That he insulates them sufficiently to maintain the isotherm
within the insulation during freezing, and

¢. That he mcenitors their surface temperatures periodically to
ensure that the i~:ulation is perfcrming as planned.

23, Steuw lines probably represeut the most difficult consideration;
primarily because any cooling of saturated steam causes undesii.Lie condensa-
tion. For this reason, insulation should be sufficient to protect the utility
against condensation during minimum flow periods and minimum adjacent ground
temperatures. Water and sewage lines should be protected for the same minimum
conditions; however, they may be subjected to much greater temperature changes
than steam lines without suffering 111 effects. Because of this, less insula-
tion will normally be required. The thickness of insulation must also be suf-
ficient to maintain the freezing isotherm within the utility; otherwise,
thawing of the frozen zone may occur. A simple alternative to insulating the
utilities, themselves, is to insulate the adjacent freeze pipes where they are
near sensitive utilities.

24, One of the easiest, most effective, and economical methods of insu-
lation is to excavate all of the potentially affected water, steam and sewage
utilities, throughout the area where they will intersect the frozen zone, and
spray them in-situ with foam plastic. If an open excavation will be part of
the project, many of the utilities will be re-routed during construction and
insulation for the remainder can be completed simultaneously.

25. 1In addition to insulating utilities, it may be necessary to insu~
late the exposed surfaces of the excavation from the sun to minimize surface
sloughing and reduce the load on the refrigeration plant., In general, this
will not be necessary in shafts and tunnels, but will be a concern with open
surface excavations exposed to the sun. A singie layer of reflective plastic
is frequently sufficient. Where greater protection is required, foam plastic
applied over wire mesh is probably one of the most effective and least expen-
sive of the available insulating methods. Furthermore, this type of insula-
tion may be acceptable as a water-stop concrete can be single-formed directly
against it.

26, Even without insulation, concrete can be poured directly against
frozen earth. The principal concern being that the concrete not freeze before
it has attained its initial sct. In many cases, particularly with structural

sections over 20 centimeters thicik, the heat of hydration is sufficient to
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offset freezing during the initial critical period. When the ordinary heat of

hydration may be inadequate, high early strength cement and/or additives such

<< caleium chloride should be sufficient to eliminate the problem.
When the freez: :.+rments will dntersecci, the ground suir.cce three
dimensiona® cat flow as well uarn scasonal ground tewmpervature effects will

gffect the shape of the frozen zone. In fall or early winter, the surface
roils {to a depth of about 3 m) will be aprreciably warmer than deeper strata,
The combined seasonal and three dimensional effects may result in a conical
shape of the frozen zone near the ground surface and difficulty may be experi-
enced in obtaining closure between adjacent freeze elements at shallow depths.
Additional shallow refrigeration or surface insulation around the freeze

pipes will materially reduce this effect. During the later winter months,

this will not be a problem.

Alternative Construction Freezing Methods

28, The refrigeration plant and refrigerant or coolant distribution
system represent a major portion of the direct cost of a freezing project.
Furthermore, the direct cost as well as the time required to complete adequate
freezing are all dependent to some extent on the type of freezing approach
used. There are about five basic alternative freezing approaches available.

29. All of these approaches consist of a primary source of refrigera-
tion and a secondary distribution system to circulate the coolant or refriger-
ant in the ground.

Primary plant and pumped loop
secondary coolant (brine system)

30. This freezing approach is the one used on most projects today. It
was developed by F. H. Poetsch in Germany about 100 years ago. It is simple,
straight forward and well understood. For projects reguiring only a single
installation of all elements and a prolonged period of maintenance freezing
after completion of the iniltial frozen earth barrier, this system is still
very attractive.

The primary source of refrigeration for this approach is a con~
ventional one or two-stage ammonia or freon refrigeration plant
(frequently two stage for temperatures below -25 C), These
plants are commonly avallable in wide range of capacities, and
can be rente:d completely assembled in portable modules for

o
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field use. These plants use either diesel or electric prime
movers, they have a high thermal efficiency and their tech-
nology is well understood. The condensers may be air or water
cooled, the latter requiring a ccoling tower. New plaut costs
would typically tc of the order of 1500 dollars per ton oi
refrigeration capacity (TR) and rental wight be about 90 to

180 dollars per TR per month with some minimum foral amount,.*
These plants may be available new for a specific project in two
to three months. Though plants could theoretically be built to
any capacity, 500 TR probably represents about the largest unit
that could be assembled in a convenient and practical mobdle
configuration, Multiple smaller plants can be, and frequentiy
are, ganged together to cbtain high capacity with better over-
all efficiency as well as a measure of redundancy in case of
malfunction.

Distribution system - The distribution system for this freezing
approach typically consists of an insulated coolant supply man-
ifold, a number of parallel connected freezing elements in the
ground with inner supply and outer return lines, and an insu-
lated return manifold. This system 1s simple but cumbersome
and thermally inefficient. Heat transfer occurs between the
coolant and the freeze element by convection, no phase change
occurs, Because of this, large quantities of coolant must be
circulated to cause freezing and an inherent thermal gradient
exists in the system during the active freezing periods. Large
flows require large volumes of coolants and large fixed plumb-
ing systems. Furthermore, the circulating pumps put energy
into the system in direct opposition to the primary refrigera-
tion plant. Though it is possible to reduce the refrigeration
capacity or individual freezing elements, it is not possible to
increase it without increasing the capacity of the entire sys-
tem. The flexibility to independently increase the capacity of
individual elements is desirable to facilitate control cf
unique localized conditions such as unexpected water flows.

Coolant - The secondary coolant distribution system limits the
attractiveness and usefulness of this basic freezing approach.
Despite drawbacks and inefficiencies, energy costs for this
system are low, probably of the order of 15,000 to 20,000
effective Kilo~calories per dollar (based on 0.06 dollars per
kilo-watt hour). '

Though many different types of coolant have been used with this
system (diesel oil, propane, glycol-water mixtures, and
brines), the most common is calcium chloride brine. The cal-
cium chloride is added to water in sufficient quantities to
depress its freezing point below that attainable by the refrig-
eration plant during on-line operation. These brine solutions
have a high specific heat; however, they are alsc dense, rela-
tively viscous and corrosive. Other fluids may have more
attractive properties under some conditions, but flammable or
toxic coolants must be avoided for obvious reasons.

* Based on 1987 costs.
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c. Freezing elements -~ On many projects, the pipes used for freez-
ing elements represent a substantial cost. For circulating
coolant refrigeration systems, ordinary steel pipe is adequate.
For lower temperatures (less than about -40 C) non-ferrous met~-
als or allovs, such as aluminuwm or nickel steel, are desirable
to eliminatc problems related to brittle fracture. 1t: pipe
wall thickness +::1 normally depend o» cither internal hydrau-~
lic pressure, external confining pressure. or stresses impose
during installation. Plastic pipe should " =voided, except
for inner tubing or suriace plping, because of i1is poor thermal
properties. All connections between pipes must be tight, and
the system should be pressure tested for leaks prior to start-
ing freezing. A subsurface leak in a circulating coolant
freezing system, particularly one containing brine, may make it
very difficult o obtain an adequate frozen zone, Leaks in
expendable refrigerant systems are undesirable, but not criti-
cal as the refrigerant will vaporize at low temperature and
dissipate.

Primary plani with in-situ evaporazior

31. This approach employs a primarv refrigeration plant such as that
previously described. However, recognizing the inefficiencies inherent in a
large distribution system, the secondary coolant is eliminated and a much
smaller volume of high pressure refrigerant is circulated directly from the
condenser to the freezing elements where evaporation is allowed to occur., The
resulting vapor is then returmned to the compressor. This approach has merit
and might be advantageous for some applications, however, it has not been used
in recent years. For many of the commonly used refrigerants the evaporator
must operate at less than atmospheric pressure (vacuum). Leaks are difficult
to detect and may critically affects its operation. Of the available refrig-
erants which operate with positive evaporator pressures carbon dioxide has
been used. Several projects have been successfully completed using carbon
dioxide in this manner; however, a number of difficulties were encountered in
the physical control of the system. Most of these difficulties apparently
involved transmission of high pressure fluids, low temperature embrittiement
of metals, and piugging of orifices due to phase change and entrapped
moisture.

32. The application of modern refrigeration technology has resulted in
the development of solutions for all of these problems, but they have not yet

been field tested.
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Reliquefaction plant with in-situ second stage

33. This freezing approach employs the best features of both of the

preceding approaches. It uces a primary refrigera:ion plant thermally coupled

to a disvr.bution system conta’ning either the same rcirigerant, or one iLnat

ig thermodynamicslly compatible,

8.

Plant - Though any primary refrigeration plant could theoreti-
cally be adapted for this purpose, only a few alternatives
would be practical. Some of the most likely combinations of
primary plant and sccondary refrigerant are:

Typical Operating Ranges

Kilograms
Primary Secondary Temperature per square
Plant Refrigerant deg C centimeter
Nitrogen Nitrogen -170 tov ~190 1.7 - 10.6
Carbon Carbon
Dioxide Dioxide - 40 to =55 5.6 - 10.6
Ammonia Carben
Dioxide - 15 to =~40 10.6 - 21.1

The main difference in the various reliquefaction systems is
the relative horsepower requirements of the different plants.
Furthermore, though carbon dioxide plants are presently avail-
able in capacities and costs somewhat comparable to those pre-
viously given for ammonia plants, nitrogen plants are mnot
commonly available. These plants are presently in use only
within the liquefied gas industry and would have to be
specially made for field applications.

Distribution system - The principal advantage of a reliquefac-
tion freezing approach stems from the improved distribution
system. Heat transfer in the freezing elements is by boiling
phase change. This results in energy capacities per liter of
fluid circulated of the order of 50 times greater than those
obtained by circulating secondary coolants. Because of this,
much smaller volumes of fluid need to be circulated, and small
diameter pressure hoses with quick-connect couplings can be
used to replace large diameter pipe plumbing. Though somewhat
more exotic tubing materials are required to handle the low
temperatures, these are available at competitive cost and they
are essentially 100 percent salvageable for reuse without modi-
fication. The potential savings in assembly and disassembly
labor for quick connect hoses, as compared to steel pipe, are
obvious.

The temperature range of the reliquefaction system is dependent
on the plaunt, secondary refrigerant, and circulating pump used.

However, each freezing element 1s an independent evaporator
connected in parallel. and therefore can be adjusted to operate
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anywhere within this range. This flexibility enables one or
more freezing elements to be operated at lower temperatures
than the remainder of the system; thus allowing the operator

capacity f an element to handle unique localized «» unexpected
conditions.

To date reliquetaciion systems have .~ proven, but they hava
not been used in the field. It is likely that the reliquefac
tion refrigeration approach will eventually replace the primary
refrigeration and circulating secondary coolant approach for
ground freezing construction in the future.

Expendable refrigerants

34. For single projects of short duration (a few hours to a week or
two), or for projects where the cost of delay is high, expendable refrigerants
are very attractive. No refrigeration plant is required, but the cost of
energy is high, probably of the order of 1000 to 2000 ¥ cal per dollar, even
when purchased i» large quantities. Furthermore, outside »f the main urban
areas, the refrigerants may not be available in quantities sufficient to con-

duct the work.

a. Liquid nitrogen -~ Uniform boiling of liquid nitrogen throughout
a serlies of freezing elements represents the fastest, thermally
most efficient means of ground freezing presently possible.
However, it is usually not possible to attain this objective
with an open system.

The principal difficulties encountered with the use of expend-
able refrigerants involve control of the system. The rela-
tively unconfined venting of liquid nitrogen in a series of
vertical or horizontal freezing elements frequently results in
a waste of refrigerant and a very irregular frozen zone. the
irregularity occurs because the heat transfer coefficient
varies by orders of magnitude depending on the quality of the
liquid/vapor mixture and its velocity. A supply and exhaust
manifold with appropriate valves at each end of a series of
freezing elements permits reverse flow which tends to even out
the irregular freezing charactevistics.

Carbon dioxide -~ Sublimating carbon dioxide is thermally less
efficient than liquid nitrogen and harder to control. Solid
dry ice, even in pelletized form, is bulky and difficult to
handle. However, dry ice used with a mixing tank and a circu-
lating secondary coolant is eifective.

o

Liquid carbon dioxide may be employed with a temperature con-
trolled sewo-system to chill a circulating coclant. This type
of liquid carbon dioxide control equipment can readily be
mounted on a conventional refrigeration piant employing circu-
lating coolant, The system is thermally effective, but prob-
lems frequently develop becaus= of the high solubility of
liquid carbon dioxide.
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When using expendable refrigerants it is necessary to provide
positive exhaust for the vapor. Neither carbon dioxide nor
nitrogen are flammable or toxic. However, they are heavier
than air and in very large quantities can cause suffocation;
therefore, in addition to adequate ventilation, emergency OXy-
sen should be available for underground ~r ronfined work.

Critical Construction Cost Factors

35. The following remarks apnly primarily to the use of a circulating
coolant freezing system. The use of reliquefaction equipment or expendable
refrigerants 1s too unique at this time to justify generalized comments on
costing.

Mobilization

36. The location of the project relative to the location of the freez-
ing plants, drill rigs, materials and available personnel will have an impor-
tant influence on the cost of the work. Hauling the equipment, all necessary
loading and unloading, labor, plus materials and initial positioning of the
equipment is considered part of mobilization. Mobilization is normally priced

as a lump sum.

a. Site power and water facilities - If adequate electric power is
not available at the site, then mobilization will include its
installation or provision of comparable generating capacity.
The same is true of water service. Frequently, these services
will be needed for subsequent construction anyway, and all, or
a portion of, the cost of providing them can be carried against
the total project, rather than just the construction freezing
aspect of it.

b, Site accessibility - Where the site is difficult or inaccessi-
ble to trucks, mobilization may include the building or
up-grading of roads, provisions of a temporary working camp,
etc. Again, under these circumstances, such costs would hbe
carried against the total project, not just the construction
freezing portion of it.

c¢. Timely notice ~ Timely notice prior to mobilization is impor-

tant to facilitate scheduling of equipment, personnel, and the

development of detailed economical designs. Late, or emer-
gency, notice will cost money because of the need of quickly
conceived probably over-—conservative designs.

Drilling and casing of freeze holes

37. The cost of drilling and casing freeze holes mainly depends on the
site surfece conditions, the scil and rock conditions, the required depth of

the holes, and the acceptable deviation of the holes. The cost of drilling is
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normally based on the total linear footage of subsurface refrigeration pipe to
be installed. It is usually included in the lump sum price for installation
znd prefreezing of the frozen barrier, but may on occasion be included sepa-

rately as a linear fooitage unit price.

a. Site surface couic.:ions ~ The ddeal situarion is an open level
surface with no ab~v= or below ground obstucles. Side slopes,
uneven ground, existing utilities which have ¢o be taken care

of, and limitation of working space due tc traffic requirements
will reduce the drilling production, sometimes considerably,
thus increase the cost.

b. Ground conditions - Homogeneous soil ~ particularly silts and
sands ~ allow quick inexpensive drilling. Intermediate layers
of harder material will, or course, reduce production but not
result 1n excessive extra cost. However, large cobbles, boul-
ders, or other obstructions will really slow down the drilling.
The principal reason is that their presence requires the use of
little or no down pressure on the drill in order to avoid unac~
ceptable deviation ¢f the holes. It may alsc be necessary to
use modified procedures or special equipment to complete the
holes. Drilling costs under these conditions would routinely
be two to three times higher than those in soft uniform soils.
If cased rotary diamond drilling is required the price would be
higher yet.

¢c. Depth of holes - The average drilling cost per linear foot gen-
erally decreases with increasing depth because the cost for
mobilization, rig moving time and setting up for each hole is a
decreased percentage of the total cost. This holds true as
long as the maximum depth does not require heavier and there-
fore more expensive drilling equipment in the first place.

Hole deviation - Tough specification for the alignment of holes
costs money! On the other hand, accuracy of hole alignment is
of great importance for a successful freezing operation. With
close hole spacing, drilling costs go up and larger deviations
are tolerable. At larger spacing drilling costs go down, but
deviation becomes critical, as the frozen barrier might not
close or might be structurally unsatisfactory in the affected
area. Because of this, it is necessary for each project to
determine the optimum relation between the minimum number of
pipes (maximum spacing) and the maximum probable deviations of
the pipes which will still allow freezing to be completed on
time at the minimum cost, and with the required safety.

[1=8

Installation of refrigeration
plant and coolant distribution system

38. The important factors which influence the cost of on-site plant
installation for a specific freezing job are the site surface conditions, the
magnitude and duration of the project, the total volume of giuund to be frozen

and its properties, and the overall time schedui« for the job. Th: «ost of
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the plant installation for a given site and allowable prefreezing period are
normally related to the total linear footage of subsurface freeze pipe. The
cost of the surface distribution system is normally related to the surface
length (i crimeter) of the fiuzen barrier. Both costs are usually included in
the lump sum pclre for installation and prefreezing of ti:e frozen barrier.

a. - Site surface conditions - lhe nature of the site surface condi-
tions and the proximity of adjacent buildings, streets, utili-
ties, etc., has more or less the :.me overall effeci ~n onsite
plant installation as on drilling. Also, corollary to this are
site restrictions on noise, air or water pollution or vibra-
tion. Under very confined conditions the continuously running
plants may require sound deadening enclosures. As the plants
are normally electric powered, this is rarely a concern.

Magnitude and duration of project ~ The magnitude and duration
of a freezing job influences the on-site installation cost of
the surface piping (di::ribution) system for supply and of the
brine between the plant and individual freeze elements. Larger
projects of long duration will require essentially permanent
well-insulated and protected surface piping. In contrast, a
small job of short duration may be conducted with uninsulated
quick connect surface piping.

o

c. Volume of frozen zone and available time -~ The total volume and
the water content of the ground to be frozen are important fac—
tors which determine the plant capacity to be installed for a
specific job. Equally important is the overall time schedule
for the freezing operation. The larger the volume of ground to
be frozen within a given period of time - the more refrigera-
tion capacity has to be installed. More capacity means higher
installation cost.

In general, the refrigeration load at the start of the pre-
freezing period will be two or three times as high as the load
during the period of maintenance freezing. Because of this, it
may frequently be possible to stage the work so as to limit the
maximum load to that of the installed plant capacity at any one
time. This applies in particular to sequential projects such
as multiple shafts or tumnels which are constructed in a series

of sections.

Initial prefreezing period

39. The cost of initial freezing - the so-called prefreezing time nec-

essary to complete the frozen barrier to the required thickness depends on the
ground conditions, the number and capacity of plants operating during this
period, the number and capability of personnel on site, and the cost of
energy. The cost of prefreezing for a given site and allowable prefreezing

period is rormally related to the total linear footage of subsurface freeze
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pipe installed. The price for prefreezing is usually included in the lump sum
price for installation and prefreezing of the frozen barrier.

40. The factor which influences the prefreezing cost the most is usu-
ally the water content «f the ground. The more water which as to he frozen
the more eunergy which must be removed and the longer the prefreezing period
required for osuy given plant capacity. The only altersative other than using
expendable refrig.ronts being to increase the capacity to umu:et a specified
time. In any case, increasing water content means Increasing cost.

4.. Basically freezing is a labor saving construction method. Never-
theless, the cost of personnel, primarily operators foi the refrigeration
plants, is an item which has to be carefully evaluated when estimating a
freezing job., As far as technical necessity is concerned, no operator is
required. This is a result of the fact that modern refrigeration equipment is
completely automzted and requires little attention. However, in some aredas
the unions require the contractor to employ personnel to monitor plant opera-
tion which, or course, results in higher costs - sometimes much higher. As a
rule, the union jurisdiction for freezing in a given location will be the same
as those required for installation and operation of an around-the-clock dewa-
tering system.

42. Once drilling and installation of the plant is complete, the only
personnel needed on a freezing job are the plant operation(s) and periodic
supervisory and maintenance staff.

43, Since freezing requires energy, the local price for obtaining or
generating electricity influences the overall cost of a freezing operation
considerably.

Long term maintenance freezing period

44,  Maintenance freezing commences as soon as the frozen barrier is
completed sufficiently to allow subsequent construction, such as excavation,
to start. The cost of maintenance freezing i1s affected by the location and
type of excavation, and more importantly by the required duration of the main-
tenance period. The price for maintenance freezing is normally based on a
unit price per week.

a. Location and type of excavation - A large open excavation in a
hot, dry climate may cause an increase in refrigeration Joad on
the plants after excavation and the face of the excavation must
be insulated to minimize this effect. In contrast, the refrig-
eration load after excavation ¢i a shaft or tunnel, especially
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in a cool moist climate, may be lower than before excavation
and insulation would not be required. As still air is an insu-
lator relative to the earth itself, an open surface excavation
in any ciimate does not repre:<it an impossible refvigeration
load. 1In fzoi, in cool climates a single sheet of light-
colored plastic hung over the face of such an excavation is
frequently all that is required to minimiz: the long term main
tenance refrigeration costs.

Duration o maintenance period - The cost of maintaiuing a
freeze wall is directly related tov time. Extension of mainte-
nance time will increase maintenance cost proportionally.
Therefore, it is of the greatest importance to plan the entire
project in a way that minimizes maintenance time. Doing so,
can save a great deal of momey. Initial installation of a fro-
zen barrier is frequently less expensive than other alterna-
tives, but if the required maintenance period is long, the com-
bined cost of installation and maintenance becomes excessive.
Zven on projects where freezing is potentially much less expen-—
sive, if the subsequent construction operations which must be
completed prior to stopping refrigeration are not planned and
scheduled together efficiently, no savings may be realized.
Changing an excavation procedure, steel erection, concrete or
backfill schedule to "get out of the ground" faster may cost
some money, but when combined with the reduction in maintenance
freezing time, the net result may be a handsome savings.

fo

45. Ground freezing is a proven construction technology which has been
in use successfully on a wide variety of projects, for over a century. As
with any geotechnical construction technique, its suitability and cost-
effectiveness for a project will be directly related to the specific site and
job conditions which we have discussed in this Seminar. Properly designed and

constructed frozen earth structures are a powerful tool for the foundation

construction industry.
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