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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 Headquarters,

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. Perry, 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)
aUNITS OF MEASUREMENT

Non-SI units of measurements used in this report can be converted to SI (met-

ric) units as follows:

Multiply By To Obtain

acres 4,046.873 square metres

acre-feet 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-lb 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.
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PROCEEDINGS OF REMR WORKSHOP ON NEW REMEDIAL SEFPAGE

CONTROL METHODS FOR EMBANKNEN'T-iAMS AND

SOIL FOUNDATIONS

INTRODUCTTON

The Repair, Evaluation, Maintenance, and Rehabilitation (REMR) Vorkshop

on "Nex Remedial Seepage Control Methods for Emb;ankment-Dams and Soil Founda-

tions" was held at the US Army Engineer Waterway< Experimert Station (WES) on

,,. 21-22 October 1986. The workshop was sponsored by REMR Work U'nit 32310

entitled "New Remedial Seepage Control Methods fcr Tnm.ankment-Damos and Soil

Foundations."

The purpose of the workshop was to timu ate exchione C! ideas and

information amonc leading practitioners, and to Ur,"idr an authoritative

* review of the state-of-the-art for pot,,nial kise,, orirarilv tho;e within the

federal government.

The workshop was attended bv 5A people from tOe Corp- of Engineers,

Bureau of Reclamation, Tennessee Valley Authority, Soi Conservation Service,

and private organizations. A list of attendee i4 gixen on the followIng

page. Presentations were made on grnutrnr, flexible membrane linings, drain-

avge me-sures, jet grouted cutff wall , reintorprd d.rnstren- berms, tlastic

concrete cutoff walls, and ground freezic. A copy of each written lecture is

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

panel discussion, is available from the V1-S librar.
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ATTENDEES

REMR Workshop on New Remedial Seepage Control Methods for

Embankment-Dams and Soil Foundations

Vicksburg, Mississippi 21-22 October 1986

FTS Phone Commercial

Name Organization No. Phone No.

Herbert C. Albert, Jr. New Orleans District None (504) 862-1003

Leroy Arnold Little Rock District 740-5055 (501) 378-5055

Dwayne Bankofier NPD 423-3868 (503) 221-3868

Timothy L. Beauchemin NED None (617) 647-8365

Dewayne Campbell BuRec, Denver, CO 776-6067 (303) 236-6067

Lawrence H. Cave, Jr. LMVD 542-5897 (601) 634-5897

Robert Chamlee SAD 242-6704 (404) 331-6704

Randy R. Childress SCS - Jackson, MS 490-5035 (601) 965-5035

Edward E. Chisolm Vicksburg District 542-5638 (601) 634-5638

Jerry Christensen Portland District 423-6456 (503) 221-6456

Frank T. Cousin, Jr. SCS - Ft. Worth, TX 334-5445 (817) 334-5445

Erwin Curry SCS - Jackson, MS None (601) 965-4419

Sam K. Darnell SCS - iackson, MS 940-4423 (601) 965-4423

Charles M. Deaver Little Rock District 740-5604 (501) 378-5604 .

Harold G. DeShazo SCS - Jackson, MS 490-4431 (601) 965-4431

Clarence Duster BuRec, Denver, CO 776-3892 (303) 236-3892

Marshall Fausold Pittsburgh District 722-4123 (412) 644-4123

Rick Ferguson Kansas City District 758-5560 (816) 374-5560 l

Ken brayheal Seattle District 466-3712 (206) 764-,712 " N.

Billy P. Hartsell SCS - Jackson, MS 490-5191 (601) 965-5191

Lynn Helms- Vicksburg District 542-7207 (601) 634-7207

James B. Hvland SCS - Ft. Worth, TX 334-5242 (817) 334-5242

Be: Ke]ly OCE 272-0207 (202) 272-0207

M. Kenneth :Iits Vicksburg District 542-7122 (601) 634-7122

Ben A . Letik nOmaha District 864-4447 (402) 2.'1-4447

Morris . Lbrecht SCS - Ft. Worth, TX 334-5242 (817) 334-5242

(Continued)
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(Concluded)

FTS Phone
Name Organization No. Phone No.

Kevin W. Mahon NAD 264-7556 (212) 264-7556

4. Leo Mantel BuRec, Denver, CO 776-3916 (303) 236-3916

Danny K. McCook SCS - Ft. Worth, TX 334-5444 (817) 334-5444

. Charles H. McElroy SCS - Ft. Worth, TX 334-5444 (817) 334-5444

George J. Mech Rock Island District 386-6288 (309) 788-6361

S-. Chuck Mendrop Vicksburg District 542-5208 (601) 634-5208

Pete Montalbano Vicksburg District 542-5627 (601) 634-5627

Ronald A. Nulton SCS - Ft. Worth, TX 334-5242 (817) 334-5242

Richard L. Peace SCS - Jackson, MS 490-5194 (601) 965-5194

Paul Pettit Haiiburton, Houston, TX None (713) 652-6073

George R. Powledge BuRec, Denver, CO 776-9321 (303) 236-9326

(eorge L. Sills Vicksburg District 542-5631 (601) 634-5631
liari N. Singh NCD 353-5733 (312) 353-5733

Michael Snyder Baltimore District 922-4772 (301) 962-4772

Andrew T. Soule' Seattle District 466-3790 (206) 764-3790
Samuel T. Stacy Vicksburg District 542-5635 601) 634-5635

David Duane Stagg Vicksburg District 542-5644 (601) 634-5644

Eric Stasch Omaha District 864-4446 (402) 221-4446

Mel Stegall LMVD 542-5900 (601) 634-5900

James V. Stingel SCS - Chester, PA None (215) 499-3940

Hugh Taylor WESGE 542-3454 (601) 634-3454

Eddie Templeton Vicksburg District 634-5727 (601) 634-5727

Robert J. Thomas Haliburton, Duncan, OK None (405) 251-3557

Carl E. Thompson TVA-Knoxville, TN None (615) 632-6897

• F. Walberg Kansas City District 758-3454 (816) 374-3454

Bill Walker Alaska District None (907) 753-2683

Frank Weaver LMVD 542-5896 (601) 634-5896

S. Rodney White, Jr. SCS - Ft. Worth, TX 334-5)42 (817) 334-5242

O. Carroll D. Winter Little Rock District 740-5303 (501) 378-5603

PBebe S. Yarbrough SCS - Jackson, MS 490-5202 (601) 965-5202
Si.A. Young LMVD 542-5509 (6(00 634-5509

Sibte A. Zaidi Rock island District 386--r2) (3!9) 788-6361
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AGENDA

REMR Workshop on New Remedial Seepage Control Methods

Cor Embankment-Dams and Soil Foundations

Auditorium, Building 1006 %

Waterways Experiment Station, Vicksburg, Mississippi

Tuesday

Oct 21, '.w
1986 Presentations Speakers

8:"0 am introduction of LTC Jack R. Stephens, Edward B. Perry, WES
Deputy Commander and Director of WES

8:30 Welcome LTC Jack R. Stephens, WES .

8:40 REMR Research Program William F. McCleese, WES

8:30 Geotechnical REMR Research Program Gerald B. Mitchell, WFS -.-

9:00 Introduction of Workshop Edward B. Perry, WESO

9:05 Introduction of Speakers Joseph L. Kauschinger
Tuffs University -

9:10 Grouting for Ground-Water Control Reuben H. Karol,
Rutgers University

10:10 Break

10:30 Flexible Membrane Linings William R. Morrison,
Bureau of Reclamation

li:30 Remedial Drainage Measures Walter C. Sherman,

Tulane University

12:30 pm Lunch

1:30 F~se of Hydrofraise to Construct Jonathan J. Parkinson,
Concrete Cutoff W'alls Soletanche

2:3 J let Grouted Cutoff Wall Giorgio Guatteii, Novatecia
Victorio D. Altan,

Suelotecnica

1: 0) Break

4:00 Reinforcement Downstream Bers James M. Dunc.;n, Virgii-"

Polytechnic InstiLute %

5: 0"j Adj ournment

-.---
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Wednesday
Oct. 22, 1986 Presentations Speakers

8:30 am Announcements

8:35 Plastic Copcrete Cutoff Walls George J. Tamaro,
Mueser Rutledge

Consulting Engineers

9:35 Break

. 10:00 Ground freezing as a Construction
Expediencv for Excavating Cutoff
Trenches andI, r Tnstallation of
Drains John A. Shuster, Geocentric

11:00 Panel Discussion *Joseph L. Kauschinger
Tufts niversitv

- 12: 30 Adjournment

I
"

r5.
,

•Panel coni-sts of all speakers.
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CROUTING FUB CRONI)-WATER C(NTR01

Reuben H. Karol

Consulting Engineer

Professoir Emeritus, Rutgers Universitv

Introduction

1. Crouting with cement for control of cround writer become an accepted

- n,3tructon procedure in the '.ate nineteenth century in Europe and. at rtho

turn or the twentieth century, in the United States.

). ClemicaI grouting became an accepted construction procedure between

P'20 ai-: 19V), with the successful completion of field jobs using sodium sill-

cat,. The modern era of chemical grourtng, which saw the introduction of many

new and exotic products for fie d use, began only 30 to 40 years ago.

3. Procedures and techniques used with cement grouts were developed

pri-,riiv by the large federal agencies concerned vith dam construction: Corps

of Enoirieers, Bureau of Reclamation, and SilI Conzervation Service. Predict-

ably, each of these orpanizations developed its methods unilaterallv, result-

in , 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 prC ct Is onique, and two similar iobs done by different approaches do

not exist. Primarily, however, almost all of the cement grouting is done to

ircrease the sfetv factor ngainst some kind of failure. There are Penerall

no prec se method, of measuring the sa fet., facrars be ':re and a:tv, r,'-ti

when failure does not occur. "v way of contrast, renedia] grort -T) roften

done for seepage control) Is aimed it a specific problem, where failure or
I

incipient faf hire oT1 i, limited s'ale is re cn i,', e. ;r, tlnc ei t-h r r-

re-ts or fiflP to correur tt'e roble'r, '!:,)j the 1 . ,)fitt 0 o r , o'':

ad. n'" thb sped fi," procedures ifed, ire diretlv mevrrahe

;in'- rca'~ nahle .,' 't ick (v ,- i , co t, ct r' T'-'hotr., ktC. , he

If
* c~cIt ic t-T''il~e '.' Y ~1Pra ,: 7 t .:\~in. . -

t r r a 1) T) .' i':' t c ii' .. 'it v tc. il u or

. ;,tctl' rl :i:r i ae and -, *-'c. 'V. ''': ~ i ,' A i: '*':W;e 7i '' ti ; f

..

V.%
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chemical grouting experiences. However, these philosophical difficulties have

by now been largely overcome. Chemical grouting is accepted as a valid and

valuable construction procedure, and the concepts of short gel times, accurate

control of gel times, and sophisticated nultipump systems and grout pipes have

been integrated into practice.

6. There are two major purposes for grouting, and any field problem can

be classified in terms of the desired results of the grouting process: (a) to

reduce seepage or to create a barrier against water flow, and (b) to add shear

strength to a formation or structure in order to increase bearing capacity,

increase stability, reduce settlements and ground movement, and/or immobilize

the particles of a granular mass.

7- The term seepage is diiiicult to define quartitatively. The Ameri-

can Society of Civil Engineers (ASCE) Glossary of Terms states that it is "the

flow of small quantities of water through soii, rock or concrete." This

definition depends cn the interpretation of the word "small." Five gallons

per minute (gpm)* of water entering the bottom of a deep shaft is a small

i am.unt. ihe srime quantity enteriug a domestic basement i.,; a large amount.

Seeraze, theai, is better defined in terms of the procedures used to eliminate

it, rather tha:n by job or quantity el water involved. Seepage control gener-

ally does not require complete grouting of a formation.

6 . Creating a barrier against water flow may be done bv grouting spe-

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

grout curtait through sorre or all of a pervious formation.

TVpes of Flow Problem,

9. During the censtruction phase ot a pre2ect, water inflow is consid-

ered a problem (and dealt with) only when the inflow halts or retards con-

struction. However, the same amunt ot inflow that is tolerable during

construction may not be tolerable during )perational phase o1 the structure.

Seepage may al.u, begin after constructa is compi2ted, because of the ele-

ments o the structure that , the normiL ground-water flow, because of

faulty (censtluction, becauo;e -1 r,:.-,.tinmovemeuts due to consolidation or

* A tble ol I-actors o:rr corvrtinj ion-Sl no it, of measurement to Si (met-

ric) oits is presented on ,.k,

6



*-" ea-thquakes, and/or because of ground movements from slope instability. Manv

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 generally carried out after the

structure is completed.

10. Typical seepage problems include infiltration through fissures in

rock, through joints and porous zones in concrete, and through pervious soil

strata.

Control of Water Flow

11. If orly 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. If,

*" in the end, a large number of channels must be grouted, other procedures will

*- probably be more cost-effective than treatinp flow channels one at a time.

13. If 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 impermeabillze a predetermined volume of the formation.

These procedures .,re discussed under the heading "grouted cutoffs."

Grr iting Materials

14. The desirable properties for grouts used for seepage control and

0 for cutoffs are similar. Except for very limited special cases, all of' the

greuts used must be permanent. Thev must have adequate strength an m ipervi-

ousness, and these properties must not deteriorate with ane ci hy (olitact with

,Yrot'nd or Pround water. The grcits must have controllble -etting, times over

2i wide range, be acceptably nonhazardous to humans and ecology, and be ine'-

pensive enough to he competitive with other cnnstruction altern,'tives.

SFITnaIIV, they must have a low enough viscosity or particle size to Termit

placement at acceptable economic ratos and safe pressures.

II

-. L.
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15. Figure I shows a comparison chart of various ground-water contr(ol

methods and materials, including commercial grouts. These are plotted agairst

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

processes are effective. The data can also be used to define the minimum

groutable fissure size for fractured rock or concrete. The limits shown in

the chart are approximate, but the relative positions of the proco.,eF are

reasonably correct.

16. All of the grouts shown have histories of succes.fi1 field use.

The effectiveness of each in terms of penetrability can ba evaluated bv Iefin-

Ing the specific formations to be grouted. All of the grouts !shown are con-

sidered permanent, except for some of the low concentration silicates.

Although the various products differ considerably in strength, all (again,

except for some of the low concentration silicates) have adeci;ite strength to

%- resist extrusion from flow channels if placed at pressnres reat,,r than the

maximum static head at the point of placement. Pecent laboratory tests give

Indication that some of the silicates may not he stable under Iong-term, high

static heads. In a series of tests reported by Krizek and Madden at the

April, 1985, ASCE symposium in Denver, Colorado, the behivior pattern shown in

Figure " was presented. Silicate grouts generally followed patterns I and 2.

Acrvlamides and acrylates followed pattern 3. The report concludes:

a. The polvacrylic 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 injected 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.

b. 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 lesser extent
on the chemical characteristics of the grout. In general, it
appears that at gradients between 50 and 100 the maximum long-
term reduction in the permeability ot a soil due to the injec-
tion of these grouts is one to two orders r,- magnitude.

c. The amount and rate of grout elutriation appear to be dependent
on the strength of the gel and the amount of svnoresis experl-
enced in the grout. The polvnrrvlic and sodiim aluminate

Rrouts, which achieve their maximum strength very shortly after
-P elatfon and Pxperlenced little or nil !ovneresiss !: howed no s ign

of Prout elutriation when cured for periods of at least 1P) and

12
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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 injected with silicate grouts and cured for less than

one day experienced rapid, and usually complete, elutriation
because of lack of strength. In older specimens the elutria-
Lion was a gradual process, and the rate at which the permea-
bility increased was apparently accelerated by increases in the
degree of syneresis.

d. For the silicate grouted specimens in which most of the grout
was eroded, that grout which remained appeared to be concen-
trated at the contact points between the soil grains.

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 placement have permeabilities
-8

of 10 cm/sc or less. Silicate grouts, within days or weeks after place-

ment, undergo permeability increase, probably due to syneresis, with final

permeabilitv in the range of 10 - 4 cm/sec. This does not appear to be a seri-

4 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 ot them from CCTidera-

tion for field work. All of the grouts pose some degree of ha.-ard to people

and ecology. Among the best are the various silicate formulations, and among

the worst is acrylam!de. Although acrylamide has been used througheut the

world since the mid-fifties and continues to be used everywhcrt. cxcept kipan,
it has 'een known for many years that it is toxic and neurotxic. More

recently, laboratory studies by the manufacturers indicate that icrylamide is

also carcinogenic. These negative properties obviously foreca -t a decreoise in

usage.

19. The grouts that come closest to matching acry[amidL's excelleut

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

13

~~~P 10%-C. e*~ ~ * * s -* ~ - -.- - - rV



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 grouts. The selection of the ones marketed commercially is based

largely on cost, but also on specific properties of the various salts. Since

some of the salts will increase in volume when changing from liquid to solid,

it is possible to tailor products to specific field requirements. Acrylates

have low levels of toxicity and ecological impact and seem to be the best can-

didates to replace 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 Stites, although it is readily available from several sources. It can

he Lused for both low and high concentration silicate solutions, and with or

without accelerat-rs, such as calcium chloride. Limited laboratory studies at

kt,tcers iniversity, some results of which are shown in Figure 5, indicate that

glo.al tends to give much higher stabilized strength thar other catalyst sys-

teus. hiowever, there appears to be a falloff of strength with time. (This

phen,--uion also occurs with other catalyst systems.) Glyoxal was not among

the naterials checked in the report by Krizek and Madden. More extended test-

ing is "veded to dctermine if glyoxal is the catalyst thLat will permit effec-

tive v;e f silicates for seepage control.

_i. 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

formttiun openings must be at least three times the raaximum particle size to

prevent rapid blinding of the formation. 'When normal Portland Cement will not

penetrte, high early-strength cement (a more finely gr ,und material) is often

6used. Although this change is generally etlective, the degree ol difference

is small. Within the past 5 years a new product. Microfin.e Cement NC-500, has

been introduced by Onoda Cement Co. of Japan. The product and its usage were

detailed in a paper, which appeared in the proceedii,gs of the New Oirleans ASCE

irouting Uionference held in 192. Figure () lists som. f the phsica]

properties of this product.

. infacturers ' data suggest that penetrabilit% ot M'C-500) is equal to

tho acrvlamides and acr--lates. Laboratory stlidie at Rutgers University

tend to Puate M,--5b() and the silicates, in regard to penvrahilitv.
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?3. Cement and silicates are mutual catalysts. Each, In small quanti-

ties, can be used to gel the other. MC-900 also follows this relationship.

When silicates are used to catalyze MC-500, setting times of a few seconds to

several minutes are obtained. When MC-500 is used alone with water, settings

times are 4- to 6 hr. No catalyst system has yet been found that will give

reliable retting times in the 10-min to 3-hr tange. This is a severe draw-

hack, but pcssiblv one that can be eliminated by modifying percentages of the

comporents. Currently the cost of MC-500 is high, in the range of the

cherica greats. As the market grows, and other manufacturers compete, costs

'4f1l jecr.a!se significantly.

24. Based on the data presented above, material recommendations for

seepage control nr.d cutoff construction are: (a) use Portland Cement wherever

ifeasihble, and (b) use MC-500 and the acrylates for field conditions where

% ordinary cements will not penetrate.

0

% (routing Procedures

.N Seepage control

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

documented for the profession were performed in 1957 by the author while 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-

ommendatiins. If sc, these data remained buried in contractors' files as pro-

k., prietirv information.

2 . The Initial field work in the 1957 studv was performed In a Cana-

1 dian copper mine, 25(0 ft below ground surface. This was one of the first

. applic.atfen-s ort grouts cther than sillcates in mines. Data on fauilt zone

locatinn, w'rh is Fhown on the drift map In Figure 7, as well 1s direct visual

ob-.,riaticn of seepnge locations were used to determIne placing and direction

n' arut s ;rout ng throtgh these hole-, proved to h cormpletel ineffec-

ti,.e In ceducInc seepace. This work indicated clearly that thY rijt e Zrout

wouild fol low (from its Injection point to its exit point or fir;' ',,catfn"

ccould :iot be dptormined with an' accurac.v b interpretation ct the w(0io i i

man cotupled with visual site examination. In fact, the complexitv of seepace

:'55
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throuch a fissured rock mass virtuaI]v precludes the effect fve preplannin2 of

a complete Vroutint operation.

27. Followi'ng the initial mine grouting, a serles of laboratorv experi-

ment.4 were set LIp to simulate field seepage conditions. Lucitt tuhing wps

used to represent seepage channels and drill holes, as shown in Ficure R.

28. [n one experiment, point B was shut and water was pumped through

point A at a constant rate until equllibrium was reached. The numbers on the

lines in Figure R show the percent of total flow going through each line.

hlen the volume pumped through point A was changed and equilibrium again

estab]ished, the percent of total flow going through each line varied as shown

on the table in Figure 8.

- . Other experiments verified the conclusion to be drawn from this one

t t i, rcent H( w was not a direct function of total flow and that the varia-

tion wa, ruch hii.her in pipes with low percentage flows than In those with

1 i h per eontages.

i!. It was found after working with anv given model under a number of

ci::erent ccrditions that sufficient data were available qo that the simulated

'ep e vstem could be sealed with a preplanned procedure, The required data

r r any cvsteem could be summarized bv the following descriptiolns:

a. Th-e required pumping pressure to fill all the seepage channels

w!th ,round-water dilution held to negligible proportions.

h. The t IP lapse from the start of pumpI!ng until the pumped fluid
re.;ches the end of each seepage channel.

c. The vollume of pumped tluld required to fill all the channels at
the reqluired p-,imping pressure.

Y:c> data can he obtained only bv a purrping test. It car-not be obtained by

viual examination even for very simple seepagp systems, because the oddition

cf e-ttrnol pur-nin prepscire, which will he required for prouting, changes the

L-rrater it ics o f the eepage system.

31. l.ai work and fIeld work both Indicate concIuiv lv that when pres-

suro -( nd t in- w- thin a seepage system oire changed, the very small leaks are

lrlt 1' -Ire affecte" than -he !arte ones. Thu , it shou o-( be expected that a

-, !i-l',! ri-p ' ! test wiil re eal la.- which were not flwint under normal

h nC ( 1 i t i Ol

he ]ahorotorv -td ies showed thati,- at some p(,int within a seepage

. V to ,-'., n ' flu id po)-ped mixes with the interial flui! (in field work,

r T'- r t wt siarI ir op i.oR vo 1 ume s it
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shotP fit he ooc telt t i't s:omewhere within t he seepage svstemu grout will he

d i tut ed wi th joruncl Water ti, the ext ent thit it will not gel. As thle pumping

V011I* voum s i ae the detrimenital dilut ion will decrease. iUnder both (-on-

ditI kon a , thte g ronk tendIs to i I ow t owd rd and i nto thrat port ion of t he seepage

sysT te T art he-,t : .'Lir thte soulrce of ground %,at er supp lv .

3 . Ito lbor itury stud ies pointed the will; to techniques, ref ied by

i e Pe~ eXe i ile ltat ion , wh ic h wo rk welI i in s topp : -lg se epage inr I ract Ur Cd rock

and wh i ch ire a I son usetul I In t r ceat i rig Ifrac t ured and porous cLonc re t e .TIlle

* tiini~rc io ltS 01 t i t.-t dr ill11ing a short hole that will intersect water-

beain:,li-4irs ndcracks. holes aedri 1 led in tile slimplest fashion, otten

b" o1,ckhamnler Dryv hultes -ire generallI. worthlless iTnd should tbe aband!oned.

1,svt hinle rholes that strike waiter) are gen-erally useful and are dye-tested as

3-4. ThIie e~ t,'si is dOne with thle gr-unt plant by purnpi.g dyed water

inrougl, a packer p1 ;loed ait tlie collar of the wet hole just drilled. Thle dye

-oiirefltrati(,Ti trust be carelt ii 1',' COrt rolli'd, so that if ground rater dilutes

*the! dye b)eyond the po in t whe re simnilar ( dilu tion Iol prevn the grout from

* gelling, th2 dye cannot be secin. Pumping pressilres should be kept well below

the pump capacity. It these criteria limit the pumping rate to less than

g pia, it ma\ he best to abandon the hole and drill a new one. (The rate

noted is approximate and mayv well vary from job to job. At some low rat,. for

each J bpecilic oh, it will become ecnnomically more feasible to drill new

hol es to t I-k h igher takes, rather than to treat. tight ones. Job experience

g11 1 ,. soonr Iictate whiih Wet holes need riot even be tested.)

35. 1Ahen: the dye test begiaas, the adjacent wall area is carefully

Watched !rOl evidence of dye. I1'hen dye is first seen at any point, the time

sinice the start of puimping is noted as well as the pumping pressure and rate.

6 To. e rests may be st oppedn when dye appears at one poinit or may be reit inued

untlt 1 a number o1 different locations shew dye. (Generally, tile points where

- ~ dye appea-s are in areas which are already wet or flowing. ibis is the

a;snrrmed aon(e tlon in the discussion wich follow-;. It dye appears, only- in

6 arerts ti not we re ury prior to the ole test, the hole shoulId be .abandoned .) Fo r

e0 1 h p)lit , L:nu, pressure, and ra e are recorded.

3 b-. -er': time dye appears, this indicates that an1 "Pen) sepa ane 1

nt- betwuen. he packer and the point where dye appears . Th e e xac t locat iotn

f tithe chanrnel within, the rock mass is nor kno-wn, hut I! the drill hoIle I eirig
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ro 'kdo % .ater- th.en the established channel must rteach Into the water

'~ a s u''re. Therefore, the boe is worth Rroitinq.

11 lie tir7e recorded for the appearance of dve Is the m.,ximum gel time

(:,n ',e ii-:od to seal that part icul ar channel . i lciilcer gel times are

r- (%u t wil I mrr ott o f t he Ileak be fore it Qer. '?tetme is-

the. order ot 5 to 10 sec, this may he too, short I gel timo to handle

re1 i v. 7'hie effect iye t ime ran he l engthened hv 1 oweriniii thie pump inpg rate.

Is >' n neceissarv step wh.et: attempting to s~eal a nurhr., u :'ones from one

hole and orie of the zones has a verY short return time.

6 . Tf the return time is long, say 5 min or more, 1* car' 1-e ;hortened

h': increas-ing the pumprLn rate. This will genera-llP; ranise the piinpfniig pres-

>VOIfld mnv th:ere rore not 1,e feas llt- if allowable wr n resrr would be

ex e 1. ITr s ueua I Iv not produict ive to treat holIes- that s-how retuirr t imes

ir d more when hole,, wi th short er re turn t me,- tre a9xa i Iah Ie .

~'. ~~o--4 ngpp ar-e highlyv desirable for deal in, witP seepage! prob-

I.rV .. 'ejve tes t' Ind the aIctuial grout jog. ,Io holer ha;; been

~ir' i t haIs beenj I (let -rm Ined t ha t gr )1 Ping i ' I n o rder, the

i nes .-ay v switched d irectlIy from tho vc wat er tank- to the

I.,: e ao 1 s' be us ed in rthe grout , a o I r (I If fereat from that

'0 no~ tg e,JIS , rbhe pumping v.oliume khul b'c rcuiht as

t- thait usced duiring the tes;ts,, and th l rilt itsel,1,f should

V.. !a-oit three riiarters of tie prey otis lv record(( return

"a' "~ ~"' nnprre-zure is moni tored to make sunre it dues not exceed the

0) 1e kut ntnerwisze no attempt need he made at this tg to keep the

-r 'a 're -i d-,( test; values. Th e leak Is watched closely. it should begin to

1 . )ut the reCo-rded retuirn rime. If this does not 1-appen and dve (of

t 1cr o'eAin th(e vroit) does not appear, at the leak, then dilution beyond

tV rlltv to v-I has- oc curred . (This would normally mean too h-igh a dye

irT- ro or ws ued in the dye tests.) If dye dnes appear !,ut the leak

I 'en di1 utiori of the grouit has ext-rded the ge 't-- beyond the

-h '.. I I mav lie counte a~ :cted bv rdecreas Ing ti-, e Ie t ieaes's to do

t-outrent but -''erv di Fffcul t with equa I voluime -(unipment ) or byv

aITir rat e e%, to do with either kind of equipment).

t'i_' 1) V MI"- to0 sealI, t he pu mp ingpp resu r e w I rIs e, pa rt ic -

'nre I, heing treated. If the r'st' i,4 rapid o reaches
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. high erough values, it will blow out the seal just made and reopen the leak.

TI, retore, it is important, as the leak begins to seal, to keep the pressure

frori rising by reducing the pumping rate. it is desirable at this time to

conLirue pumping and, if possible, to place additional grout, since the grout

no,. Ling pumped is most piobably going directly into the source of the seep-

a-ge. If field conditions and experience offer no clue to the additional vol-

ume to be placed, pump an amount equal to that pumped up to the time the leak

.- L':. L .

42. once gel begins fcrming in the seepage channel, the entire seepage

2et is *'tered, and all previously gathered seepage data may become totally

inreliahle. lhis is the primary reason why holes should be drilled, tested,

_1',( grouted cre at a time. For holes which feed more than one leak, consider-

abte Thin-e in retur:n times will occur once sealing of one leak begins. For

su h holes, sealing of additional leaks becomes a trial-and-error proposition,

with a go,:.d c.hance of blowing out earlier seals with the higher pressures that

ma, be neMeded for other leaks.

43. The process described can be readily used to seal one leak or zone

a a tihre, and if the total number of leaking zones is small, the technique is

economical for complete seepage control. (Actually, 100 percent shutoff can

,e obtained tor individual leaks but is often not economically feasible for a

.vstem with many leaks. For example, it may cost as much to shut off the last

1) percent as it does the first 90 percent of the total seepage.) However, if

there arc marv leaks, the method becomes very time-consuming, and it also

occm.eh necessary to shut olf leaks by shutting off the source of seepage.

(;rout pumped through the hole after all the external leaks have closed is very

etfecff ve L 1.-r t!i:s purpose. It may be necessary to use cutoff wall prrcedures.

Curtai-i

44. ,rout curtains are barriers to ground-water flow whose purpose is

to reti t or redirect the existing ground-water flow paths sufficiently to

_- ta .iter flow to _cieiable amounts. A curtain is creitcd !y grolti'g

a volu,, s ]-r ro-k, general l of limited thickness, normal to the exist-

: i t' itirhti. . Typically, a grout curtain could be used aloigside or

i , t, -i;. t,) reduce d:i in:ge o' tile impou'odP( water. (, "t. ly-r n'o; also

i{be d _r()und c(nsrruction tites or shafts to reduce water it Io . soiere

the. rec',Irtd a,'rvice life is t-1 limited duration, welI points 01 other

t methods often prove more practical. For 1 0l g-ter 1-hutof s,

OCI-)
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,ro ti-e :;'ne to be ir,.permenbl ized is close to ground! surface, slurry walls

,irt, te-i -.,-re cost-ef fetr lye . L Tere the treatment Is deep or below a struc-

o ret, a cnnot be breached', grout Curtains, remain the most pract cal

-IItion.

-7 he prev 4ous dis ctsF I on of groutin? material 1 is appli1cable to

(,Ti urtcnii- 4s vell q'Q to sealing sma'i seepaites. 11owever, grout curtains

-ire tcon.itv % largep iohs in terms. of time and materials involved. For large

hbso~ n':kind, there Is often economic merit in the i!se of more than one

vr-ut, usFinp, a less, expen,-'.,e material fer the first treatment (cement, clax',

:11 'rnt:n t snii1h e considered if the\- wil11 penet rate coarszer 7ones) and

7<o~gWith1 za general'%) mrore expensive and lesz .,Iscnu- Trat-rial to Tian-

dhe rnsfdual permeability. Tan (late, there has been verv limited uise of tbe

T7 -rk' ins, ceiments. T'hese products fallt in between no-rmal cenmerots and the low

:ico 1 t': che7'ico! grouts both In penetrability and cost, and dcrending upon

st e r~dirtions, they may replace one or both of the other Prolita.

'.l. Te patterni for a grout curtain is a plan view of tl-e location of

o ut i e or !ow, and every hole in each raw. The stequentce of grouting

e&h '§l oul lob oe ntepten In order to approach total

-iw a erout curtain must contain at least three rows of g-rout holes and

r -"eP! r -v: -hould be grouted last. The distance between rows, as well as

th. ', t etween hales in each row, is selected by bnlancing the cost of

P T'1 cr.it hole- assInqt the cost of the volume of grout rerquired. As the

-' Ie -tweer: grout holesz increases, the requi red' total gro-ut volume

~'ceissbut tiie requiired linear feet of dillling decreases. For any spe-

I' , the actual costs of drilling and grout can be computed forsera

I ' rTjt spac(ings to determine the specific spacing for mitilmum cost. Th is

t, eern t1orus out to he In the '3- toi 6-ft range tor chemical grouts. For

o -n -- cr e> ceentsL et iMiri Fspaci 1-l9W Ill fal InII1 thIIe samxe range .

r"'zt clurta-ins placed with normal cement grout h ave in- the past

* ' rver hi--he spac infs ton begin wi th ( 10 to Vf ft) , and have used a

fr, Ilt Inc' the :;paicIng one or- more times wi le grout inp to a

-~~T- qV , Ito e lme Tps ho I placed ait a ?,)-ft spacing ta begin

0.YeatV f-f p~cing!, theni ' t, then ? 1'" it. etc. This

1r,, t Ires -1 f-t f dr IIiig, is, based on the fact th-at cement

V * c~ne 7<'' uer!. ,,i ! I hiave lbogi setn tme inth field, several

~r ~~*A 1 'ec wo)rking with ceenrt as the m,-ior grout, hole spacing-
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should start at 10 ft or more it [icrct ine 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 it the start ol a chemical gi out curtain primarily to plug

large voids, the spacing of grout holes shoulo be that applicable to a chemi-

ca! grout curtail.

48. The 'ength of a grout curtoi is often determined by the physical

parameters ot the job. A cutoff between two foundations obviously has a

length equal to the distance between them. A grout curtain on one side of a

dam, however,, need not extend indefinitely or to the closest impervious forma-

Lion. 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 Pore permeable zo:)es terr.inate or uay be designed on hydrau-

lic pri,.ciples alone.

49. The depth () a grout curtain is determined by the soil profile.

Unless the bottom o the curtain reaches relatively impervious material, the

0 curtain will be i:effective it shallow, and very expensive if deep.

50. Mhen a grout curtain is built for a dam prior to the full impound-

ing of water be.ind 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

tiultv 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

s crh zone.; while groutiig iF still going on.

51. In contrast to the seepage problems previously discussed, :rout

curtains cannot economically be constructed by trial and error in 'lhe licld.

The entire program of grouting must be predesigned, based on data from a
geological investigation and an adequate concept of anticipated performance.

52. "he first step in the design of a grout curtain is the spatia def-

itioi c f the soil or rock volui.c to be grouted. The design thn ' tle

I catior ,,I gr:out holes and the sequence of grouting. For each hole the vol-

Sunie .). grout per lineal foot of hole 's; determined, bised on the void vo lure

j.i t v,' pipe ipacing, to allow sutficient overlap between groItLc -on1es. 'Ihe

.t, r t i> t,, form :, stabilized cylinder cI a desired mpcific d'orrete' d ,ng

21
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theP leniath of pipe. The diameter is selpcted so that stalilizee mrasses from

ad iacent crotit hole.s will be in contact with each other, Ind overlap si igit lv.

5'1 n rcici is difficult to ,vnchronfze the pumping rate and

pipe pulling (or driving) rate to obtain a unform grout placement rate along

the pipe lengath. It is common practice to pull (or dri'se) th-e pine in incre-

'ICrnts and hold it in plac for whatever length ft iae is requi red to lc

the desi-ed volume of grout. Tf small volumes ol Prout are plcaced at consid-

eraie distances apart, the obviouF- result is isola,-ted qtal-ilired spheres (or

flattened sPhereO. As the distance between placement iroints decreases, the

stabilizedl masses nprlroach each other. Trhe Ptab ilized miss:es wWl also

arnac each other, if the distance between placement prvbnts, remains constant

Li~t rroit vclume increa-ees. Experiment and experience haeshown that the

-inces 4 it- ievlno! a relatively uniform cylindricol shaipe are hest when the

!;: t;inc- tue pipe !- pulled between grout injections does rot exceed the gprout

i-low dincrmail to the pipe. For example, if a stabllzed cylinder 5 ft

* i T'ft- wanteO. In a9 qoil with 30 percent vnldr, /45 gal of gzrout are

perd ' t cutbl. The pipe should not he pulled more than 30 in.

in. pulUT-lg distance, !I? gal should be paced. (The grouting could also

~'edan " nie 1.c gal at 18-n Intervals, etc.)

7) v'er when the n~roper relationship between vo10luMes and pulling dis-

J ~ tr ce ,. 1 ser'.'ed, nonuni'l-M, penetration can still occur In natural deposits

wh71en tlle-- -e 'Iratified. Degrees of penetration can vary as much as natural

% ~permeanil t' (1 4Fferences. Such nIonuVI formitv has adverse effects on the ahil-

iry: r., _-rr out ;i ield ieroutlng operation in accordance with the engineering

p.It wotild h-o of maior value to be ablc to obtain unitnrm. penetration

1(re(rdles of prnea)ilitv diifferences in the soil profile. rm as.sessing the

crill- ~r pentr it irn differences, It becomes apparent that the grout which Is

1" 'e~t f !rst wil I 1 eek the easiest flow paths (truhthe most pervious

t i and vV, w Vofw precerentlallv- througeh those ah. T n (oIfyti

S'.lit in",. tllr rict?- s us e !rtrnduced. If the grant vore maeto set

H c a re .m~ltir oftii vrauirirv -T)Pat inn, it wwailc! srt in the mere

*w~ zoi re w it had c pp V irst alnd; force the rena .in log grout to flow

't h iner creq. Accurarte Ptolo I time th-, hecomes an~ !mportant

r ~ 0
-i r'u-vra~eurd rt. pe;-etVratrIon rn erat I ir~ d~pu c s pr ~a

T1~nr n the hr r P al e teatis c gr ounc- r ' t , - r- 'u~rn

% .0

% 
0



per, etrati(to i stratified deposits also requires keeping gel times to a

Th. h onera t tp principles cn be summarized as follows:

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

f. The dispersion effects of gravitv and ground water should be
kept to a minimum.

C. I::cpss penetration in coarse strata must he controlled to per-

Fit grouting of adjacent finer strata.

The tirst criterion requires only arithmetic and a knowledge of

*v v'id. Ts;(lated stabilized spheres will result if the distance the pipe

.s pl let: 1ttween injections is greater than the diameter of the spheres

trmec by the volumes pumped. Graphic trials at decreasing pipe pulling dis-

'ces read.iv show that the stabilized shape begins to approach a cylinder as

tre d-tit:ce the pipe is pulled approaches the radial spread of the grout as

,.-tt'ussed previously.

58. ihe second criterion requires that grout be placed at a suhstan-

ta'v orcit,-r rate than the flow of ground water past the placement point and

tniat the gel t-.e does not exceed the pumping time. In the formations where

chemi,'a grouts would be considered--those too fine to be treated by cement,

punpig rate; more than I gpm are adequate to prevent dispersion under laminar

Slv cOnditins. (Turbulert flow does not occur in such soils other than at

.;ur*es expc, ed ," excavation). The control of gel times not to exceed the

. ;7* i Tig, is readilv done with dual pumping systems but is difficult and

r,, t r:t T i I th hait cIi svs tems.

The third criterion re-uireq that the gel time he shorter than the

,-;r":rinn" tir-:. (The al-e- r titve Is to :take additi coal injections in tltr cnme

:,one ,ftrr te first inlection has set. This wnuld require additional drill-

i'- in,! wo,i(' c rtviinlv be more cost 'lv). Ihis process is feasible with chemi-

cal rat , b', 1fvious Iv cannot work with a hatch system. Dua 1 pump q and

-root 1inloci> ,. t;1,v s are required.

i i /m m; rv

. t,-tr "Ilinr Qp('eage or flo"w through sulii:rface channels recnic'es

',I':,cn !, t',r Cthn es In(dIvidual]v or co'lectivelv. (routs are otten us f for

O ,,,¢0 pirprt-. CMerT s, lnrltdln the new microfine products, and acrvlites

,I1
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are the materials most suitable, considering cost, toxicitv and Re' time con-

trol. Field procedures for seepage control and curtain grouting differ

greatlv, but each method works most effectfvel.v when used with short gel
t ime's.
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FLEXIBIF MEMBRANE LININGS

by William R. Morrison

Bureau of Reclamation

Background

1. Srce the end of World War TI, the rapid development of synthetic

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

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

tory nnd field research on many ol these synthetic materials engineered

specifically for use as waterproof membrane linings. This work has led to the

deveiopment o- FY I's (flexible membrane linings) for seepage control in irri-

-rnrion canals, reservoirs, and ponds. As a result of this development, there

has been an increased use of FMIT's In dam construction.

The FM.''; are thin, tough, impermeoble plastIc or eiastoreric films

ranging in thickness from In to ]On mils (I mil equals P.OI In.). The term

'geomembrane" has recentlv been coined for F.YT 's.

'3. The most common membrane linings dnclude the following materials:

a. PV, (nolyvinvl chloride).

, _. IDPF (low-density polvethvlene). Ihbs plastic is the type used
In nanufacturing trash bags, s uch as Hefty and Glad. For com-
parative purposes, trash !bags range in thickness from 1-1/2 to
2 mils. Also, I DPF is quite often called "isnueen "

C. HDPE (high-dens itv polyethyleno.

d. CPF (chlorinated polyethvlene).

e. CSPEi (chlorosulfonated polyethylene). This material is also
called Hlvpalon, which i- 'ftipont's trade name for the compound.

f. Butyl rubber.

4 . EPDIM (ethvlene propylene diene monomer).

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

scr r to improve tear strength properties and dimensional stability (shrink

;,i res ist.ance) .

• ., Lana1 linings

' uch of the delelonDment work on plastic canal l inings has been

* , ,:-'- I shed n undr, the Bure; ! (CI rT.,wer Cost Canal lining) progvram,

/

/
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terminated in 196V7, 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 rehabilitation of old, unlined canals, especially in areas unsuitable

for compacted earth or concrete linings. This work involving the procedures

listed below is generallv accomplished during the nonirrigation season, and it

often involves wintertime construction.

a. Excavation of the existing canal a minimum of 1 ft.

b. 8'ubgrade preparation.

c. Installation of the membrane lining.

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

r. because of the requirement of an earth cover, membrane linings are

* 'estricted t,, canals having low-velocity flows (1 to 3 ft/sec). Also, the

side slOpt-s should be no steeper than 2.5:1 and preferably 3:1. Several

excellent artic'es have been prepared recently concerning slope stability of

merhrane-lined facilities (Ciroud and AH-Line 1984, Martin and Koerner 1985).

7. Either PVC or LDPF 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

7t) ft wide and 1,000 ft long, depending upon thickness), and more easily

repaired and field spliced with solvent-type cement, it has been used more

externIvelv than PP in Bureau work.

8. Although PE possesses better low-temperature properties and aping

characteristics than PVC, it is more difficult to handle and currently is

available on!\ in seamless rolls up to 40 ft wide and 200 ft long. Conse-

quentiv, it requires more field seams. These shortcomings have recently been

dls,-,so(d with United States manufacturers of PE film.

q. The first PVC installation under Bureau construction specificatinr

; wac in JG9,, on the Helenai Valley Canal, Helena Valley Unit, Montana. Pince

then, PVC ha; bee used In rehabi I tation work on the Fast Bench Unit,
Y',ntaTi; kiverton rnit, Wvoming (Wilkinson 1984); Farwell Unit, Nebraska: and

tIi- ':akima Pr oct, Washington.

I . )r this wnrk, PVC or If-mtl (r).01 in.) thickness waq used. -Iw-

.,i based *n field and laboratory performance studies conducted the past few

3 v



vel s,!-mil PVC is now being specified In Blureaiu work. The additional cost

of, the heavier e:ve material will he minimal . 'kith a 1(() Percent increase in

thicknress of the membra-ne the overall cost of const~ilct ion will onilv increase

iv botit 11 percent.

' Plastic linings are now being specified tor new construiction. For

examiTple, a 20-Mll PVC is being used on the San T-ufs Project, Colorado, to line

a convevance chiannel for delivering salvaged ground w:ater as a supplemental

sourcp to) the ViAo Grande River. Three of four specifications have been issued

and awar-Oed for this work. The installation on the San l.uis Project is the

larigest vcs, to date of a plastic lining in canal construction in thle

United States (Starhuck and Morrison 1984; Morrison 1985).

12. in 1984, a studv was completed (Morrison and Starbuck 1984) on the

pc'-ornance of buried plastic membrane linings. primarily 0.25-nil--thick PVC,

'sr or se -pnae conitrol in Bureau Irrigation canals. Samples; from nine canal

-ita'tloncz rainsing- in serv.ice life from I to 19 years were evaluated.

tl~stuy Idiatetha pastic linings; are providinp -,atisfactorv

~- ~ : s~a~eCon)T rol and are viable il ternative,- in- areas not suiltabl e
~-eF o epacedearth linings. teslt of he std indicated that

Y the PVCthle occurred with time. This striffening or aging

caur~h- th I s~ lati~cizer , the acent used in the ma-nufaicturing of

0h Io'. t -at l:i"'iv The rate of this apin2 is- nrliarilv

-(,iirce linings originally maiif~ cture,! with a hlvoh plast 1-
cfwer *nitent exhibited less -igIng,

rca t i n - samrplIes ob tai ned f romT w 1 1b'n bh 'tr Cr ,7 e
L. 1 e- ivl1 Tip than those obhta3 lied ide tie, I-~

Yhrd e r epr ,t In.

r 1075 to ~8 , thIe h)ircill was n

the cu P.et ro or. t),- use ci plastic films I-or n.;

tx 1)iiz t Idvne I te 1f o I ict om .tl!

onsX( c 'I,' Pok E; Ofcm-1T1IU1 -i (1r r oro

aocrete, on i 1:river o~- " -

f il 1 Co~ver< v tb l') t1  t e A- ..

[no-ta 'loat no r n e o.re -ttil .
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constructed the test sections in accordance with Bureau speci-
fticatious and using Bureau- furnished materials. Based on the
results of these tests, two lnIng systems have been selected
'or further study in an operating canal on the Kakhovka Project

,n the Ukraine. TIhe two systems are a 10-mil PVC with a con-
crete cover and a 2n-ril polyolefin lining with a concrete

cover.

c. irn stallation of a PF and a PVC study section on the Amarillo
,an], Navajo Indian ]rrigation Projec:, New Mexico. Included

.n the study will be determination of the performance of
-everal different protective earth cover materials. Special
seepage monitoring stations were also installed to determine

*'{- the efiectiveness of the plastic linings for seepage control.

r An interim report (Rrupin et a]. 1982) was prepared, summarizing the joint

studies to dote.

Dam and Reservoir Applications

Cen~eral

7.1 4. The Bureau has been involved in three major projects using flexible

-embre io 1,'nins: The Kualapuu Reservoir, Molnkal Project, Hawaii, the

:*-." Mt. FHhert Forebav Reservoir, Frvinqpan-Arkansas Project, Colorado, and the

onr Ju to Reservoir, Central Valley Project, California.

W%. Vualapuu RPservnir

I 13. The Kualapun Reservoir, built during l%9-1969, is the principal

trage acilitv for the Molokai Project, Hawai. '.his is a State venture

thot is federaillv funded in part under the Small Reclamation Projects Act of

-ie otorage ca;)aci.tv of tie reservoir is 4, 200 acre-ft with a maximum

h o ( ft (Chuck 197().

j, , onsite clay mterials were h.orderline in regard to sa-tisfac-

-. tot, eopae cntrol, a 1k,-in. nvlon-reinforced butv runner lining was
t,! U,,A i", the reo i r to contro seepace . The ureau provided teolnioa;

-ii tc r,- ;, ,-,re ir:n tollaric e.

ri: ' ," rt on, arc! ";inte: ITce) personnel have made periodic

-:' ,t : e re ,r',i r. ibo', ro pct that oc( asiona] replirs of thc

S0 r- t t r Terta h si - 1, .'oco c

Z 7- r T'ae ac o

%.%% 
%.
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Mt. Lltbert Reservoir

18. ;elerdl. During the summer of 1980, the Bufeau installed 290 acres

11 1, fex iblIe meib rane l in ig in Mt . E ibe rt Fo rebay Re se rvo ir (Mo r rison ,

eL d-. 198.2). The reservoir, part of the Mt. Elbert pumped-storage facility,

i, s .iiLuotod on the north shore of picturesque Twin Lakes located in Lake

coi~': purxiniately 15 miles southwest of Leadvilic, Colorado.

19. Thu reservoir impounds 11,530 acre:-ft of water of which

juL2rz-Itis us;ed to develop 200,OUO kw of electrical power during peak

dm~nd 'Iwo 138 ,f00hp hydroelectric turbine-genierators are ued t~ geneate

the Tpowe r. The.se generators have also been designed to operate as 170 '000-hp

_tors to drive the turbines in reverse to pump the water from Twin Lakes,

Io k tl the furehay reservoir during nonpeak hours.

1'. ho installation at Mt. Elbert constitutes the world's largest

sirr~-cI.~flexible membrane liniing application to datc, aind it is the first

:,e tha ,lich0 a material has been used in a pumped-storage reservoir for

: ~ontrk~l. Also, to meet the bureau deadline of Jiuly 1, 1981, for power

1 ethe i-stallation had to be accomplished in one construction season to

s it iient time to fill the reservoir and conduct acceptance tests on

~>-~ne~t ugunits aid other accessory equipment.

- . he membran lining was installed under Bureau Specifications

Na. 907418. reen Construction Company of Des Moines, lowa, was awarded the

()rril I , 1980 , and installation of the membrane was completed a

20, '980. Th B F oodrich Company of Akron, Ohio, was the sub-

r::tLor ;~~urn L s!,d k]-nd i ns talled the membrane i ni ng The cost of the

wun e 1 ow:

ELngineer 's Bid
1ter estimate price

£20,566,000 $1i,884,170

Uti. r, d inat 1 (110,S 160,000 S 8,712 ,200

r e;a, r es er v i r. A, anl ele7 t ion of 9,Nt t , the forehav. reser-

o1.~ ~~ f , hveteM El bert pumped-storage power p lant.

I u tr us ed 1 r powe r do e oiln mus t e pumped into the

-- '_ -- & P*.4,_N K



trehav ree v'r ui lower Twin r .ikt-s, one of a pair of glac ml -age lakes.

I hIe r , ic i tY c t t .0 I aKC h ia s ,e e Ii I mci e, i t2d 1, c ()n st r uc t i onI o i an ermba nkm en t

d~iM it thLL outlet end -f the lower Like. Additio1nal water for power produc-

ioni owc, ft~i 0[r e western slope of the Continent al Divide. The north side

ad' south C (fe iL 1lect ion Ssteir. on the westteri inLope cc u-t s runof Zror;

't rn.'e 10(WO1 tt. 'Fhe water is brru)ht t,) the eaStern ,lope vii u-

n~Tlurno.-;t cc ese rvoir whereC it Ts he id InI tcruor"rv s to rage Uiot;I co-

eV e I~ I-o Cic Iu. -nrile-nng Mt. ljbect Lcniduit to tLie Eoreba ie ,ervomr.

rOIL2orena'; reservoir ha,, a .Ur Ic or f 0 2901 acres at 'art -s Leva

tthe top of act ive co;re rva tion capuic itv. Fle~iiiiiu

op~t Kwater surface is at an ellevli n c-i 9,t61 iL. Adjacevt to the

,icr odc_ . the g ,4lao I Is7,ured v'all ey now occupiled by Tw in 1i kes ksri

1_! _ e ., reservo ir cc :-Lpie:.ai ! ormer top,-raphic dt:p re-sl on. Thre ltesec-voir

I) 1 '9~ '7 by co0nS t rUCt ing o a!I d ikc i I, lit- Opel. b(-L.t 1We St co r-

ti.,f depressio. iand a 90-1-119ig zt rod earth err.hankment .-cross the open

* a; <d. he eairth matr i ia 1 in the ;loor and sides ),, the i'epret o .-a, -

:ulsanrdv i,.. t u pervious - sinds and 0'rave In . The depression W~itm

* 1j ;I r,,. i ]e a bottom :ahape si Lb tic ieor plaL orient of a J-I t-tirick

'C-earti. In,-er.

'the earth liniag extended up the sides of the reservoir to an ele-

Ica L t acove max imun wat er surt ac e. tn-place testinlg of the earth

i:r i,, 'Ca ed tha1t the& permeaibl1ty of thte earth L ining was in the range of

I ~per ear.

c,~ -. as int rio;rrced into the :.)rebay to, a depth of 25 it during

0: 'd". ener I". through Mar ch 1n 78. W ater levels in several of the

p --- -nd oh!-u rvat ioin wt- I is located in the vail ey. side bek-ween, the f ore-

t, ,rv ::,I th liPower plIant began t r rise shutlIy after complet icI. o f

h ; r;-i n w! at- or ito th li, reb av . By the ;umnter of 1 971:, the

i c! over I) i ; ore wt. I and 4 tn6f nsvea tes

% -1, - t L'ett, r r cs po nd(Ie or e x per i t, c d wati-: ,-ei

.5,-.,a rse x'-rirrc i. .1ccyc~svas considered 1<

t- -' ;I I tt 1 1d ye 1 is a Ih . A--ig hd L

111

r 1 ti v. .id
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tile Lt~bility was; tfound to b)e magnlfor conservlLcve st rengt h parameters
1ana saturated Cond itC i rs . c apipeare -, therefore , tli ng oo Lhvtrtolfu

'TnCeC stab i'it', 0I th e Vui :' di e c oi U't pos s iblI .e ep throu 1gh t lit cuompac ted

eair th 1T I ing . -1Illn uc : s o n to 1 ine thle ftore i ay wi th anP pe rnmeab i t, rembrane

wa<,r~u inl August 1~9".

a r two rk. A mij or po rt ion of t he con t rucIt or ct ",i t ie - for

L:1fIII bir- the membrz!ne lining at Xt . Elbert4, I ve C4V rc11 tvpelr of earth-

work Fo r excimple, Lelore instalin_ the membranie .iiing, the following

,,i r thwo rki had to ibe accomplished:

a. kenioviag and stockpiling existiriv riprap a 'i other slope pro-
tection material (coarse gravel and quarry. reject material)
placed to protect the existing earth liner trom. erosion.

b. Lxcava ting and processinig the top 2 ft of thve existing zone I
earth lining to obtain earth material for mea-brane subgrade and
earth cover. The ex-cavated material was screened to remove all
particles larger thian 1 in. in size. The plus 1-n fraction
was later i-,icorporate(1 into gravel slope pro,-tection manterial

4 placeu upoln the eairth cover.

C. Ex,_avating beading material. f-or the ciprap. This material was
obtiled trom the Sinclair aggregate source located northwest
of the Mt. Fl.11,rt power plant. Existing beddine was later
reulsedi as p-art of the gravel slope protection.

d. FlacLtnlr: the reservoir side slopes were required to 3:1 or
less. This work was performed based on discuss-ions with vari-

ous embreine lining manufacturers who irndicarLed that the side
l opcs shud ho) no st eeper Lhan 3 : I il orde r t o f ac ili tate

earth ccveo- p1 .iiu nn Llnd to improve the stabili ty of the cover
('I' the sliopes.

e. Suhgraide preparation. Since the membrane lining required a
very s-,7onth subgrade, considerable time and effort were spent
onl this w;ark. To set e as a bedding for the lining, previously
processed earth material was placed and comrpacted to a minimum
of n in. iT diepth. P ot compaction and to o-btaini a smooth sur-

I.etwo pesot ai pneumiotic-At~red r-I ir followed by two
InaS toS i~th a \'ihr,,ttorv steel- roller provided sat isfactory
resu 1 to-. Hand11ao was used t,.- remove lnose gravel or other

11at c Ll d iT Ch ut d l pntre t i e meml- rtale

~ t ter th( me'Tiihrant i lgWas 47nSt,1Led, tl,,. 1oowng pes 01

teriii~ wt.r~ e. irt'., t:), >e7hrane 1r. etrr 1  vandal1 ismn,

u'.bnr t 1 1 t i C, I i c d. t, 1, pr dv ecSi ' ptrotect 1 i un the

rl~. t e(
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Material Depth (it) Quantity

Earth cover 1.5 720,00 d3

Coarse gravel slope 0.5 108,000 cons
~piotection

Quarry reject 1.0 58,000 tons

Beidding for riprap 1.0 91,000 tons

'irrap 2.0 108,000 tons

-. 2 " protect the membrane from mechanical damage during construction,

'ehiclc, were not allowed to operate directly on the lining. Consequently,

,he proce,, ed earth cover material initially was dumped at the edge of the

1iin1 and tltreatter spread over the membrane by dozers. A minimum 18-in.

,_,prh ,i earth cover was maintained between the lining and the equipment dur-

inc the snreadirg operation. Earth cover compaction of about 95 percent of

laboratory standard 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. rhe specifications provided alternate bidding

schedules for installation of any one of three lining materials. These

. included 43-iil R CSPE (reinforced chlorosulfonated polyethylene), 45-mi CPER

* ireinforced chlorinated polyethylene), and 80-mil HDPE. The contractor

selected CPEr.

3,. CPLR Lining material is of three-layer construction consisting of

two equal tliickness;es of CPF laminated to one layer of 10 by 10, 1,000-denier

poieqtor s'r iz. The physical properties requirements for tiis ]injng are

given in Table 1.

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

14,C7110 sq ft in size and weighing approximately 5,000 lb. Two shapes of

Ibairkets were furn.-,hed: 20 by 7U ft, containing 14 factory se=,! n'ade wf th
a leiister 1;ot tir gun; a-nd 100 bv 140 ft, containing 29 factor,; -!a.,. ma_.c

(ielec:t ra] lv. qie latter shape was se1ected primarily icr in' t,1lotion en

the side sJ,,,pes. For del ivery co the jobsite, the blankets were arcrdi;-

folded, rol led, pallet i.;ed, and transported via commercial truck. ,'TpI- i-

mate , 9 W blankets were instal led in the fe a e, vev ir.

%
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I -. To insta iI the membrane lining, a crew u 18 to 20 laborers was

used to unto d and position the blankets. Adjiacent wiankets ,ere overlapped a

... f . ,t -oacc surfaces thoroughl cleaned with trichloroethv-0-. 11nmu f i.. , the co 't-c su fa e .hr u

eO solvent, and the n.anufacturer's bodied-solvent CPF adhesive applied a

Srni-.ur:- w:Ldtr' of 4 in. The field seams were then, hand rolled and allowed to

i cure oc oru air test ing to detect any weak or unbonded ireas. Compressed air

at 50 Isi, supplie" thrcugh a ii[h-in, nozzle, was used for this test. In

addition to air test lu, visni: iL:specticn ot all blahi-ets and seams was

. .'ror'~d by Bureau in.pect ors,

3. After the Ii,'d sea.:s were tested and iopproved , a cap strip was

appl led. I he cap st rip Cons Sted at a 3-n. -wIde, 30-mil-thick unsupported

'', ,ndeu over the f telid seaim.

)-. 3. lo Aheck tho stamring method and integrity Oa the res ultant seams

0 ived appraxtmatel\ miles o ticId seams), the fol-

-i-c sa,-.pe t were taken dail :

0 . on P. n- h -It cutout sample take. r-,ndomly.

". A tielI fabricated sample for every 1,000 ft of field seams

:rade. These samples were prepared by having the seaming crews
... , two 1- by '-ft pieces of similar material so that the com-

pleted seumi;ed sample was 1.5 by 2 ft in size.

Both peei auc shear tests were conducted or the samples to monitor and deter-

Sne the iintegritv ,f the field seams.

-,or installation on tie side s]opes, an anchor trench I ft wide by

ir depth was exca.ated at the top of the slope to hold the lining in

pii. ih , rni ;B .as placed down and across the bottom of the trench. It

t,., then , led and :'oHpacted.

I- The up -trtam face if the forebay dam was not lined. The membrane

". inling I, Lermi'at i an anchor trench in zone I material at the toe of the

* en aanne...... . this tren ch was hack; illed with compacted zone I material.
3 ( ulitv cantro program. An extensivo quai t\ control program was

C-on ,cdur ted in cnn:junction with the Mt .L]ert installlation. The procedures

R r ing tu, * r t,,r s uhit .or ,,ppro.vil certiri'-d labo-
r,,. tt,rv test ,,:rt on t1 physical p ~ operties listed in

Ia le I ton b a , pr(,,,uction (if the (;P'KH, roll goods before

t il-ri t -; b ets.

,% .; ,, i, t, e '' mc tit(,1 p! I;ots bv ue"u; resideit
* in ,,, tV t .. i, , -, n I. , tn,. t~ : t i t -, i n g methods.

'
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-k- -t A -1 V- -it it -,--.--M T-, *-1U 1- it 1( V

TII Vfl ttS S' t, t I.,- , 150 I dt ed tile shear test resl Its

t1'i. :g t i,, anie ta)r ever. (jth blinkiit for testinug .nd
3 <iat t ura t) latirx ii Denve r

Ai 'e tetir ii ijctorv arid field s eams (involving
ItYil r A iEt uci'.41 mirles oi seams)

.i-iv rTp I i ng, and t es t i iop o f I i e 1 ( se ums , andl vi sualI i nspec-
;1previous lv descrI-Lec' under tile sect ion pertacining to the

0. r e,-ci ion. fnthe dl in thle spec ificcitions toer this work was a

1 .tCf~c- aran';period on the membrane lining. '1o mCoitor the

Ic~ !c I_ t fith I in in6 dur.'ng thle warronty period and for long,-term

c 'rlir o.->s, a2- bi- 10-ft tpest s ection was installed in thle southwest

1 ~ti~ ~ selected to aillcw easy r trieva cI fhe samples

t r~i e ip tr io c, 'euI ar s. The test lining wais placed oni c ushion

o1 -,[dIove a. i s c rate t ron. the main, lining, thlu:s precluding thle need to

'tj it L 10 i LU.' lining; to, uIltain samples.

f! mi , i ions of tuie te-st scect ionT iz 2 that tlic reservoir water

WiI iljd\' tLes, to both iues cl the test membrane, and the actual effects of

stresses i i 1 2ed into) the reservoir lining during installation and opera-

* crn will 11 nt he. refle~ tt 3 except fo-r freeze-thaw cyclinig. Al.-;(, thle effects

K !idriis't.U ic nlre 41re prle 6 enTI in deep par , ot the reservoir will not be

~3  "'he t,-st scctioni Was.. flold fabriocted .ito cre lampe sheet :ind then

CU' tU P Ip a tte eCt U as or p)e r io 0 11 amplI i y. I ,h sect il cor7taires

v bot 0'e L t,)rv !T,.(l an ic J seano),, both c~:aytcu ano cpp:

he 1 hSiil propertyl tet!ts lis;ted ei'are, bcinig ust:d to noiu

7!o~o . the: 1 ianicg . These tests include:

J.i',oto tic ro!si stance usiii,- thie .Mui'.en Iurst (Aa:I I-

n t rdr I U

-StN Z4 acue eitch iren me t )I'd , rvp

iiL t .i I uo.ja
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-or t ,e ~e am- s the no 1 owlInv ttents are I e4ie rond(Ii:cte d:

qo. - , trenoth J- chear 1 A, TM V -T Iir.d!e Arperid-, A

0 ' t i, It~ TM>T S t: T vT 4i 47 I e: in, Appeld i >A

sy e a P te Or 7~P '~t' O 'T a e;1 r<: d IrI r t h ~]e -e Ar

A' T 1t :T VI. I rernri-n~ her~. roenarel' i-rfinriz'ine- the requilt , o'

thre Iih c rr t e t

C ~t H1 ~voir- is loa-t edI3 -i lIe- ,-,nkthiwet of Hl I iscter,

r!, a 'e - 7n-''t ed InP t 1e talI ct f- , the r es erv%,o Ir w IlI i mpound

ir' ?le ot : wt er T- r m unr. ip 1 Pd i r r i git Ion purpose s

e i T te - t -_cor 1 ood :ont rL pu rpoePs ( C% gan Iewic z IlqJ F

J, he- 4w' r Wi1 1 becoive an rf i re:4,-m regi 1at inv fac iIi tv that

ci ~at ort e 11 1 emhankieiit on the wes t (climh and north

r. r. aerer T'he re se r,,,I r wi be 11,C t j1 Ie pr! re Iease s will

'0, il 2let-rfltr let wor' loc)ca t ed I ra tu ne I through the eas.-t side of

r :'rAT. etrMrCet c': P p71C Iwa 1 I ocated n e -3 th Is st ricture and i s

r I" CeA Wl-c 11n ca r d J! i a In-,t ove rf I Il in 2 o f th1 e reservoir.

;e r;- ;,rie ictod'c rf ci e;r sand are located within. the reservoir

cit. -adt Tn twoss; of water. the increa-ed seepage thrni:Pb #-he sand

e ',)-" tthe "t11 t i a1 t or I in d i id es onk thk- ,(,wnqsrea,,T portionr of

A' tiro eawhich etc 1 ise the re'~ervni r Cc'nqenvert Il%,, the decision was

7a-le to in-t(i17 a fle'dhle membrano lireni over sloping portionsz of the reser-

1 llnn tln irp e ervious sandc iec n f latter oreis- where natural

ia~er-: ft ' coesthe s;indbeds , a Qcipplpmental 1 -fr- (minimutm) thick

e art 2 1 1;n et ni c 'x was placed In 1lieii of the tembraice lining.

*.- r t v pt of t I" w (rp I ncluded as opt ionsz 1c the speci f ica-

Ii a 4' "lie c' tltraito tin e'ected the 4rl-mi I il*-A (hlI-rdensitv

ot'-'eil clov) flexible membnrane llning_,.

c;.~rex (1(1 I~ I' o tEi lh-A T- t 0TII r 1i w r, nt a I C'd

6 'tt
1 In tho e;j, (,ir ci to. Topotect tic", rttnran rt h

o w-o,, plIa c e' o ve r i t. The Trrotec-

;-"nprvl' i ' eirth il rover, in. o* beddJingV

tI ; I'TfeTt 1;. ThI i-nctal mat jo' wa' r 
1  'le

910:-'' b,

N.
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S2. In Feoruiirv 1 9801, 2xtens ive r.I ins raused some si ippagwe of the prol-

t ec t v e c(ove r a t - e ve o c Iaca t ions rt, s ii I t 4 1i i -i pp r ox ma t el I , 0 0) sq( yd olf

ining being e',posed. Sp ec 11i ca t fn '5K T1 oilve been I ssited fnr the

repair of areas da.,maced fror- tle si ippaizYe. Che repal r work is scheduled to he

C ,' I et d in ri t1e 4a 1

-. Re~-earch Act itlee

'% .

a a. F':a 1Lu, t i ~rc Iea posed menmhrarcI v i nus such is CPF , Hivpa I op
'7i-~ Kiy ,0d cr use canl i ninri con.truct ion.
These Trterizil- 2re hei:r st-udied ;is alternates to concreto and
buried vnerv'hcanP liomei 1-vtoms., Two siTres h.%ve hpeni identif-Ied
for fleld test 47-z. Thesqe i n CI nue t te M&1) Cani 1 I ccphr
Pro;--ct , Colorado , n the 'White Mo cck Fxtension Cnnal , Court-
lanci I'nit , Kansls . 'Ihe pr,);ects h-ivk indicated an interest in
p prcv Id 1n; laho-r ind equip-1en. T,- lrt-all field studv sections

I~ ~~i Inn , Ief;1 -ri!:ni;1 asist'ince can he pronulded by

the iE 1 enter.

K) 'valuat ion of FMI, to co-r.tro I 'idri I la and other aquatic weeds.
A lield tes t instal lation was, Pade in August of 1982 on Wiste-
ria l--teral Six, Imperial Valley Irrigaation District, Califor--
nia. This te~t installation w1?l provide an opportunitv to
study shading techniqueb -or controlling hvdrilla weeds. .Im-
ited studies conduicted by the USDA (U;S Dena-tmert of Agricul-
tulre.) using 4 -mil 11PF shn,..ed promi'se.

C. Fvaliation of hottrm--o-nlv lining tor seepage control in irriga-
tion canals. tdocm'ilts oc recenit stidieq on the use cli bottom-
cniv membra-e 7laring indicate this r-,-- Li_ an effectIve low-cost
rietrcl ), reducio ramal ceepa 'e Ir laess!;al -oil I in those4
studies, coniducted n the 'Farwel [ 'nit ini Nel-, aska , a1 roduction

c'5 er:cent in seepagc wa::s obtainedc when 10-mil IPV"( lining
was instalIlIed in the canal invert. Additional studies :ire

*needed to verify the results and develo;' guidelint- for deqign
7ud nonst!-uctioi aceoc Iat P w it h thIi is tx'pe of -erbrT-anTe Ilin"ig

*d. F ~I 11t i a of F"' Or useI iT: the (-ons t met ;on k te:c. nr', or
ijx'.liarv .',pl,;irn e rtir, n'-im ol w"'-tcw % i t
(, i Oct iv- of th ist st'ld" tI £v(, p ,-( im1nar-. aqf' ose ment of

to o r. T f fesi. h ti rp!r,-i Ch c uP 1d to aI Jw-
oc t rcthod!(, -P pr CVii T1 e dP I I !1 L M,-r V rr" TI"e

c'Pci t v The -rrcnt s.sK i- I it(O low 1 -, oncrlti-
-al , -ir emb:i-ikr, A\ 1 ( I n t r Ii 1 'c rt o)MN olld

!). a, bn hear Pro j'-C t oriho,0 e, 1iP , 1

c ornne ct i n,- wifth I the r o r r i i t n dlton
W'ilwav i !n 'o-

% Nt ob



Future 1kork

o tp- li mod~ idf iccti on wor# iir !:ictola Pic k-Slonap

Ir Fropr 'm , i i 0, 1 'n nt , So utV1 Tlako,;i. the eyfict ln damt and

IC~ eK ]!t a it!e t wil 1e r, i s ed i ilcvv'; t , cr n cr e t

e~~e: Jl im w!7 ha maix:or lie i al he 1 t r: f and a

-tk~ h -mr ea~h t Pn d o k-iec; w i a- r-' 'r~rhv~ crest lenoth

-isfl 1 1T<l('twl if-, :tio the ins:tal latio-n- ot f flex i-

T, i ,:I c eo te xt i il ckino, ai-d th~t T1 emo cf rocess;ed

l 1- T,. r2'iC ~ The pu~rpose ot the 1 irilng is to reduce

i n :c c11side ree dais the waterproofing

e' Itit ' t to i-) constructed! as, 'p''-t of the new visitor

ma rt era Ito- been u ;cd in tunnel con-

f T~~he inst a la t (n at iioover wil h e the

t~ tic m~e1rrjnec3 I the Tl-ueau scana ln I ng work con-

- i e t rjce AH I t i I Ii-sta1at Iions aTre planned for the Garrisoin

r, fli kota aT ra ,,l ev t' mit , "c, Ioradon The latter ir-st,1l la-tion

W, *.. rr Ct ol!C Fiver 9B,,sin Pal Wntv corlPrcljecc.

Ret orences
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Table 1

Physical Properties Requirements for CPER (Reinforced

Chlorinated Polyethylene) Lining

Property Requirement Test Method

Iiickness, in., 0.041 ASTM D-751
Minlimum

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

Low temperature Pass ASTM D-2136

1/8 mandrel

4 hours at -40'F

T imensi anal stability, ASTM D-1204
each direction -'12'F, 1 hour
percent change,
maximum

4Bo'nded seam strength, Exceeds that ASTM D-751
lb, mnmum of parent (modified)

material

f-vdrostatic resistance, 300 ASTM D-751

lb, in 2, minimum mto

Breaking strength, 2CC) ASTM D-751
7b, minimum grab method

Illy adhesion, lb/in. 8 ASTM 0-413
width, minimum machine method,

type A

48

% %Wi% 
-,..-..',..-.e,? ,-...-x-2,,,.,:--



RF LUDiA DRA:NAG. MEASUR!-K

W a!Ler U.Sherman, Jr.

luldttie 'n iversity

Introduct ion

~.Earth d!am-s subjectedI to deterioratrion as a result of percolation

and, or internal erosion nust be sategualrded by prompt and effective remedial

he as Ure-. hest measures tor the most part involve either impermeabilization

(wate r right enin,) ur d~rainage.

The usL ol embankment and foundation drainage to provide for the

tort'roil cc exit of buepage has long beet. as, established practice on Corps of

c'-ngineers iCE.) dams. The type and extent of the seepage control measures

employed vairv widely depending not )nyon ;ite specific conditions but also,

on the age of the dam. Remedial measures usually consist of restoring or

replacing exist ing drainio facilities which are considered inadequate or pro-

viding ne- drainage fac:ilities 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 slih increase in the quantity of underseepage.

3. In a recent (1984) repor published by the International Commission

on Large Dams, a review was made ot various remedial measures applied in the

cast! ()-' earth damc; subjected to deterioration because of seepage and/or inter-

nal erosion. Where the problems related to the foundation (131 cases),

* 1'percent o: the cases involved some type of impermeabili~ation such as cut-

otf walls anid grouting, ad31 percent of the cases involved drainage. Sn

ilarly, where the problems related to the embankment (137 cases) 23 porc ent

invnived impermeabil izar ion and 19 pet cent Involved drainage. On the bas;is of

*the aho';e:: it appears thdt draindge and irnpermeabi 1 izat ion measnrle , are of

e, approxinite ly equal importance as remedial measures.

4. 1 he subject report deals with new and innovative tcmed idldiaae

Tmeasl,rus for earth dams and their earth I otndht ions, 1'Aiui, sub jected to deterl-

* ration by seepage and/or internal erosion.

04
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Foundation Drainage

For -17 fm founded on perniecihI e f ourdat ionn s t raita. cont rol o(f under-

c e tid i oniB-. up! it t pressure-, Is o f pr ime imprt -nce. n many71

rh'c i reen 'iccom-! i shed ;uccessf ul1 v bv. the usie of pressure re

zel I< the dlowns-t r eam to)e . Y'ost permneabl.e foundationsi tend t(, ho qtrati-

ied' withi the permea-ility in the hori7ootal direction Tsi~rmanyv times

c i r hovertica, directioni. Thius surface irains n-o Tirr v

* oct ir in reducing upli I t pressures in underlvinpo foudat ion stratii

ri'saue e .efwe! 1 1 have proven to he very effect ive iin the case of deep

:rrrti* ie, pervious, 'ourdations and constitute an Im-portant remedial Treasure

"r ,-or .,hfere excessive fou~dation uplift pres-sures deve-lop al onc the

-l, -j ofe - edr-i~r n.F eIr

Itueo press ure relief wellis as, a rem edia:l m itr nC at

* ' cts (!h'tes : corn 1942 when wellIs were Iostil Ie,! :tI r't Peck T)'iTm.. Du r -

ti reservoir, piezometersz qt the do*.r7troan toe:'ioe r

-~ -* of c; ut t abv round surface. A larre ca nd Ihoi I also

i.>~ eY eif wells I we re kinm d iatrelIvy ins tali e d, and theP PiezoMetric pres-

&~'Tred ) Sin as t'he first few wells were put into oTerntioii

.hel~fi-el'sare anextreelv versitile. remedial meaue ferr

At Tems of rtept i ug seepape i! Bleep pervion- aquif ers Tlie use 01

vl 's -i a ; d on ,seepanPP con trol1 meas:-ure on I evees- and dams is well

shed , and. t coqs c ie rih IF ex pe r Ience i s aval abl 1e re gard io tht-e desigr ard

* "-t< lo f r fouchsysems Threfrethe"- represent an f'cel lent remedial

--eaq1u-0 where it becomnes neoessarv to control lunderseepage.

" 'he use of pressure reli4ef' wells to increase the rtailj it\- of -an

* ;embankment fs demornstrated! hv the experiences at Smithyville PDa m

(1P r'Il~e ')v kLb; 1erp et a. (i1 0i. Becauise of uncertainties rezarcin2

ran'--r tahilit; it high pool le''els, a series of' four-I.ia e1 s

wr e "n t I led -it the em 1)oiirme nt Poump fne hos qE- C.'e~ Tc'u tI I n a -,

O ~r :c ri-,Iwn W1 1f f IC In (to* lc r f.%e th f, facr oT aft' 0 r th1 r ec t

fio o iccTfh( ple 'irp hwelov' 1 'u"l requircd

iT' ~ ~ ~ ~ ~ L t5r'rvirpe1riched! _- certaiin le,,-! was i-~'e

V'1.y s. .'ion. A o''e of pe r-' ire -rt ic ef v~e i r. d- imn2

et%
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nto III it1 ec torT nipe, w-is d esipned oPro%'i de an ad equ ate factor of

nr led ,ride open toe treniches of vorious types are commonnly,

p tped t- r (1r aeni -w,!t er level at e la n kme iir toC)es. Porous eonc rete

s I a 1) or wi rliouit ani underlvinp i eroi have heen used for shal low depth

-. trilies. ltr, oreater dopth the tronK'i Is fille(d with filter pravels. Wt

rac :iiipatc2d I I ws , perforated collIector pipes with~ 7nanhiol e.- to iperit

r-p:t i orT and fIi ow -reaslliremont s mav h)e Lmploved.

I cy. \ n t rencli drain,- :it the downst rearm toe of tri daT are I re-

- 1tentx "-Itsed to tac i it ate the esrape of Sl-al Io OWSeepage- 'aTi to0 re'duCe IIp1 f t

re s sir es . '1hev ire part j cular! y eff ectiv i% In prevent i ng -itr-t .i alo I(ng the

-,,,-ns t r-e a 7,r, oe n drains at e less eff Pctive Inr ca ses where thie fo-unda t inn

1 e -me-h 1 - v inc-easec wi th depth, or where *1he fouodatj~ion is s trat iied.

I OfC speci I interest is1 the case where the downst ream f iuri at ion

t trot a a re cverlain hy an imnervious or semi pervi ous hlanl~et. Trench drans

* ex-e.-ding throueh the blainket o)ffer a means for reducing foundation uplift

- Vressire,, providingr the foundation strata are not too Pervious or highly

- stratified. Analyvtical solutions for flow nuantities and downstream uplift

pressure for horizontal and semicircular trench bottoms are shown in Figure 1.

Thep solutions for a two-laver foundation are given by Barron (1953). It was

found for cases- where thle lower perviious layer is somewhat more pervious than

thet ,,nper oervious lwz.er, the efficiency, of the drain is seriously reduced.

I:.1 len the foundation strata are senilpervious and no topstratum is

pre:;c;e t pa*,tiall IV enetrating trench dcinq may hne employeC. usuallyV c-rnected

wit the 'iorizortal drainage Tblanket to collect seepage. Gradatiorc- of the

drain. materiatl- ice hase.j en CE-- filter criteria. ihe drains are usually po-

I i~Jwithi perforated collector pipesz connected with gr-avitV ouitlets. Ar

exampTITle f) tlhis tyvpe( of toe drdainaIge system enipl oved at Coch iti da7m is s4hown

rmire ('V U~d 19fl . e Col!ector Pil)e il-o cc'rv.es o :l>crfr

t:i -mr re7~ wellIs.

I h rfetwoe~ o" teep drajins' incre,-Ie.s as., time dctth ilcreus-!

- r-'li ro ... Ist o rq f -1 (,w,-,t ir] ; "; ovstr. M 1)' d r,' in enro 11('I ', rco 0C, 1-1

e mi~e wi t' nut Ile ts 11t, w e evit ii i n orde i to he e f (-et:0

I

%
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A 7nethod far CoInStrulct inp deep trenIch dirains. ccor IeaI'. las been

:der,- hife vd r:he i ran'.' engineer,. I onic ( I zccse cfn-

t 'st rcnch, 1r -i ns tl!ci n a s t :r ch sl1 tir rv ton s opr t 1i t_ xcn:va t 'on

'''' 0~I the fi telr s,-jTd b-kil 'tesac ~c e '~e d inT

* L1.- -~troL)1og ica 1 action tlhus crent i Tg a drainlo t-l e rea(I.rC e

'ore r suc , drin were c ci ruc t .- , - nor t 'nn

w a.l 1 . A m eth11od Jonr const qr ruc(.t in ! deeP t d ra in 1,~ P ~s,;
r 'ye .o, h t ben d ev eloped b v Ba cb1,v mn t e rp)r is c; P ran- e . T n etoed

n. fc Ic ir e t al . F I ) h as b e e i us-,ed t o constr-ct d r a i ieg e t reniic-hIe s

*~~~~~ x nisc ' c >f.Fc avat io ~pane sect i oli are stppe'te by, ;

d 1e urn - Ii ter Tot e rio 1 is p Iaced In 1 ave rs threnuk h the a 1 uTrv,

C iI ac ted ,i s i o rm ed pa ne I un its, . P ro c edu re P e el iU ee -

r a j ,It In an21il 1d Ift t inTg ad-ia ce nt panelIs to proviJde cent nUOLIF Wal

r drm in . The e :fectiveness -)ft the Uirni 'I i. e e;-. r 4 ed by' fieId

11reLi At l east f ive instal In a ions bo~ae bc-en asd ~ of 1 98( aco ording

, ot~'r es ,who cnsider the drai n wall1 to 0-e mo rLe ce ot %,e than

1c- T"cause of i ts centi mius nature. ':o in fe rn-i it a- a i cbl on

r,: er ist i r o t he bod egJ.r ad'a blIe MPe G': P

Pi re Fabri cated drainnpe panelsq. Pref al-r i rated' pni- 1 o f T,-lastic- are

- ~ ~ jj~ '['I- A I hchhv been supgested hv -manufactiurerq f,), pot rt i al use in

.0ta f urnderseepage . The panels general 1v consis t r, plas tic ca)re

s.:!l acn of peaks, o'a" I e;s , an! water cn noie wi ; !'r c1eo -

e ofle r ab rl' The fabric allo(-ws watrer to p Is re-cI v fro-~ the srill

'rl.' The Oe; support 17og ca~re pekand to ow a-in a ml channels

U, ITd p-lIacement ( fully wrapped, one slode (inly, or -,r ociotext i Ie a t il

f~tr ! abr, the 1ph,'s icalI d imen,:zeros (th icke wid thi, a-nd 1lengt-h)

*j tov and nrubn srnti of the car:T.qtre e -'at er 1 a 1 'e y Iin 0'! t o meet

* cc: '-omet S. le pe rme-b i I i tv o f some rain,, I is reput ved to b -eran

S'ed rdepthaj ulp to '( ft and wihlateral pre~ssures oB f 00 p f . The

ehnr ev)prirnari 1'.' for the(, reniuc(tlvn o d~ttrposrs

t.ure(1s anId helr rP fiN i2 a I a '. P; Zoi f -t i marlc -

i d t- 11 P'i * t' the T)1 Vae ov not usT ied r,'1 ia:' T:.';'A 'I t 7'no 1

*~i: 7!' '' r~ m~' ii' nporti t lec' rec i' ' I' e otT

P S
"4 4 PWd



The p -- IhIIlitV Of 01- f ilter clnogilw vith Fine soil pcartiCles,-, smearf-)P

e ff ect s cau a bv inisua I 'iat 4 on, a nn permai'i jit i t cr aL er is t Ios SIn t he t rans-

,; er-;e I li ix ialI d ! ert 'oris are faC t, rS -hi ch may a ff ect the ! r per formfan( e . Inl

idion to tatitler I abr-tOrv te'' I Pie Id t tFtc are nee-!e. ro c-val 1i~te their

*per. or-7,rce uiadr lt oond it itns

I. Frhankmenr seepage may increase dulrin the I !fe of adw- !or

a :r cry of reasons. Crackir'g of the cl a;' core IF usali h- pr~m.-rv cause (,I

r!n re-ei seepage . Excessive qeepage t or those d,:M'. whir" d( not emp !ov a

0. ~~Vdrain is u sua i lv do nor Ce 1 v wet cots or si ouk~ln) og of the downs- tream

p)e -h sel ection of ;a remedial drainage systremr dependIs ,:i P~ ma Rr. I r I de

t ea P~ gome t r,' of se e pn fe at-. Ira -Ti(! conditio-n of vxis;tIn2

ci -,lra 'e f,'i It f;es, an(' time Ind f'indino, a'aa e f( r imnlemntation. : ra-

i- a' ueoroo seepave nov he a d I f i~ vi I r ne-ronrn.;mi T p robter. wh ich

m~~t- -e etor ,de-signirc an dnpropr fat 3ecagye control midutre . TIAF

to specially; 711 e orolder dams where godcons;truction recordc a he

P, u. with to ln'oriAl drainage

I. (de ,ca- with r-to interval 'Irainnace sys-tezvs, !I sithiert to eubsh~e-

Ien t C' a Ckingp, ju 1.( he sub I jerted to unies;i rahi e t<epage. T'nde- such crndi -

t lc-o, the rno .1 ect ive apTrorarhi, part ic-ilarlv if the embanirnetnt Is o.t

I frt- t ho104 15, to ->CO aittz tne down t reamr port ion of the dam and incorpo-

r rte P h 7q I ota drnI ul irnket aiiA chit-Inov dT iin. A mrore co--

soiw THn cr5;i-srs of treitching nea-r the ixis; -+ tf damn to the o'pt>. ol rci

* -In4 uT lire the1 treurlij With I filter material, and prov~iding sttitahle outlets

fit i-rtervai' Ia 1 he donnstrear' toe areas.

0 c 1 !C C nqer itir1o- :e rviot >5C r'nnst rc t ed a nrrlor of Ii

hu w'c v Iu (-n'u a s~ lr., inT \r 17 -:1.. T1!e (1am-, c Er i

-A~~~ -ri' 2 5 ': I t , '1( ot Tr) x'ft-d Wi t'I seeprire -mT olI me~ 1 as r L.

~ ft. rIiu re r e"- a I,: thatf .rpear, to' I( aso tcd with des

t i I rd P 1 em ed a ;I I iir r, TI-;i teI
2.~~ Ci -- r r ia us ol'a t: -

ronai I vi t n-a to' rV c, -~ .- ditre Aep V- :fal

~~~ I -I C rce? :IT 'abn tIl di t I th 1) .

wS
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it' C - 'oraaovel I ea 1,I C iler. 1T! d ez i ci see Pigure 3

"t travt It titw thie ti i ter. !ie cri tflictioI is, lea

irrt i a he > i~re L~r :e ss 11,r vU 3 t 211 he~ight 1 n7d do r. t 1cetain a

e ,Xe L) L n1 the evel- high inoIiL\ a;.trs

ide- e arth Ii us which harve hor i .... tua ,, irI e b] nh but nio

I i r Li , through) . eepage mcbe intercepted 6v inst a iliro VenI ical1

-w-,s ran L2, i ii iie Co'r e wh i Ch in re r cep Lt t ex istjig dIral Liage b Ianke t

r 'U.- t ve~ vertical dra-i ns ha ve be en duee op e d p r 1r. ix for the reduc-

U:' -;s pore pressures in lira grained S L)s, J aS may al so have appi i.-

P 'I . noti n embankuaent seepage. Si gal: icant adacshave heL-n

I a theL develoapmen t o! inst al lat~lr ion i:-. n41' t alnd uiat *.ri a s used

i iic_.'m dris permitting, installations to depth- wf o':etr 3U i m i n a

r raLit es in i.05 exce .f I m,'ec A summa:- 1) pr: a i c al. f ac -

c.............: in: th 1 t i gn ,p vr o rman c e, 1ld osts ' vertiCal, drain-ge

..................... 2 otps L' d rLi 4MInst Li at con i,> ai: tradlitional

C~ni.cs ~r'I ; of Li. ten sand r op i ked in geo ct ex t iIe

7% anIn, ae d inT p Cer i IlIe d hole. a wrar-pe'l 1 ctxibie pmpc-s

e:-. e, u zau a I corruwated p las tic pipe surrounded by a geo-

n t 11 Hi .,v 1) Laa nn uch I nSu 11S C e -dra i I:;lN( nA i id r-;n . Th 1e

.............- gr e ra I i TIS I isf C I m je ) pe lrnWa b i Iit N to be considered for

1 'j U e c t o: in :iv. eartl, dam.

I he Arrm i to Dam, a 2-mn-high e _mth fii I dam in Argen t ina desc i ibed

t11 48 * ws ser-ved to liave ::reas, ot seeag the don-

..............rt- lamn '~rt Ih i 111lIi ilmpenuTdMent 0 f t i- re str-,oir aesp itLe the

....................... :nh'tah La h'r trl 1r1:g t~ler wasc coi-Icluded from

Ic dItl t Ii t hei, W.'- t 1i-:elv cause: at see-p-ge v s rae', Pnt-sur-ce Ot

Lie va o ex- tuie 'rw-tor ice.Smi! enre

e r' 'io 11 1 Tt .1 1 "-t n' d t

I k
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24 i app!-oc>c to p rov ic' add it ionial embankmeuit d ra inage is be ing

carrieo o ut by' the CF Kansas City Distcrict at Kanapolis Darn. The emihankr1Cnt

ascont>tr'icted as a !Somogenenl,, soct ion with a downstream drainage blanket

*vi hwas [Lui d t ) be inadequate wirlh respect to iinterception of £hrough seep-

* ag. Kvisa Clv Dstrict is currently developing a method for instolling

v~:rI ~I iin;near t!ie Lop of the tembankment, which intersect the existing

-draiir Ia:tket. The Irains consist of 10-in.-diam holes filled with a

* § t Iitillya geotextile sleeve was used as a li-ner but was subse-

Climl.. niated. The drains are spaced at 10 to 20 ft and extend to depths

C T'tCvi dtsign anid c'onsrruction of the drains were deveLoped on the

haIexperience2. Data are nict yet available on the effectiveness of

toeJL wi n cor.tiol. of the embankment seepage.

* ~ ~ r i'rI r 1catCe d d raia pnl

-5 ref thrirated drainage panels installed os chimne%- drains would

* ~to riavc aie erit in the case of small dams. An important advantage

L )el tri t flow in the panels would be under gravity conditions to outlets

at the toe LII the dam. As previously noted, considerably more development and

- t:-sting are required before the panels could be considered for use in an

*.m niankment.
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Table 1

Typical Prefabricated Drainage Modules

Trade Name Manufacturer

Bidim Qu1lne Corporation

Eljen Drainage System Eljen Corporation
,nkadrain American Enko Company

Filtram TCI Americas

-eofab Mercantile Development Inc.

Ceotech Drainage Board Southern Ohio Foam

- Hitek Burcan Manufacturing Company

Hlydrawav Monsanto Company

Miradrain Mlrafi Inc.

Permedrain NW Fabrics Company

Tensor The Tensor Corporation
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~EMBANKMENT F/LTER 3 FTt 1uz-WIDE
TRENCH FROM TOP OF DAM TO DEPTH
C REA TER THAN CRA CK.'NG. TRENCH/IS

______ __ ILLED W/TSAD-RAVEL FILTER

DRA INED OU TL ETS PRO VIDED
INTERMITTENTL Y IN DOWNSTREAM
SECTION

REPAIR MEASURE FOR CRACKED DAMS LESS THAN 30FT (9 m
*HIGH USING SAND-GRAVEL FI L1ERS

EMBANKMEN r SECTION EXCA VA TED TO
-. FACILITATE TRENCHING. REPLACED

W1 WTH COMPACTED FIL L AND
/ SAND-GRA VEL FIL TER IN CENTER

.9- DRA IN OU TL ETS PRO VIDED
X1 INTERM1TTENVTL Y IN DOWNSTREAM

:1 ~OFT(ai)SECTION OF DAM

k_ --T (0.8 -m)-WIDE
TRENCH FILLED WITH
SAND-GRA VEL FILTER

REPAIR MEASURE FOR CRACKED DAMS OVER 30 FT (9 m IHIGH
* USING SAND GRAVEL FILTERS

FiF,.re 3. lRemeclii seeonipe control on CS, damns

% 6
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USE OF TI!E HYDPOFRATSE TO CONSTRUCT

CON(RETE CUTOFF WALLS

Jonathan .1. Parkinson

Soletanche and Rodio, Inc., Paris, France

Introduction

. The OI.ETANCHE 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 whon the need to provide deep underground parking garages in

'Paris., France, led to the requirement of installing slurry walls close to

ad cent buildings, through varied types of soil which frequently contained

hard limestone layers up to 50 ft thick. The traditional methods 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-

licallv 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-

me:;t and refinement since its inception, but the basic layout has remained the

same.

Desci'iption nf the
machine and mptL-od of operation

3. A HYDLOFRAISE "work unit" consists of four principal components:

* Heav duty crawler crane, 100- to 150-ton capacity.
9 f'vdraulic power-pack.

* HYDROFRATSE itself.

e Slurrv treatment plant

4. The HYDROFRAISE consistF of a metal frame 50 ft high, weighln 20

to :5 tons dener ing on the model (Figure I). At the base of the frane there

are three hvdraul c motor,-,.

5. Two cf theqe operate the ruttln', drums, one motor heing !,uilt into

the center of eacr. ,rim (Fiwure .)). Tho 'zt ed of rotation is slow, ahout

I0-"2 rprr, but the torque 1.' qufffrient to break up all the soil and rock

%.-" """ "-



~-:. ~ ii': Ldr~ trench eovtion. I'ie drn e. 1 U I r: :u t e" t

I !ie rot> c I wear ep 4 iii 0 c 'C, I- S 0i I- K.

.ie t h Ira hivdra Ii !,o t cr ope rat I p ec Li urt c1 cCi r ai v

i S t ibove tihe :ut t er crum (Igu re 3' fie J ri. i e I CII:-

rnii. Itle exc a %: At e iin t eri1alI t owr ds the 'te er C' ; Ue :1:1

1ho 2 u .,-rts ta&-rds cte I ,.'ef- crit ice otf the pur<.. . i 1 11L i i' i:-, lv s '~T I mps

1 O0W 0 t >Or.tli t e SIU'> in- thiir o uohI t Ii s Lnt i c e, up Ihr,,u, e to the

sr -17 a')i thlenrc e t o th1,e de saii(i ag p lan t. AlI thie cxcav. atse.il

Et l is os cvnoiing flow if slur rv and!c thus removei r on t,--h e r-a :- tile HYDRL)-

iF\lf ex c av US C 0n1t :i1,u -U s Iv LIownwa r ds un tilI i t reaches thue recquirec depth of

f . Fhi :,ii-re~ra\'ul systemr is similar ii, pr.no 1.pt t,,, the reverse-

a ' t k7 t UM used On SOME ro~tary, dri il in ri

.screened!,antcnite slurry is- 'e-4 aer into thie too) of the

re -' c-: Sate for the volume pumped uut di-i 1-I It ue increas, iiig t re 1th

1)'o w Lr pack i-S i! ounited on the rear c" '"1!erai e. Tt is diesel

p i d ie ,hyd rau I ii: powe r tfor the t' hre e cn t he-ho e mo)t ors.

i~ilt jinto the :m'~c nrt of the 1-Fh.I .CAiSL i rri there is a

.u-iI' fed (ICII i T.c r Fiue u he sur'port cale !r071 tile ctlite ~5cozI,

toe: I ' toL ath 9(~ ,wit and. not directliv t., the t41X'FAS frame.

I-e t ,t u0:1'c thics e tYice to control the el fect i1:e weight u--t hie HXRO-

Ilh~ :ef orce o, 7- e er t ic al i-rta. t -1onT at t base cfthe cutter

;r tt :wtrour 11 1 a t h~ t-ax imuino. we i ht of the -ac it- is irobi-

I. , a e:Cjavat I:, ,;C muitrials, the weight can 'he p;artially relieved

'at ~i exco vat in r..t a not e'.xceed the -apasi t- otC toe spoil-removal
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11. Tn 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 lateral width, i.e. the thickness of the panel

being e-cavated, can be varied by changing the drums from 25 in. (minimum) to

5 ft, which is the practical maximum. Operation depth is usually up to
f00 it, but Pre:iter depths can he attained to suit project requirements.

Excavation Performance

1. The upper liit of rock hardness for excavation with the HYDRO-

P FRAISE is an unconfined compressive strength of about 15,000 psi. The excava-

. tlon rate varies inversely with the rock hardness.

13. The HYDROFRAISE is also extremely efficient in excavating through

-oil. In dense -.and and gravel or residual soils for example, the excavation

rates cai re 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 bard rock. ',%Then these have a diameter greater

-" than about 4 in., they cannot be crushed or be removed by the spoil-removal

system, and the HYDROFRAISE is 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 significance

for urban-type slurry wall sites, but it can also he important in dam repair

work where heavv chiselling during excavation with conventienal equipment can

cause vibrations that are undesirable for trench stability or can fracture the

rock surrounding the trench.

t6. 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 excavatinp rigs, which can cause loral instabilitv of the trench w:v1ls

in s me cases. Confirmation of this Is found in the fact that overbreak is

cons ider;il-v less with fHYDROFRATSF excavated cutoffs.

'rmarioii t nesand inK

u., se of the refer:--c circul ation principle meanii that te hento-

nite a I-rr' Is cLat intinuslv de-anded and the sluriv in the pane l being

W%. 6 .- IK
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ex. ti concrete structure at the point where the cutoff wall contacts sucb q

t ructure

Also, when the cutoff is Irstalled through the dam core and into

the roc" lelow, the problem of keeping the excavation on line at rhe abutment

sectiois, where the core-rock inter ace is often steeply inclined, is solved

the HYPROFAISE's verticalitv-control devices.

32. Another problem sometimes arises when the alignment of the cutoff

intersects existing steel grout pipes, or concrete dental work at the core-

rock contact. Tn both cases, the HYDROFRAISE can cut its way through the

r., <i]s tac les.

'13. The HYDROFRATSE can he used on any cutoff wall project where bento-

T te slurry is used during trench excavation. It has alwavs been used on con-

cretp panel-type walls: either normal "hard" ccncrete of 3,000- to 4,o00-psi

crtrength, or "plastic" concrete of lower strength and greater deformabilitv.

There i no reason, however, why it could not be used for excavating the

trench for a soil-bentonite cutoff, where hard ground or other considerations

Avor its use.

" '. To date, the HYDROFRATSE has been used to inctall more than 4 mil-

lion sqc ft of slurrv wall worldwide Including, in the United States,

p. atebhen Dam in South Carolina and Fontenelle Dam in Wvominp. Tts continu-

r> :-iprovement in performance makes it suitable for use on more and more

7rniiects, especially those where its unique features can be utilized to the

% . ......
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Figure 4. Plan view of construction sequence of

a typical five-bite primary panel

69

JJ.

% %~ % '/.- *%%~* % %~~-1~. ~ ~ ~



QC-r

COC
LU 0

cc)

AC

LAJ x
kQ.

cr, r-4

70

'VI



JE' GROUTED CUTOFF WALLS

G;eorgio Guatteri, Paolo Mosiici

Novatecna, Sao Paulo, Brazil

Victorio D. Altan

Suelotacnica, Buenos Aires, Argentina

iensions :nd Physical Properties of Soil-Cement Bodies That Can

% Be Placed by Jet Grouting Methods - Recent Developments

Introduction

I . Jet grouting is a general term which can be applied to any construc-

tior 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. In 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 mm), which are located at the bottom of a

single drill rod, which is depicted in Figure 1. Because the single rod is

.r% 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.() meters in sand, and 0.50-0.70 meters in clay.

3. The other jet grouting technique developed in Japan about 1970 was

terned jet grouting by its originator Yahiro and Kajima Construction Company.

The mnst distinctive feature of this method is related to the three rod system

emploved to cut, replace, and cement the in-situ soil. The three rod svieten

is requirod ')ecause three different types of fluids are used during jet

grouting: water, air, and cement grout, High pressure water in spouted as

%*%
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:I , t Jorimei t>- were coidiocted by Novatecna in ani attempt to

7 1.; e ' :.etdK,;x and c1 Lt I1ot i On 01 jet grouted columns. Nova-

i.l o. !'i '.e! : " t . , lL w:'thOd in I ield trials where approximately

I !I 1. ca I ilo8 yil ,%hit ion.01 (sand and clay) using vari-

A: , ': . Vt; , :I; Ic;> re : i size, ttati(n rate, lifting

, Lt. " ioa rit . .tre2ed I tr eishrouding the water/cement jet).

", t :t 1n i, at d thtat lir:;s t 3 times larger than conven-

-1,, C V:: I! t;c' he COI M*4i l V .OlrMed if relatively large sized noz-

- . .. ..-. : aieter) 1.1 high g rout inject ion rate s (200- 250 1/mi n)

wi-r. ,:; e , .r: I the k luimns. Bv injecting a larger slug Of cement grout

-: t C,.i , thm that inj ected during the CCP process, larger columns could

S-.rmeI a ,"i-' relatively lOw nozzle pressures (31)00 psi.). Ihis approach to

S;C. g:rotr : i-V ;; direct contrast to the origiinal CCP process proposed by the

n :the earl, t970's, who advocated smaller diameter nozzles (2 mm and

. es ), igher roizzle pressures (5000 psi and above), and much lower grout

:i:ect in -ares'50-70 1imin.). Prior to 1986 over 150,000 meters of CCP col-

'-- I 2 eat'. -iee built in Brazil; after 1986, JC jet grouting has been used

.*: 110(~t excasivelv by Novatecna and has been utilized on over bO jobs through-

" at South A'erica to construct about 50,000 m. of large diameter columns

*v~.- r'ettr,; in diameter).

o r._. et grauted bodies

v i(vndrica! bodies. The n.ormal shape of soil-cement bodies obtained

;et -rting method is anproxinatelv cylindrical. depending on thixot-

', .city of tI.e s::. (;enerally, this body is designated a

. .metrn C: the ,'lun;as, in the s.,me types ol soil, depenTd on

-t te . .cti.: 1r; ra reters, wviik iT Lurn depend on the available equipment,

, )v,- t L put p i T1, ' Vstem utilized.

,. t, 1 11ipAealt liOr,na IV used by N,)vatecna allows diameters of I .2 m
;" V.s ,ci Ci-,-CtP system and 2.2 m ;n applications of the J(; svstem.

,: ,e I t lr that ,tiai-neters of ibout 2.00 to 2.20 m can be o ;taine,3 with

.err r.i, ed adequ-te pumping equipment is used. This statement is

t : '. t'e ift ;et grouting system in relation to formation of diame-

:. I I a. ihe limit oi the . r)est column diametel that can be

ill", the. v,,rio;s .jet. grout ltg methods wi IJ be o ecoacml,

r c, --: t . I; l arder. A rco' )I cciunmns with a distance between their

:, i t1 t h. d i aeIet c 1 0 1,'1h cOlurMn orms a diaphragm wall.
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U i, I, ,nor od i _ea-ornanels. Another possible configuration of soil-

1 ;o::.nr Te p,: eI tt is tor-ed in soil when the drill/injection rud

c esr w.e i'odit.c ted in San Pau c , Brazil , in wh i ch pane Is

r te .1; metio d iiC 1 a %ud in granular m.aterial I'. the

771 [: t: ,,.te, t- showed that the Ci' pantis in clay re.uite( in slender

r -o, t ons ,Figure i', anid the .G panels iln gra:ular mcrer~als

r J i rectngular sectons (Fiure 6.

I.. . . ... i.l; t- lie d ttst: which lead to the improvement o the 'u

p.-.ciU:llqu, :is:>ureilcnt.< were :,ade co verify the dimensions' the Finel.s. :-

the DL'.inn .nc it "as ticed and proven in successive experiences that by

Sal-.t _erting jia.rmeters (Table 1), double radial ran ges were

t iL t,.,' relat n t uie counii diameter. The individual panels have a

w "[Le er tic column diameter. A dcubie panel equal in width

.,. u -c di,-moter is obtained with jets on opposi l "ides ol

Str:, . t r n .

c,'r J ' ZT er , field experiments in ,and and clay; undertaken in

. t-, F a-; lea rned that the J technique, can be used to form

1 e 1es It lengths of 1.80 to 2.20 m in single panes and 3.60 to

S.- -- C :rees With wall thicknesses from 0.20 to 0.40 m.

to t using the ,G method was performed in March 108u, in two

tv art , icial soils, one with normal and well-graduated

t r.. . i.tr;i n n, ranging trom ciav to 2-in. gravel, and the other made

o.,: ith nedium sand and Portland cement with o(h percent in

-- ,ollcc, tro:. to in. in dianeter. Columns with a diameter ol

-..- tv zi . 4; .. ad pane Is with a minimum indi :idual lengtio I1 .50 m up

to o;..in:. it--gth cf 1.50 r m with wall thicknesses varying from 15 to 30 cm

0 ... rc :,e i; i this artificial soil medium.

. c..,ur,ced by these results and foreseeing specii_ us- i , Novatecna

tia, c it v tested ,i soi 1-cement body consisting o! two divergvent double

A....:: f-w re co-upIed bv clumn of sinaIll di mcter. Tese piels

".. .' Ut : d )V Lty iI iIng four Jet n,/zzIes set two-bv-twi ii! oppuli t,

,iire ,. . he maxicnum ttal length 1 1h C Jut , I S 1nls n '0th

% il- c1. h .urccI ' te W 3 20 t I In. .r I rS t, ii i -, I . _l 1 dl I or

a S/ i I ui wallI

T -4
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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 interaxial distances can be established. This
shape, therefore, should prove the most economical.

b. Due to the reduced mean thickness of the panel-type diaphragm
wall, it should also be more economical to produce since the

consumption of slurry will be lower.

Prcperties of soil-cement

bodies formed by jet grouting

17. Homogeneity. By utilizing high-pressure pumping equipment, the in

situ soil is pulverized and thoroughly mixed with the injected cement slurry

and exhibits homogeneity comparable to a mortar or concrete. The resulting

.soil cement mixture is called soilcrete. In a subsoil composed of various

layers of :>trarified material, the resulting soil-cement mixture will be homo-

*. gencous 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:

-6ci-8 -
to k < 10 cm/sec

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

. four factors:

* Type of soil.

* Cement quantity.

* Water/cement ratio.

* Curing time.

The purpos, of including strength values in this report is to give some uide-

lines about expected strength ranges. Such values and relations should be

considered merely indicative for the purposes of this report.

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

and " are def ined as the average results obtained from a series ol rany u:lcon-

fined ccpression tests performed n samptes of cylindrical shape irom vrious

* 75
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Soil t:pes t Japan, !talv, Venezuela, Colombia, Brazi-, and Argentina. The

s trength values ykgf,.cr ore as erages only. The values correspond to setting

times of 30 and 1 f2 days aod are related to the cement quantities (kg/m 3 ) and

the water/ceme:it ratio of the consolidating slurry as indicated.

"I. FTbie -4 pre .enits preliminarv correlations between the indirect ten-

niie strue oth as ,ieasured in the diametral compression test (Brazilian lest)

and the mprcssie strength az. measured in the unconfined compression test.

Con- idc-rations of Cutoff Walls trom NUVATECNA Projects

Porte irimaverL Pam cutoff wall

22. The cutouf wall for a cofferdam over the Parana River, Sao Paulo,

Brazil, i982, was the first of its kind in the New World (Figure E). Several

test -.1]s were made with 10- to 14-m depth to demonstrate the efficiency of

tlhe Jet groutirg system and to delineate other factors related to the project.

'3. The cjtoff wall was formed in alluvial- sands with a 5- to

B-Kqtr:dard tPe, utratirn Test ,SPI) blow count. The soil included five contin-

uous layers of firmly cemented conglomerate averaging in thickness from about

0.2>; t(. 1.0 m. The maximum depth reached was 32 m.

So me i-lportant design aspects were:

* IPri! ing/injection - same unit - 0 2-in. crilling rod.

e I(Iumn diameter , 0.80 m.

S(utoff wall in single rows except for one do ible row stretch

parasl1 to river

e interaxiii (center to center of columr:s e) dis,,tance:

Single-row sections e = 0.56 m.

Double-row sections e = 0.60 m.

* Permeability of column material - k -0 6cm/sec.

* Longitudinal extension of cutoff wall - 2,000 m.

E xe,:utio| time - 140 days.

il:t other driIIing parameters (nozzle pressure, lifting rate, cement

consumTpt i on, etc. ) used to Ierr the CCP coIumns at Porto Primavera Dam are

Listed in 'Iahle I.

2. The jr )ject was carried out based on solid soils data. The exect,-

tio,. o0 Cie testFs and studies took slightlv more than a year.

>6%
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-6. G;eometric specifications for this project (column diameter and col-

umn interaxfal listances) were considered a valid antecedent and were adopted

f for the- cutofi Iwal Iproject later performed.

27 . lim portant observations resulting from information gained from

* he Porto Er lihvera project are

L). In this particular alluvium type, the vertical drilling should
be controlled by instruments so that interconnection of adja-
ccut columius can be assured, and therefore, insure an efficient
cultof;f wall.

* P. The ;ettirg parameters should be selected as a function of soil
Bez characteristics (SPTV as the depth increases.

_.U"Ce es enz pit.

't. lhu structural cutoff wall for a pit to be excavated in soft, sub-

merged soil in Saco Paulo, Brazil, 198?, presented no verticality problems due

t I th imited column depth and the excellent soil properties (Figure 9). In

te of the spucified interaxial distance of 0.75 m between the columns of

*r diameter, the cutoff wall formed with four-column rows resulted in per-

ter-t Lsealing. The 80 cm diameter columns were formed using the drilling

,,.:

prameters cited in Table I. The structural strength was excellent.

Da~lnine Siderca pit

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

soft, submerg;ed soil in Buenos Aires, Argentina, 1984, as shown in Figures 10

aind 111. This pit, as far as we know, was the first to be performed to this

depth (7.40 :11, )tilizing Jet grouting, employing the drilling parameters

listed in lable i. The results, both technical and economical, were

excellent.

3C. k ith the knowledge and experience accumulated in the last two

vear.2, the authors .:eel that it would be possible to achieve comparable

* results using !G and fewer columns than needed for the CCP wail.

v apir i pi1t

31. A structural cutoff w..-l was constructed as a cylind'rical shaflt

m i n d iam(-ter, oxcavated in soft, submerged soil for the Companhia- de

iiaie"un t o Basiro (10 Estado de Sao Paulo, Brazil (SABESP) , 1986, as showir in

- . Jt,-r I

:2. Vertical drilling control was not necessarv for two reasons:

%.',.

"'- . eril specctions unit thsrfoectn satum i a tr mande con

umn inera the isoiles twerencontiered aovr i ahnt9cdet require byoted

'.,-
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Argent in f, ' rho Ei,, edrd del1 Agui ia i te where a concrete darn i s presently

tinder ocosti- o ion on te i"iV Limav.

if. eme la 1: the reoepas-, an undetermined geological, incident

curred! %'lch 11ivertetl the Rio I> xto its present course. The original

PnitCes'-nic -Imere riveorbed) is a] most fnmedi Ott lv ad~acent to the p~resen)t

-r- . Vt' V3l 1 e- '1and is TIo. CoCmpletely fii I eci wi th ouite d'.versit ied soil-types

lvii, ak r:oMixed s trata of crregula'. di-ensions to a depth of app-roxi-

rat' aVn1e thle tipper sun'. ace, which, in the area involved, is curl-

p 2--uro] i t no 'r cf baj~ salt to. a depth of -60 to -80 m and with an

'K ot about 1 m,. The lexuL! of the ;nture lake is expected to bie

'I uO\ Ll,-c upper surface at the poileocance ; a cutoff wall through it

* V., \ .

Ib slnio ~nga.td r peiied by the cotatdcmnts calls

r :n th' I] cui u;r, wi I. gi out lug subs rtace s by means, of law-

'K r~ o~tbitto 'me imiplemen-ted from two horizortal tunnels, one near the

-ah, ba[Ilovrte 't-hur 120 m above -he bottom, lover or the

tie U f c cult ies; ia, lugq rthe contLractors in t rying- to t ransf orm the

spoell ie Sot ut iu o ito aworkah'e, cost-c:, ficiunt procedure g-ve NOVATEUNA

* ~ ~ ~ ~ , v:. en peu nc c.m ai-ternite concept aind design. Wve decided to design

-~~~ ~~ efg~ut rntL' i ~ pert (era ing all necussaryoprtnsfmthupe

c'- Iv-t - v'an: to take advantage of the excellent peri -rmance

................. r 'o e ,- th'e deal> (if jet-granted cutoff walls cons-ists

i rop:er- decislions- regardinc three soco

i 1iceI 'I t c typo' a1 so),ierete boil. toinum, i ;'an a) ank!

.A ts; :t 4 t io(n ()I the pert inient minimum column 11comcter or

* xteilK iii actuaily otainable ini the sail cunt,:t a: the

Io1 a' 'no, te t %,,2n a:-e ~ n t er at!: c t thU
w:~ MIs K yt!Ve'.Cod ie-

'.4 t ~1 1  r nlo ccn- i-:' of <- ipJud- or mlli-c
* '11 lit 'O --s ae 11( -n,L Lweo: Which lovels

* ~ ~ ~ ~ ~ P1 a :~~LtCI .o- I' tl Noxii'2 5 1! ul i' it r -t 4'
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a . frak i r,. into zi.CCounlt the di '-I icul ties inherent inp drJ Lung the
ailholes- locrthe soilci-ete bodies thr,)ugh-I th e basaLt I aver

ain( thle iL'nv uir_ the paine 1- t pe body' was pr-,21 AT. ma rv cho)sCI

KUbj ect to cfl i rniation by az techic iIl zshL'-- s,;tudc now

j nld erw ay).

b. 'Ihe i-nterixis spacing would jbviously depend on, the M i -1 imu m

t f grned e-- t ens ion of the de54ip g:ecc pane- a oe.'c depen~d a1s-

'el on te actual guaranteed_limit, t- mi-4iinra'. leviation fI -.
ver-tical az to ib le at thle depthis 2 Ovcl ea.

TO further duin an xmn le~tre.n nnec te Lzp~

*Nova tecna decided, to test th pei-fuemtrance of the JC2 P.-etiJ inreesnaie

sdfriDies Of thu soils inv'-' bvd anid tol t ransfer the soa o the 'rilIliiiL

pron lens, to- a high ll spec L zed grouap the oil well oirile C eS . k e were- able

t ci nt er e st a h igh) I qua if jod oil -ield, mining, anid di op-water service comn-

pm', resse-ntlac, ni coc~ concepts; and ear lv thi a ear thle,, Legan studyIng

the dr lir,4 pc e , ' hil we i n Brazil performed cur soil tes ts.

*..The Iii Il' resvected engineer, Professor Victor du Me 'o, focrmer

p rc ide-nt of t- ' El,, ternat lo-ial Society of Soil Mechnic rc Foundation Fngi-

- Leering. studiej L'ie 'stua'tion ard gave us iills supp~ort- Afrer a caireful anal-

0't Lot the oa1 a, -1e geo,!og ical a.d geotechri i (,l1 in Ivc t Con f io the site,

hosec t ici o tpes Hs!frmthose present if- the paleocauce al Iliviun

f~or tile tt' sts:

a. ypeA.A duiy proportioned mi:':ture of :-omnponents-ca',
<Its, sad rd gr-avel , :]nd pebbles witli g~raii' sizes up to

2 .anda mi-i sture content be tweern 101 andi 1 5 poicuso t . The
'Itie! uleiiilty to be no less than 2.2 to 2.4 tm '5t

B This soil is composed of a matrix cl s;ana mixed with
ilt ;Ad 5 percent in weight, Ji,%otln cement,

.4.'re cntin weight, granitic gravel. pebble-, aino cobbles
1 irof)n I to 8 inII. in siz7e .

.4 5'zn- op r :-e~itcit oi-0 the !I wer port icin of thle pal coraulce':a

X
1 1. r" )-* zTn t .o ltese soils- were collIected 1rL 7_) la ;rge (quarry

- , r'uh . ~oiorrpaueJ and veznified1)h~'- 1 1 J 'zuo lif'ieu lib-

I ~ ''~e'tz-prepa red to C <c jed ( d euII t ieC-S.

6~~~~~~ ' TI. 7-. i! ts wr: r t, I' ci wo' "C, enoli ginin a! t a tie vmrti

a1i t h'I ani r(,, - Ihcnz 7A- ticlt t'pe 5011 I . dill

j n,!e to C- i e ca zt e2 X:: ("I '2\' t~.

ri: 'nels Witi a inco'i en- os I O
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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 n. and columns with 1.4 m diameters

were obtained.

46. After a detailed study ot the soilcrete bodies obtained in these

tests, we considered the results to be quite satisfactory in terms of the

dine:isions of 7h- bodies and the quality of the soilcrete material relative to

the severe conditions they were to withstand.

4/. Meantime the Dresser-Atlas team had arrived at the following

conclusions:

a. It is possible to drill the necessary holes for the cutoff wall
within the soil context of the paleocauce, meeting the special

requirements of very tight tolerances in vertical deviation.

F_,. Even with the thick basaltic 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.

d. 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

.ost.

48. At this point, then both the basic concepts ol th2 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 nanel-

type soijorete 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 fur the actual design of the

cutoff wall. in this case, the design extension for the individuil panels was
AJM."4 1.2 n.

5. 1heoreticallv, an adequate iiteraxis is the maximum Loriz-ntal

spacing that will sately as.ure a sufficient continuous seal between col.-

tiguous panels or columns) tor ti entire depth (,t the cutOll 1:al1 eve:. in

the event of max i ruIn allowed deviation between their axes. The iona1

procedure that ii; our opinion seem,; suitable for effecttvelv i r.lereont .u

% %8
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)l t. 'it llu ccnnctionlCOI cni sts of first i, ec t i c two Jumh ) r

od Pal el y~,spacd (officicr~t~lax a pa r t so tilit "in illte r -

P"Ilu Cal 'e r.tted anld USed! t( i ~Sl'o 0 1.tnuu I on l-C t-

itc :i:.4 L.I&- dci' I:? operat iuil, i t I SP,) 5 IL L Clete! 1',e

t itlie IXeS ol: thle odd1 pa~eS lswith r vspeCt Lc the de-ia-

Ixan.cS 11, L no rliat ion , then c.1 e1', D ayv1 ne

U n .0 t ,OF t 2t n t wo C cn t o bU Od DSe S s0 a1s to

th Ud panel levi a t i1on s mvnen, of h o

.0 .~. 5 . t vii thereby produc log thle rtequi red continuous

- .>io c cutot: w all to ensure s ealing

J, i krthei larifv the term adeqlu te interaxis. The

coss odies, should be Such that even, tar the most

I. a i: cat io0n1 (i. -x ium allowable ii the diesigni) two

:.C.~i itl t ctry compensa tion to ensur e seal ing of the wallI

the :.emdaeee v byv prooe positioning

.Cion is valid i f the soilcrete bodies are columns; in

Sc :I, e we designi diameter and limit of maximum vertical devia-

Il '~~e ' ~ it becr:mes a simple matter to determine the interaxes

tar isl t! ;ealn2 requirements. (It is interesting to point out that

LeiO .with d~esign extensions of bodies with maximum allowable

~st1os. Ce ould consider tangenScy between contiguous bodies, i.e. , zero

pi Ug,~. aoCeptAhie situation.)

itthe casc uinder consideration, the ty-pe of cutoff body chosen

duLbl Ec divergent panel- (see Figure 71,. For this type of soilorete body

a:a-i -.mething to thef definition of adequate interaxis:

* lilt! -,pacing should be such that even in the most unfavorable case

% n'~ dev'iation (within maximum design limits), satisfactory compen-
* ejtiop could be made by means of the intermediate even body by

prjrier pnsiticning when drilling its axis; and depending on the
riunta:t-' ind deviation Of its own borehole, bJ1.~

t __aisofdvrgn___;,tl resullting panels

1,- 1 P-- -ire the con t inucu seal ing of at least One row, a panels.

)Ii ti,.t rume1': adverse 0(11(11 tions of dev tatlon-e Such that

....................... 0, -oIA' i T(termied a Lte body would not te kui dered pru-

- r- ii r paioated be)Ftween the two (evvint in -; odu bodies

% % % %



should proviae 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

wall desciibed are evident if we compare it with a hypothetical solution using

column-type bodies. Assuming columns with a minimum effective diameter of

i.3 in (minimum radius of 0.65 m) and applying the same reduction factor of

2D percent, the minimum guaranteed design column radius would be 0.49 m,

-cwparable to 1.2 m of the panels single-sheet extension. However, aside from

" -. ,te fact that n design radius 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-

itv ,of drilling thu holes perfectly vertical, the column-type wall would

requiru more than twice the number of boreholes required by the panel-bodied

wail and would need a much larger quantity of cement as well.

57. We have presented the criteria used in the preliminary design ot

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.

4, 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

H : :ential concepts for design

61. Soil characteristics. Soil characteristics are usually the first

available data. The geological and geotechnical information should be com-

plete. Data sampling frequency should be on par with the complexity of each

job.

.83
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%f.Ct vai e i: I e 11c CV JI s aspect !Aiould be pre% ous;I lvfxed b,.

* .. ~ s"heA -e Ifi reeojo illt ~~~ 11 C 0FSSC St (I 

The ul-de!L round wa ue r Ilevel up L I :111d dUW I -- L Y OM thIIe 1::, .

I'l eL Ma Xc. : i 7L1esos h ie c-u to ff should provide ill relation to
thle up-,-; ream ,,ater IlevelI.

I i .e !I,) ef i o I 1C )I a cuLt i In eI ra tio ofe had Ilos s be tween point s

Iriied.1 .. ou ~' ii<i dow.nc t roam oi the cutoff wall at its junction with

Le b '.0 the do"m ti the head. loss icross_' t!ee daLM expressed as a percent-

a e ce ine ri t~ 1 4-f 1ele t o he b)e twe en 0f and IsO percent.

t3. ho'ar t~ieed limit: tcf( viat ion related to the verti raiitv of the

L!1 dil - he . Tile ;uarr 7t ee l, im it of d evia t ion d epends; on t he d rillIing equ ip-

moont aInd meth od uidP te as" nv e il as t he max imumn d ep th o f t he r-cut o ff wal 1.1-nd

'I. iie dir i iX in ec t ion 'itit ncrmal ly used f or l ie t gru t ing, can dr ill

cr12C ti': it,-C cly S , s ilt Is, a nd s, arnd mi4 xed so ilIs up t o 30 m. For greater

*le~pc, e{it tomcts or perforations in alluvial soils containing gravel and/or

stones, it htiv b necessary to drill holes previous to treatment by means of

eyjiulnl;;eLt especi ally designed f-or each specific case.

LExampl1e : F-e drill to 13 m depth in soil made up of 709 percent rolled
pebbles of 0.5 to 5-in, diameter in the Limay River bed in Patagonia,

we utilized Stanwick equipment. Drilling through 80 m of basalt

'.Inder lvi1mg 180 in of heterogeneous alluvial deposit required the us e of

equipment such as that used for drilling oil wells.

In eachl case, however, it should be possible to define by means of pre-

vious testing the guaranteed limit within an acceptable safety margin
for the d.rilling deviation (in relation to the vertical requirements)

io the specific context of the cutoff wall to be designed.

"he word guaranteed makes sense insciar as dimension, direction, and

level of the deviations could be verified by adequate instrumentation.
The term guaranteed limit should be compatible with the resources

aivailable for the JG method to be applied in the cutoff formation to

* obtain the required' sealing within economical limits. This guaran-

teed limit Thould also be the one allowed or compatible in individual

c do;es.

"'he bes equipment available should he utilized to assure minimum devi-

,tinn .-itlila the acceptable limits at maximum depth. This irtormation

* o~~u Ube avaiilahle when the cutoff wall is_designed.

h Iinimium .'uarranteeud soi 1-cement body dimensions. Mien choos-ing the

mt t t( h~e ut iIized , the tie i grer mus;t take into cons ide rat ion the mini -

TMV, i~'i~t'll' ol tht' tr-eitEd( I I odies obtainable within thie soil condi-

p
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0 . The minimujm guaranteed dimensions (diameter of columns or length of

p,:nels, to be considered toc the definition of the cutoff wall geometry will

result _: the selection of a reduction factor for the minimum dimensions.

vIi~cne that is based on previous in situ tests could be obtained at any

* point along tae consolidated bodies in actual soil conditions.) The maximum

'* 1AiC~ed guarcirteed deviation and the minimum guaranteed dimension of the con-

sciiditod bodies forming the cutoff wall will constitute the basis of the

design for the wall.

P7. ')uite often, ,mplete soils information is not available during the

initial design phase. if this is the case, the designer must complete his

* prtlminarv wrk based on the information at hand but should require that ade-

quaite :ield testing 1e completed and the results be made available prior to

finc-i dcign ci the cutoff wall.

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

that must )e considered in performing an in situ test should include the

e-l t1( lewi og:

o Analysis of available geotechnical data - usually provided by the

client.

* Discussion and definition (with the client) of the limits the

diaphragm wall must ensure.

* Definition of stresses the wall may have to tolerate under

"arious circumstances.

* Design of the cutoff wall (preliminary).

9 Location, shape, and extent of wall.

9 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.

0 Analysis of resistance conditions expected.

)6. The format ion proces-- of the test wall consists of the fol I)wing:

- irilling of alluvial mass and bedrock.

e Type o! drilling.

* Equipment, tools, and materials.

9 Sequence of sperations.

• Productivity rapge.

85
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,• . e Necessary inputs.

e Drilling verticality.

* Maximum acceptable vertical deviation of drilling.

* Methods of ensuring verticality.

_ Instrumentation and methods to control verticality.

* Checking routines.

* Procedures to correct effects of eventual tolerance deviations.

o Utilization of DACTEST instruments (monitor which continuously

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

9 Jet grouted trial diaphragm wall.

0 Procedure and ranges of foreseen parameters for the execution of

diaphragm wall tests.

* Range of cementing materials consumption.

'.7' e Equipment.

V * Coordination of cementing operations and drilling operations.

9 * 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.

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

* 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.
,w • Preliminary program for controlling the efficiency of final
-• diaphragm wall.

'I. Time must be allotted:

e For design, execution, and test of diaphragm wall.

- For final diaphragm wall.

72. Among the costs involved is:

e Final cost to be drawn up with genera] contractor.

esign guide lines

73. The design of i et grouted cutoff wall consist essentially of

dcc I sio:!; (nce rn] i Pg

80
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a. ih,- kind ot conisolidated-bod'. which will form the wall , charac-
terized by, the shape Laod correspondent Minimum dimension.

b The horizontal distance which will separate the axes of the
overlapping bodies.

. ,iether the wa1i should be composed of single cr multiple col-
uIMIS, ;i-nd if multiplec rows of columns are specified, between
which urnderground levels the., should be injected.

Th Ie relevant decis-ions corcurning aspects (a) and (b) are closely

;ntvrcmnected, and for the same technical result of possible alternatives,

Lhe: decisiono; sould be directed to the most convenient economical solution.

it is essent ,hi tha3L the de-igner should have available the basic inf7ormation

reg-ardin the mini~num dimensions of possible alternative bodies arid the limit

cf maximum ( eviatlnns that can be obtained as well as the approximate cost of

t~iL'e aiternLtltve components.

5.Tht- relevant decisions concerning aspect (c) when impervious cutoff

w atis are in-.olved call be applied to particular situations, but not required

to assure the best performance of their sealing functions. The columns should

n~tciorivcoinnected so that in the worst situation of reciprocal verti-

Lalitv deviation of two adjacent columns, there should still be a minimum

s;afety connection or overlapping between them. The worst situation of recip-

rocal verticality deviations between two contiguous bodies is determined by

the pcsit ions of tho axes of those bodies when both show maximum deviation and

,ire orientvd in the most adverse directions.

>.Keeping in wind the technical condition mentioned above, in our

onvirion the ilt,,rnative wa',s for a satisfactory definition of the; basic design

(Y~i~'i ,Uld bc as follows:

( pre&-turmine one fixed interaxial distance compatible for
rhe -tyPe ot bodyv selected based on the economincal convenionce,
aol4 to deteximine by trial Simulating adverse positions of the
.>Ver lapping bodie.,. , which should be the minimum range (diameter
II tyi' CAO C (1 a co-lumn, or l ength in the case of a panel) that
h' Sld oe ,guir,!nteed t.- these bodies or to sat isfv the design

'I or t P e t r'pr b) ody which will Io in the panel and the
nV2 Ti mur., rangL thtculd be gua rouit cd in the soil

t.'.. tk -b -,L the2n to detern-Tine -,.hicli should be the
Crivenil ::t i 11teUraX i I d IS t d1,C L' That s at isfe Ltic desqignI

7 p rua t :,)~ ; t ha t t I, I IVs is II i d c0 c d. t 1e

i t I r I r r od I-,,. d. I(i b l e a rIr klrI'Al. tht'!, thIe L I el
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a way that each one compensates tor etfects of the deviation on the two

adioining odd bodies.

8. In cases oi extremely adverse situations of reciprocal verticality

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

accomplished by means of two even bodies rather than one in their respective

*'. positions.

- >J* For the column-type diaphragm wall, the specified procedures are

simple and quick. However, when using the double lamLnar panels (Figure 7),

the procedures are not so simple and a special computer program should be

developed to aid in determining the proper procedures. The suggested

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

ip 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 oi project are:

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 guaronteed 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 toresee larger interaxial distances in shallower depths.

Verticality Deviations and Corrections for Sealing Between

Two Laminar Double Panels of Odd Order

81. Figures 14 to 16 illustrate examples of (a) theoretical location of

.W 1adjacent panels without deviation, (b) location of even bodies to compensate

deviation of odd bodi.-, and (c) jets location of even bodies that also had a

maximum deviation to .,i.pensate maximum deviations of odd bodies,

rt'pectively.
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,. Table I

Jetting Parameters

Porto Primavera Dam (CCP System)

Pressure .......................... 5,000 psi

Time ............................. 4.1 min/m

Nozzle ........................... 2 0 1.8 mm

Slurry Quantity .................. 62 i/mmn

Cement Consumption ............... 140 kg/m

Water/Cement Ratio (Dry Weight) .. 1.5 : 1

Column Diameter ................... 80 cm

Mercedes Benz Pit (CCP System)
Pressure .......................... 5,000 psi

* Time ............................. 3.75 min/m

Nozzle ........................... 2 0 2.2 mm

Cement Consumption ............... 375 kg/m

.Water/Cement Ratio (Dry Weight) .. 0.8 : 1

Column Diameter .................. 80 cm

Dalmine Siderca Pit (CCP System)

Pressure .......................... 5,000 psi

Time ............................. 3.33 min/m

Nozzle ........................... 2 0 1.8 mm

Cement Consumption ............... 150 kg/m

Water/Cement Ratio (Dry Weight) .. 1.1 :

Column Diameter .................. 70 cm

(Conti tnued)

e rg
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Table I (Concluded)

Edgard de Souza Dam

Pressure .......................... 4,200 psi

Time ............................. 2.9 min/m

Nozzle ........................... 2 0 1.8 mm

Cement Consumption ............... 125 kg/m

Water/Cement Ratio (Dry weight)... 1 : 1

Column Diameter .................. 70 cm

Capivari Pit

Pressure* ........................ 4,300 psi

Time* ............................. 2.9 min/m

Grout Injection Rate* ............ 118 2/min

Nozzle* .......................... 2 0 2.4 mm

Pressure .......................... 4,300 psi

Time ............................. 2.9 min/m

Slurry Quantity .................. 279 2/m

Grout Injection Rate* ............. 95.6 Z/min

Cement Consumption ............... 212 kg/m

Water/Cement Ratio (Dry Weight)... I : I

Column Diameter .................. 75 cm

* Pre-rupture using only water as the jetting

material.

19 0
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Table 4

_ Soilcrete Properties

Ratio of Tensile Strength to

Unconfined Compressive Strength

Experimental Conservative

ye- of Suil Range Range

-7av 0.18 - 0.36 0.18 - 0.23

. Silty Clay 0.16 - 0.32 0.16 - 0.17

-[or 1nic :;-lt -0.14 - 0.15

>jdnciy Silt 0.11 - 0.26 0.12 - 0.13

Silt' Sand

Saild 0.08 - 0.16 0.10

Said~it 0.08

9.___

0-W,

.,0.
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Figure 5. Typical CCP panel In clay

I 

1.6 m

J. Figure 6. Typical JG single panel in granular soils

Figure 7. Typical JG double pa!nel in granular soils
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5.00

.',
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7.25 -(
, .-- "" ~~~8.461 S N W TH G A E

9.10 BASALT - DOUBLE WALL

() LEVELS OF CONGLOMERATE
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* ~'METERS OF CCP COLUMNS: 28,000
CONSTRUCTION TIME :140 DAYS

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

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 19.8
-0.2

v*
.4a .4 G.W.TH ORGANIC CLAY

iLOOSE

-6445 2 30 YELLOW SAND
5/30

-7 U

-9.50 16,'30

COMPACT SAND

C.C.P. COLUMNS153

4 16,30

GROSS SECTION A-A
*BLOWS/30 cm

*Figure 9. Strlctural cutoff wall for Mi-erCedes Benz pit,
Sao Paulo, Rra71l
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4%4

d PLAN

REINFORCED CONCRETE
R2 6.05 CIRCULAR BEAM

4,R, 5.40 R 3  2.9

SI LTY SAND
CLAY FILL

N.A. PUMP PIT
4,2 SAND WATER INTAKE
6.0 PI

PSILTY CLAYPI

SANDYSANDLT

(RESIDUAL SOI Li-

C.C. P. COLUMNS 1
j.G. COLUMNS/

* CROSS SECTION A-A

-~ *NOTIA QI)ANTI rIES - 426 SOUARE METERS OF C.C P. COLUMNS
102 SOD RE METERS z~J.G COLUMNS
PERIOD OF EXFCUT1ON1 _ 15 DAYS

-, Fipiire 12. Structural cutoff wall for a cvlindrical wall for
the Capivari pit, Sao Paulo, Bra71l
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* REINFORCED DOWNSTREAM BERMS

by James M. [Duncan
Virginia Polytechnic Institute

Introduc tion

1. This paper was prepared for the "Workshop onl New Remedial Seepage

Control 'Methods for Embankmnenit -Dams and Soil Foundat i ns" held at tile U'S Army

Engineer Waterways Experiment Station on October 21st and 12d 98,. The

subJect and title of this paper, "Reinforced Downstream Berms," was selected

by the orgainizer- o ' the workshop.

2. The paper is diided into two major sections. The first deals with

!actors that govern the performance of seepage berms. It borrows heavily from

recent theoretical work on the subJect by Barron (1984). The second section

dea's th the characteristics of four diffrnirpitr ytm for rein

forced walls; ind s Inpes , including their components and behavior, their

de-sign, construction, and (:oSt.

Downrstream herms for Seepage Control

3 xress ,iu x eepage from the f-undat ion at the lo)wnst ream side ot anI

embankment dai-i c.-.-.. lead to unsafe cond itions wi th respectI to erosion anid pip-

ing. 0:ie reanis of cont rolling such -seepaqge and improving the sat it': of the

% ~structure is to construct a seepage berm onT the downstream, side ot the dar.

Seepage berms restrain the foundation soils from being eroded by the seepage

emerging from the foundation.

Design ofisepaige-br

4. Seepage bermis are most effective if they are more permeable Ohan the

uniderlyiing foundat icn soils, or if they are constructed oi a dra cag,.e

A completely permieable berm has no effect on thle seepage co-nditions, ind

niot change the huads in the fo~uidatioli. Such berms il low the %-at r oflo1

freely fren., th:,e lotifdation, whil- the under L\'ng soils are restraila A Li

prevent fouind at ion soi iIs Ifrom he I ng washed in tte the vo i d s in hetit be rn ma t or a~ I

10
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S upwar (Ae, page ire tie foundat i n, the lower portion of the berm must sat-

izt* filter criteria i~n respect to the foundation.

D. b':,j .1 1 e bernms can be constructed using soils that are less permeable

-e tha2 the foundation, but wider an( thicker berms are required to achieve the

J. isa.e degree o Kcprovement. When soil with lower permeability is placed on

the folunditiou downstream trom a darn, emergence ot seepage from the foundation

-. i. :-trtcte. The heads in the foundation therefore increase, and a thicker

bermr i e'rc to counteract the increa:;ed uplift pressures. The berm must

he ''. ien L :c, because the heads decrease more gradually with distance

r. tn.irrom L made theoretical studies of the widths aJid thicknesses

e sep,!:e -eri. cn!:;Lructed of permeable and not-so-permeable materials. HeJ-.

r i" d ctuat tfro that ciiin b, used to determine required berm widths and

tr L wikie rzinge of geometry and permeability conditions.

A;, exampIc irm Barron (1984) is shown in Figure 1. It pertains to

-," . "_ a 't 4, with a 5-ft-thick blanket capping the permeable foundation

' ,, . t - ho seen that the required berm width is about 300 ft if the

;er..[iiitv ,I the berm material is not less than that of the underlying

h nk L m, itt ci,!l. When the permeability of the berm is less than that of the

L ; ot, h,,wever, the berm musI be considerably wider to achieve the same

-efre, ,t saltv. For a berm one-tenth as permeable as the blanket, the

z - i' ,:re! ,er: idth would be ab,-ut 1,000 ft. For a completely impermeable

j 7A] ired width woult be iearl1 1 ,400 ft.

- r , used mathematical analFsis to derive formulas for com-

- - . . red cIt!i iiid thicknts5"s ,f seepage berns. Barron's analy-

- ',cK e e; ti. i are ot c, siderablt interest and which

-- " _ , , : e rn rit 1 ~iI plexitv. rome o1 the formulas he derived

.", nAher of 'h r,e ts derivtd 1-Y Barrnn are

., ra r,ph- , in -,i:plI i: c! form. The .imrplit led

t 1 !1: t I-:t< td 't 0 P k(' CA,:, I c 11f I I C t I i, ns

''1t Vt stpi ', . ,Vproach dot, not ic lode

i- it r i , iv(. Ie t, ipproxirx iltioii. lot

i t .. - f 1 i

l, i t'i: 4,1 ' i ig"ure . lilt terms 215-i ill thes

i ,

NI



V ,,~rnu. ,ire defined at the bottom of Figure 2 and in the sketch at the top of

rLgure 1.

10. !ie formulas given in section (1) of Figure 2 can be used to calcu-

Ile ern .dtihs tor cases where the permeability of the berm material exceeds

that af the uUder!ying natural blanket, or where a permeable blanket drain

2ndelia the herm. in this case, the distribution ot heads in the foundation

is nt .tlectcd ', the berm. The head at the toe of the embankment (h t),

Which 1<, Lhe some aftr: the berm is placed as it was before, can be calculated

> usin the lormuia given in the figure. When h has been determined, the

"" required herr- width can then he calculated.

1.i. A'Lhough the formulas at the top of Figure 2 were derived assuming

the berm permeability is infinite, they can be used to estimate h and B fort

ase vuer ,e the berm permeability exceeds that of the foundation but is not

.. Lu: zMite. As LaP be seen in Figure 1, the required berm width increases as

the nerrn percbilitv decreases. For the case where the berm permeability is

* ecual to that of the underlying natural blanket, the required berm width is

i ut 4 percent dider than for an infinitely permeable bern. It seems rea-

:iahlouI 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 K- permeability using Figure I as a guide. Also h should be increasedre. t

by*: thae sare factor as applied to the width.

Ihe formulas given in section (2) of Figure 2 apply to the case

where the berm is completely impermeable. In this case, the berm completely

seal-s 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 h cant

he calculated once the berm width is known.

13. While the formulas given in section (2) o£ Figure 2 only appll Lo

cumpletely impermeable berms, the values can be adjusted for cases where the

bo-m permeabilitvy i:; smaller than that of the underlying blanket but is not

ro,. Ii i ,:dju.tment car he made using the factors shown in Table 1, which

wecre d-rie, :rom the example shown in Figure 1. For a completely impermeable

her;. 'he lorn!.K in Figure : gives a required berm width of 1,310 ft to

achr.e a latr o! gufetv ag ainst uplift equal to 1.50. For k = k (berm
t b

pr,a , n .,iI ta blanket permeability), the required berm width is 270 ft

*Ir 1. i.4,, or K p'r":ent of the required width for zero permeability.

108

-e, .~ - -. - -- all %, U- icS %'%k



- -r -r -rr r -- -u -- - ---.-- ,-,... -~ -9Wr'.~r - ' - -

14. Values of hcalculated using the formulas in Figure 2 can also be

adjusted for other values of berm permeability. The adjustment factors, which

were derived irom calculations given by 3arron (1984) for the example in Fig-

ure 1, are listed in the right-hand column in Table 1. For a completely

impermeable berm and F = 1.20, the formula in Figure 2 gives a value of

hn 22.2 ft. For kt = kb (berm permeability equal to blanket permeability)

and F = 1.20, the value of h given by Barron (1984) is 12.5 ft, or 56 percent
t

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.

lb. Two expressions for factor of safety are given in Figure 3, one for

the factor of safety against 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 = h. 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 calculated

using The formula given in Figure 4. This expression gives the thickness

required to achieve the same factor of safety against uplift at the downstream

S•. toe of the berm as for the area just beyond the 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, hy setting the berm thickness equal to zero.

Thi, expression then gives the factor of safety just beyond the berm toe.

109
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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 berm, bv means of the formulas given in Figure 2.

[9. If the berm was completely impermeable, the head at the base of the
natural blanket would vary linearly with distance downstream from the embank-

ment. A berm with uniformly varying thickness would have the same factor of

safety at all locations from the embankment toe to the berm toe.

Lb. If the berm has a finite permeability, or even if it is infinitely

perm.eable, the head does not vary linearly with distance downstream from the

embankment. Near the embankment toe the vatiation of head with distance is

more rapid than it is further downstream. In this case, a berm with uniformly

S-,varying thickness has a higher factor of safety 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

cot sider : n of how the berm thickness should vary to achieve an exactly

u'nliform factor of safety.

-1. Because of the way the head varies with distance downstream from

tht tcmbirk"l.ment toe, if the slope of the berm surface is constant, the minimum

i ctr; , safety occur at the embankment toe and the berm toe. All of the

,rea in between has a slightly higher factor of safety. The extreme magnitude

-f this eftect occurs when the berm is intinitely 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 1.I locations. The details indicating the required shape are given by

Farron (1984).

Reinforcement of Berms

2Y. As can be see-i from the discussion in the previous section, seepage

he hrms u: uly have mild surface slopes and small thickness at the downstream

end. thus, in most cases, there would appear to be little need for teinforce-

. ment n1seepage berms- In some situations, however, a seepage berm may have a

•"-, 1 10
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steep slupe that would need to be supported or reinforced for stability. This

might occur, for example, at the edge oil an outlet channel below a dam. The

following sections consider the possible use of various types of reinforcement

for such slopes.

23. Slcpe reinforcement systems of the kinds discussed in this paper

"re proprietary. The companies that market these systems employ engineering

staffs and are able to provide engineering assistance to design engineers who

wish to use their products, as well as technical information regarding their

prod,.cts and their design methods. Through this mechanism a considerable body

-t extLrLely valuable design and construction experience Is available to engi-

neers who mav be unfamiliar with the details of the various slope reinforce-

ment .oystems, but who would like to explore their potential value for use on a

particular project.

Reinfcrced ,Earth

24. Reinforced Earth, 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. Man.y 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

fairty 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 desigi, assistance at prebid

and preconstruction conferences, and assistance to the contractor during

cons t ruct ion.

Hiltike: Welded Wire Walls

and P infor-'eu Soil Embankinents

7. The Hilfiker Company, located in Fureka, va I ~rr a, was o aIed

it,,, !irt patent 'or a reinforced rti ning wall !', tcm in 1" , it) : , i dmu

"'ever I.. fil iiker wail s have been used joi a wide %;ari.t,, . I i i i

% %
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including bridge abutments, landslide repairs, embankment stabilization, ero-

sion control, and others.

.>. Two dLfferent systems are marketed by Hilfiker. Their Welded W.ire

aL, thu icss costly of the two, uses wire mesh and wire screen as wall fac-

inc (Figure u). '!he second system, Reinforced Soil tmbankment, which is shown

in Uigure uses precast concrete facing elements. Both types use galvaL ized

wire mnsh as the reinforcing element, and both interlock for assembly, so no

bolts or other Qasteners are required. Backfill materials range from GW to SC

by the Unified ('iassif4cation 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

desins for unique conditions are prepared oin request.

<Sd Retained Earth walls

3 . The VSI. Corporation has its headquarters in Los Gatos, California.

nu0ss sinice the Ic)60's, I'SL was originally a contracting company spe-

ciali:'ing in pot-tensioning. Unlike the manufacturers of the other wall sys-

:1.s i:lu cded in chis paper, VSL offers construction services and will build

,c,.lete wall systems, including erection and backfilling as well as manufac-

turinz the components. VSL will also work with other erection and backfilling

niutractors ii desired.

31. Retained [arth walls, shown in Figure 8, use galvanized wire mesh

reirforcing element-, and precast concrete wall panels. The company does not

bet generai] specifications for acceptable backfill systems, hut candidate

backfilis must be approved by VSL engineers. Retained Earth walls have been

used for a wide range of applications, including bridge abutments, retaining

Nwals, stre,- protection, and otners.

S2. VSL employs structural and geotechnical engineers and ofters a wide

range cf services, including consultation, fiasibilitv studies, design, and

cr-t ru, L t 1ii:1!.

e n,,r _ _r..- re inf cred walls and siepes
:1e 1.-.iorp r t i(l-L has its he,.idquarters in Atlanta, (Ceorgia.

I .t- nz i reached -i ma r ting agreement with Armco , and illformat ion

:.,,: ii nr,u is avtiIable from all Armco otlces. Tensar ;Vogrids werc

Sd ir t i1 ilA land lv ;a cmpanv calIed NetloIn, ltd. The ge,.grid

::'. .~ IFr,pt ilv, , 0 o punching holes in sheets of pol]'.er and
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S Ltretchi ng tLom o t e I e t It termperatures. Ai the polymer sheets are

stretched the Tcr,(,t eItIt lComu onle It-ed in the direction of stretch, and

bvtheir s: re!,'At. 1- :creasvd. ite oriente-d p ', %-mer; a :tuaiI |ctve tensile

'ren'ot s e xeti n th.iL ,0 , :,,e stee , E tiie polvmer grids are chemically

inert und c ,:o.t circ,,r:tar,-es encouiictd in buriol , and the grids are thus

Pt -ni i detericrIrtion by cheri'al Lcticr. (o rbon hiack is added to the

r-pol:,-r :nix to r.'c th g eogrids resi.is, n c ( d amg uron ultraviolet

r -... ,rid-reini rced wil : use the poivaTe grid,- Ior reinfoicing and,

-,, ,r tiacin als). a; shoa it, Figurc 9. The exposed grid

--a 11,. 2 tr, "wraparound" desi gn. With the grids expored, the

tL_ , te 'wi I ;in be seeded to dlevelcp a tur:f covering. Other types of

IA J i ;i, t en used. 'hese include brick, wood, concrete, and other

Ur. -. 11gs c,11 b12 attached tc the reinforcing, or "ILh the wrap-

r&-ni d~ tre *acing car stand in front of the w9ll face, serving as a

SI it'-itl% '.ec ptccrtive e!ement in frou of the geogrid facing. Applica-

t,'.- :Iude retaining wais, reinforced slopes, 'andslide repairs, gabions,

C, _! t i. i t-,t res , and others.

35. Besides manufacturing the geogrids, Tensar employs geotechnical

eniIeti - in a number of offices around the United States and provides a wide

-,riety if ongiT>-ering services. The:e include feasibility studies, design

-,, t~des, tt.,d aso aisvce reg,-rdiilg geogrid properties, and construction

adv ii

I I r t a I r - a 'lr:u :ar of thL characteristics of these rein-

0 ' : 11 "7 , t, . Ct 'in be seen t Lat Re in crced Earth , Re i nfor ced >0 i I

% 17.1 ,, IT:e .t and R n tt .' octr I have a oreat ieal in corrm on. lleI I Va-

,izc& o r'c%- *n, . r '.-rent, , uI u-e pre,-ast c crc e iacingt pane s, and a2l use

7 OIiar V I e I bIckl ill Sls. They di e r in that the Iil:iker and \.1

'- t iL 0.c . , l. s're 7 t.,h ,,, -eiliroing rathei than the >,.parate I lit

, '., r , I I : - Ir ps i.,oJ i. .e in, ,,, ,_o F rth, ,:i(. tit, i : ; i't ". .;[

,S. t I ,. t' '. i, ..i.. .. . '. . 2 0: .no v tI I 0 , . nt 1 1 1 i i- t , I ' i,

. :. .,l e, ' tr ' nr ,iu :e i tr; t Z : oL i) ", Y t. U . t ng

.. ,' " , >, ." •" " ' e "ea - -" ,, 'it .-I r "I) t " e

% 0., ce .
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concr a v reduceq the cost of Welded Wire W allI as compaired to the kein-

l.nknlento which aire aliso produced Iby% Hi I ' ike r and Which are the

on he> tnr respe I' s.L

- K-Iosr (eogr i d- re inforced wallIs and s lopes (fi f Ier f rom thIe

t a O e~sMa "I:.v in thle reinforcement, which is hi gh-streroth ,riented
yr-c rt he imtl ensar walls iire sometLim!es f aced wi th the geogr id

.0, atr i 1. , nasom,,!tines with other Materials. The geogrids canr be c:ast into

tc !,e c i ig: ue~ir d. WhIen -,he grid itself- is used as the fao in5, material:,

thecr isz Wrapped bDack around the soil at the face to ericaqpsiii a e and retain

t uIt?' o_~~i Y'St t Cpa:; at onsite na(ils can be used at, backfill for (ieogrid-

r em L 1,0roCG4Walls art; sloapes. 'li amrount of reinforc:ement needed in a given

101 Isuutrmi:~db\ the wal, height, the external loads, and the type

I I

on.~e~r'.I a extremely important consideration for all of these

L ,_ t hey uise re inf orcement embedded in the backf ill1, inaccessible

Ilnt unance . Tests to measure rates of corrosion of hurled

ed hv t he Nait ional Bureau of Standards f rom 191(0 to-- 1955 tKoman-

ri- i~ aide daita taor est imat ing corrosion rates f or galvani zed and plain

-T iiiene of ph, enivironiments. Rates of cor-rosion are used in estimat-

1'X !It, Mtre al thicriieso; that may he lost over the desi gn i f e (,t the struc-

tir e. c il t!'- l',keo;s.s are used that willI provide suf ficiet rifrcn

anc:at tune end of tile design life, after reduct fos of thicknes-s by

C>r r' 011n.

4.Thie polymer materials used in Tensar (;eogrids are chemically iniert

ii mast environments, an advantage for longevity. No reouctionl ini area or

0 Lr(cn) th duk2 to corrosion or other chemical action is imade in selecting design

* loads f,:r the polymer geogrids. The material does creep appreciably under

load, anrd thle reinforcement leads used in design are selected (nn.siderin) thle

creep strajn!: expected over a design l ife of 120 ve-irs or more.

Des 'T-rceue

6 . IDesivan o;f reinf orced w il1 inivolves two C ;-pss of cons iclera't ions;

PeI nfercer:t~ Cap'lo i v.

h r. nUsed to ensure f \teriiail stOhl 1 itv are ea:;Cltial i', the calre as

atestai iit-; of convcitCionial gitvand ca ITt i 'Jever WallIs

% % %.
3 KAe



NON IIe reintorced .one is considered as a block, and its safety with respect to

,* -iding, overturning, and hearing capacity is evaluated using equations of

*at iC equi[ibcriurn.

.;2. Design for reinforcement capacity considers the stress in the rein-

-orc~ng elements and the possibility of pullout failure. Field measurements

have shown That the peak stress in the reinforcing occurs at a distance behind

the facing equal to about three tenths of the wall height. The length of

reinfriccing behinid the plane of peak stress is the grip length, where resis-

t-pce t. IullcuL is developed.

43. '!he design procedures used by the Reinforced Earth Company,

il~i-ker, and VSL are very similar. These are shown in Figure 10. The width

(,I the r inforced ;_one (13), equal to the length of the reinforcing elements,

- s st.prcardized. The minimum width used is 0.7H or 0.8H. Lareer values of B,

ui .I, ire uqed for low walls and severe loadings conditions. Surcharge

-oadings on the backfill are considered in analyzing both external stability

* ond internal stability.

'4 . The procedures used for design of Tensar Geogrid walls, while the

llale ii principle as those shown in Figure 10, differ in some respects. The

reinforcing extends a constant distance behind a plane inclined at 450 + 12

frow the horizontal and is thus longer near the top of the wall than at the

h,. tt,,. The procedures used to evaluate safety against overload of the rein-

f,,rceitrnt la pullout are similar to those shown in Figure 10.

S, Te design procedures used by all, of the distributors discussed are

t,)!:! e:i solid prin(iples of soil mechanics, proper:y tempered with labora-

ta:r, t.t res t-s and field experience. As noted previously, all of the conM--

a pai s hxc.e engineering stallfs who can provide assistance with design when

reoui red. it is thus not necessary for an engineer wishing to uso one oi

Sthe:sz systems, or to explore its usefulness for a particular project, to be

-ti,. ver,-ed i:, ill ot the detailed aspects of its design.

Pe i f -,; rrinct:

4* i ,'.advantage o)f reinforced wal s as compared to ccavent i onaI con-

I.- ,,t, w'rl 1: - tlit Hle" are more flexibie and thus better able to wi thstand

-'er,.r :, ttlermen s w ithout distress. The reinlorcing element-- can

.I_.pJ._r.jble distortion wit h ,ut ill effects, and the irticulated tac-

I Tl:' ,1r> .: ,C..,OwmModate some di 1 ferent ia 1 sett lemer.I e Titl,i.. !, e. Tire

., 1e,:.: ;. :, kng.. osed on the Hill ker Welded Wire Wa]I I :id t ic C s I r
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wrapar'ound reogrid-reintorced wails are even better able to tolerate differen-

- oundation movements, being even more flexible than tile Other tvpes of

Con.struct ri,. and cost

4 One of the princioa:l advantages of all of these reinforced wall

'' e- i- that they cair be constructed using relatively sn'l I equipment

Siews c- r or live workers are common. Depending on the reight of the

wall, ccnstruc t ion rates from about 700 sq ft per shitt to 2, 000 sq ft per

hilt t have bceeu achieved. The rate of production increase- a- tile heiglt cI

wall dtc rca.es.

Accordinig to the manufacturers of these systems, costs per square

t .c are cut one half of tire cost of conventionil concrete gravit%

tilt-er L i Vs. ("o(,t Iigures developed by the Federal W':hway Admir -
r j in. I71 i idicated costs per square foot fur Reinfor.e foo ,cr Ke orted I -rth waIii.

,-ro 'e-- *or I,"..'..ils than for high wa I I s , the per square foot cost or

ShI- - l 1 w -Lhs bei: c 10v about -.0 percent as great as for 3 ft-high wU Is.

r: ot, , i luence oi-wall height on the cost per squarte foct is interet-

inn Td 1o tiiug. Cost s also depend on job location and the accessibility

' hwe zit e , aW' 211I as onI tire cost 01 suitable backfil material. Costs per

i a re f t ir U.; probably average -o-newhere aroui:d $25 toe 5$ per sqrare

t. he manufacturers of these systems aru able ina -ill ing to assist with

usrit:,.01 s ,)In particular projec ts if desi ret;.

Summary and (onc Ils ion

tic. Seepage berms provide an effective and reliable means for control-

Siq, ~e:- .:'e seepage from the toundation at the downstream side of dams on

I ,J ,K .t..ions. .eepage berms restrain the touPdation soil, , increasing

.- <tv!: with respect to erosion and piping in periods of high water. Bers

S'-:fructed of permeable material are more effective than those constructed of

;mp~rme:- (r semipermeable mat i als , in that the -;dme degree oi cafetv can

O,- * hi .- : with much less rzat cri:i. As sh ow: i n tie first section of this

.n.s cnTstructed ct materia havirig permeobilitie.- as high cr Iiigler

, '-,S ior soil need be rnly ,1bouIJt One J outre L h "'.ldo ant hilf as

- "'crs ,.f ]e , permeanLe oils ;and would tirus , t onlv ,di ut

/ %P
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*, one eighth as much volumre. There iq thus a clear advantage to constructing

p. berms of permeable materials whenever possible.

50. Ihe extensive mathematical studies made by Barron (1984) provide a

valuabie basis for estimating the widths and thicknesses of berms required to

achieve, a given [actor of safety against uplift. The first section of this

p.per presents a simplified apnroach for estimating the width and thickness of

De-eL3, baezed on Barron's mathematical studies.

51. The second section of this paper discusses the use of reinforced

als and sloFes for seepage berms, in cases where that may be desirable. The

charactersciL:s of fout different proprietary systems tor constructing rein-

forced walls are discussed: Reinforced Earth, Hilfiker Welded Wire Walls and

kcinf-rced Soal Embankments, VSL Retained Earth walls, and Tensar Geogrid-

,'infrrced walls and slopes. These systems have been used previously tor

appications such as marine structures, erosion control, stream protection,

and coasti structures, and all appear to have potential for use in reinforc-
0
. in,; .eepage berms, as well as for a variety of other applications.

- 5:. The characteristics of the four reinforcing systems, and the meth-

- ods used tor their design have been discussed in detail and summarized in

Table 2 and Figure 10. Their advantages as compared to conventional concrete

walis 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 teclhitca.l potential of these svstems for use on a particular project.
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SAFETY FACTOR 1.5
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L ? 00 FT
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* ____INFINIY LPER VIOUS
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Figure 1 . Variation of required width of seepage berr
with ratio of berm permeability to blanket pertleability

(Barron 1984)



(1) Infinitely Permeable Berm

B L LS k I Fy wh \

h H L LS _(aclt eoeB

t X + L, + L t

(2) _Completely Impermeable Berm

F y H L,
B = -_____ (X +L 2-1 I'S

= L
hb

h +( + B LS (.calculate B before hX LnfnieLS t

Nkf

where 1,S \ F

X = L tan h
LSLs

F = factor of safety against uplift

y= buoyant unit weight of blanket

= unit weight of water

Definitions of other terms shown in Figure 1

Figure 2. Formulas for calculating required berm lengths for
infinitely permeable and impermeable berms
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(1) Factor of Safety Against Uplift of Both Blanket and Berm

F Zb Y +t t
(h - t) Yw

A (2) Factor of Safety Against Uplift in the Seepage Berm

F= (K + Zbkb
(h- t) y

w

where F = factor of safety against uplift

= buoyant unit weight of blanket

y; = buoyant unit weight of berm

Zb = blanket thickness

, t = berm thickness

kb = blanket permeability

k = berm permeability

h = head at bottom of blanket, measured

'A 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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k
Z b b t

wt

t= for- < I-ov kb

Fy
w

-~ k

t 0 for -i 1
k b

where t = berm thickness required at downstream end of berm

Z b = thickness of natural blanket

"' = buoyant unit weight of berm

- = buoyant unit weight of blanket

k = berm permeability
r . t

kb = blanket permeability

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

I Figure 4. Formula for calculating required berm thickness at

the downstream end of the seepage berm

-,.
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REINFORCING Z-RAN DM
STRIPS BAICKF ILL

PRECAST RE INFORCEDGON

CONCRETE LOUM LINE
FAC/NG--- -47.

..LIMIT OF
- / CONSTRUCTION

EXCA VA TION
UNREINFORCED %
CONCRETE
LEVELING PAD

TYPICAL SECTION OF A REINFORCED REINFORCING -FIL rER
STRIPS -,FABRIC/ RANDOM

EARTH RETAINING WALL PRECAST 7BACKFILL
CONCRETE
FA CING

REINFORCED .
WA TER VOU.. 

4 LMIO

/ CONS rRUC TION
/ EXCA VA TION

UNREINFORCED.
CONCRETE
LEVEL ING PAD

TYPICAL SECTION OF A REINFORCED
EARTH MARINE BULKHEAD.
FILTER FABRIC IS USED BEHIND ALL

BRIDGER-, PANEL JOINTS TO AVOID WASHOUT

ROADWAY OF FINE BACKFILL MATERIAL

BRIDGE SEAT_ J:,

PRECAST
CONCRE TE REINFORCED
FACING-_ - VOLUME-

_____ -REINFORCING

* STRIPS
'UN REIN FORCED.
CONCRCETE

LI- VEL ING PAD

TYPICAL SEC11ON OF A REINFORCED
EARTH ABUTMENT. NOEL7 THAT THE

* BRIDGE SPAT RE!STS [)IRFCTLY
0%~ THE REINFORCED VO[ JME.

Figure 5.Reinforced Earth walls
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PERSPECTIVE VIFEW OF A HLTIAINED
EARTH RETAINING WALL

REINFORCING

MESHJ

FACING PANELS

BPDG
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q = surcharge

70-1 Earth pressure force, E, includes

I I * 4 effect of surcharge. E is determined
AlT using earth pressure coefficient, K,

from field measurements. K = K at

Hr I WE surface, decreasing to K = K aV depth

e_ of 20 feet. a

T
Design Criteria

I ) Sliding

F R tan + 1.5 B = width of reinforced zone
T

(2) Uverturning = length of reinforcement

% H = wall height

F =- > 2.0 E = earth pressure force
ME

W = weight

-E > B q = surchargeb= 3 R = vertical reaction

(3) Bearing Pressure T = horizontal reaction

allowable
W+ q bearing Mw = moment due to W

pressure about toe

M + M _ M M = moment due to q of wall

W + qB ME = moment due to E -

Reinforcement Stress b = offset of R from toe

h A allowable c = horizontal earth pressure at a
f = __ h
r A stress particular depth

t5) Pullout Resistance A = area of wall face loading rein-

Pullout Resistance forcing element
Pullout Load a = cross-sectional area of rein-

forcing element

Fikure 10. Design procedure for Reinforced Earth, Hilfiker, and

VSL Reinforced Valls
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PLASTIC CONCRE'I1' CUTOFF WALLS

6eorge J . 'lamaro
Mueser P"utledge Consulting Engineers

introduction to Slurry 1:al! Technolg

1. The-re are basically three methods of dchieving an imper.ieable cutoff

wail asing slurry wall techniques:

a. Soil-5entonite backfill slurry trench.

Cement-bentonite backfill Slurry trench.

C.Plastic or rigid concrete backfill slurry trench.

oo1-o;itr.tobackfill slurry trenches

2.Soil-bentonite (SB) backfill slurry trenches are excavated in a COnI-

ti-ous manner to practical depths down to 100 ft. For depths of approxi-

* matelv 3I1 ft, excavation is performed by hydraulic backhoe or drag line

fexcavaLt~rs. For depths in excess of 50 ft, a combination of either backhoe or

dran,7 line and clamshell operation is necessary to effectively per orin 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

b.; replacement of excavated soil with a bentonite slurry. Bentonite slurry

-L.blizes the sidewalls of the excavation until such time as a mixture of

soil and bent unite slurry can be replaced in the trench to provide the perma-

nent cutolt (Figuire 1). This procedure is most appropriate in shallow

trorojiis depths down to 50) ft) where the backhoe can effectively dig a con-

t 11010u5 trench without the need for clamsliell or oh ise operation. The thick-

Sof the selhnoiebac:kfill is usually relotod to the Iydraulic

* ,raJient I (pres;sure differential in feet of water divided by the wall thick-

omt; i tecr) , which i~s a measure 0? the hydraulic head difierertial acri s

tr cutoff wail. Conventional practice sugge5sts that a maximumr gradient 01 10

iiln f foot ;r of safety of 3) be appli ed to sci 1-heotonite rit:ort s inl o~l~er

ltilonii( rile n n poss ibil t v of e itlier hvdraul ic fracturing or mi grat ior ,

~it-s i >rhvdiulic grAdienL.* Thene ritetiai ma', he excessivelky

FIor a inerc complete discussiton o! the blowout requiierno~rts of sol1-

t)tUrnt(i1tu'1~r trench cutotfs, see F!", 1110-2-1901, pp 9-24 to 9-2).



c onse-vii r i ve .'d i e mo re o f ten than not, rot Il ol1owe(!. Thecre cri teria would C

re e 'a-: t - trl o ~i1 -e iitonTIi te b a ck f I. ISIUmr; t reniich If or a cutoff wall1

exedi tr r.e o-w Pround-water levels. Because o' the nature o) the geol-

cg: 'it cortairn sit(es, it mav niot he economical, practical, or even possible to

txcvr t ull s-ft Width. laborator: rest-, on prrmneril.' de-1icced and

"erVe indji'te permeabilities in the -Yne of I I'., to

Y x ( *~QCe

Cemerit-h)entoni~p hackfill slurry trenches

. Ceet n-tento~ite (CR) slurry trencl'e,< are exc.-xated either as a Con-

tfntu11us tt as d, escribed, in the foregoing pairacraph, (,, In pane!-s, that

4-, a --Int!al ex cavated as shown in Figure 2. Thep cement-benton;r

u -r'., trench !i fers from the foregoing technique i nasruCh ar a mixture of

- ce~cct and hertOnite in ;lurrv form is substituted for the convllentional benton-

ite Tlurr. Th cement-b~entonite slurrv provides i two-fol 'unction. Uirst,

it suprr';te trench duringz excavation, and second, it provides the perma-

nethac kVVI '-aterial I-or the trench as the cerient benterite solidifies in

'A ecatuse of varI.-tlfns In the geology at certain sites where the

ocrurrnceo~ ariushard and soft materials makes Jit difficult to predict

and estimeite irccir-telv th- rate of progress of the 'rench excavations, It is

- ~that th- cement hentonite would harden in tie trench at a rate faster

t't~ -. ite of (.-cavation. As a result, it becomes necessar,.' to reexcavate

>'~r~ trr~ie w~chdanhardened, wasting a significant portion of corn-

Nplf-e..o .cor. meit'-!entnnjte# backfill undergroes shrinkage and cracking dur-

in'iw 1r. lc arve vcir4iatins ;n ground-water levels can render this backfill1

per' j ic if dr ng ocur. bnratn-7. tests on properly designed C8 backfil is

Piz i rc~t ircl -I lry t r- n c h es

Vlatic conrcrete (PC) backf Ill slurr' trenches are constructed in

rariT:e i 7-,, t'i he !,) ! r ow In nroc chii~ (Fvgur e 2) First , a. panel is excava1ted

:<' irg I, h 'cc ad r r~ 'j-h 0 ' bu!,~cket (Figuire 4) dawn to the

pe% i~&:r f''r' 11 c'jv a sflld with, a bentonite -stabilIi?-

!I-I icr: a thle ezrxr',Iio n id'i" e- drir' At t-he completion of the

aezzrr. 
5

' ri r A nt o: '' i-f' wq!l1 ,, i- covered in

le J%5' .1 -P".
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excavation o1 a panel, the bentonite slurry is cleaned through a desanding

pe operation (Figure 5). The panel is then filled with a specially designed PC

mix (Figure o or 9). The PC mix is designed to provide ultimate strengths

f' at 28 days ini the range of 500 to 1,000 psi (Figure 12) and nominal per-

-.. ie i t' k ot approximately 1 x 10 cm/sec.

'. Thi; method is most practical for the construction of deep cutoff

wiwis in dense soils and soft rock requiring a key into impervious strata

since e cavation can be performed in panels using heavy clamshell buckets and

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

dependent inasmuch as panels can remain open for as long as necessary to com-

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

t" L:.isting 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.

.. Ihe joining of individual panels is obtained either through the

reexc:vation of previously placed plastic concrete when constructing adjacent

..?.. panels J'Figure 7) or by the slip forming of joints at the ends of consecutive

* pane I trugh the use ot end stops or pipes (Figures 8, 9, 10, and I ). The

to erm s Known as the overbite method and the latter as the end pipe method.

"'ahor. rv tests on properly designed PC backfills indicate pereabilities in
- "710.'w ra. o! x - !0 to J x 10 cm/sec, with permeability increasing with

* e

('uide Walls

St Iide oils ar.r essetial for the accurate control of the alignment
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IJ

and elevations of a PC cutoff wall. They serve as a guide for the excavation

and prevent the u< ]apse of the trench at ground surface.

Panel Dimension and Arrangement

1i Pane! dimensions are usually controlled Fv both the technical

requirements Of the work and the type and size of equipment available. Panel

Sengths can be 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 shiouid be used in loose unstable materials or in areas where there are

very high surcharge pressures from adjacent structures or slopes. Longer

poneis, ranging up to 30 ft in length, can be used in cohesive soils or other

s table materials. Wall thickness is usually 24, 30, or 36 incies.

12. The Lotuom of wall elevations are governed by the location of the

to) ,, rvck, by the need to embed the wall in impervious strata, and by the

nieed t,' p-olongate flow lines through pervious strata.

'.1f the bottom of the wall is to be seated on rock, care must be

taken t- verify the Location and nature of the top of the rock. The top of

tre rock nust be satisfactorily cleaned prior to the placement of concrete in

t:.j pane L

4.4 It the bottom of the wall is to be seated in a rock socket, the

kk s -cet s' I d be suf fciently deep to provide the funct ion required,

i.e., aterr] sriprort, load bearing, or watertightness. Reinforcing cages are

sua i v : t requi re.

Construction Joints Between Paneis

i. nonstruction 4oints between panels are achieved in a variety of

ways. ite must basic and simplest method is the half-round joint formed by a

o -top LTd pipe or a joint formed with steel wide-flarged sections. Less often

,nsed are onlnts formed by square-end buckets and joints Incorporating ;heet-

pile seci,ns or break-away key,, set into the pour. Complicated joint details

a e :-:penn ye as well a-, difficult tc install, and perform unsatisfactorily

* es: t: r ideal conditions.

)C. C)asf on, l ly the overbite method is used. (rreat care must be taken

., - r-' .,: nt overlap and lateral a] ignment . (Overstrength -oicrete can

.f th- ,)verbij e.IpI
, 1 '3 /a
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Design of Plastic Concrete Mixes

17. Plastic 2oncrete mixes incorporate various proportions oi cement,

bentonite, fly -ash, local aggregates, and local water with the intended pur-

pose of providing an economical mix that is easilv placed, highly impervious,

and resistant to local permeant water.

i8. Bec.iuse of variations in materials, mixing equipment, and skilled

labor, it is Jifficult to recommend a specific concrete mix design; however

there are several rules Lhiat should be followed in the design of the mix.

hard gravel is preferred over crushed, gap-graded stone; the aggregates used

in the mix should be weli-graded. A sandier (45 to 50 percent sand) mix simi-

lir to pump-crete mix will flow better in a tremie pipe and throughout the

panel and is therefore preferred. Plasticizers and air entrainment mixtures

or_ recommended. Design mixes should be of as low an ultimate strength as

practical (less than l)OO psi) (Figure 12) and should be designed ard tested

with enough rater to guarantee that an 8-in. slump will be achieved.

1" leqts should be conducted to determine the lowest practical

strength for the intended use. A low modulus of elasticity and high strain at

tailure 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.

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

a. Permeability with site water.

-1 .. Ultimate strength.

c. Modulus of elasticity.

d. Strain at failure.

Concrete P'lacement

2 1; excavation., are pertormed in line sand, or with percussion tools

u;ed to dri 1 boulders oi bedrock, it is imperative that the p*ue1 be cleaned

prinr to, the placement ot the (on.,rete. Otherwis e, ti;e satd part 1( lt, vi:1

settJL to the bottom c.: the panel oz , if held in supension bv the ert-itc,

wi,i mf-< with the ccncretu ind form pockets of "mud' in the 1p-inel.

2K- I T 5
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-i PnelI cleniiii: can he dare hv nn airlift andt desander (Figtire ~lat
tihe r r , hr 1 c n.p e te r ep)onc eme nt or c on tamInTe h entte wihfr

~,or roci en i no th e hot t or w I thI a 't oth1 1 e ss ''r aria tel I1 hu ke t

Otir e- or l0-in. -diam trerlit, pipe cEntral lvlocated within the

Tj 1~ T' C 0m 'e Tded. The tremie hopper shi Ibe Larve enouvh to receive the

i ' tirce oa concrete anid p-eveTut rlhe p i I awe r-_ colncre te "rom the

rt o tr t r en cl ( F 1 1).ir

e "0 n r e 0 T)- IT I ooi I d p roc e ed as-- r,;p I dIv i:, p o-ssib Ie . hlowever,

a. c:- c imo.lin suich 'I ma.nner that o cont iiiuouq pl;c ement of con-

iot i iIs lt:1 f! T)- Ii r ut fIons, in t he do I I v c. conc c to jauirantee a cold

P. t~ pr e~ 1 !d a ! uture sou rce of leikage .

At t useno conrete placmet teto enpIp muth

xy a~r tr i rin; t mustr b e r erov e, a t a r at e slIowT e noutig, thIia t

I -r-e, a-o% e lh 1evel at which the conL rete has; al readv set and

a - o that the Ppne willI not become,, stuck within the Panel

* -:r t'ie lerhlro method, the concrete i-s t-ermitted to set an -I ain

kt i . 7yat Ior o f an adj acen t panelI mustr take p ace wl th In a

.......... r: tia f ,in nrrde,- to Permit easy remo-val of the fresh- concrete.

(;ualftv of the In-Place ncrete

-I C(rrect v Eq Tr-d mTii ha- '-epn prope-7- :uIc, it isa Imrost

:r'Nh e the Tor (+t jot t. _hIoeIS dC Sig ns st renc t or. (The prob-

Ie-: is tha te -cric: uou:I lv ceeds- de,, i reU trength. Fxperieuce ha,-s

wn rht c % 1 ir.orq t-q'erc 4itr inc the po,,ur uqlia' show concrete Qtrenpths 10

to 50 perc ent greater thor, the steghspecifLied, and that cores taken from a

n1 1 o.en uindeor the most d i - aaita vfeols p1I aconeirt -ond i t ions, -r apt to have

* teo r era t- ,I or ore tho;r, perCent i eater thir, theo qtrenR'th speci-

:ied The goal Ic plas1tic concrete mixes; i t ohnt4i i low strength, low

rcacili ~<ol st I rv, avla oh triT at failure (Figuare- to 1/4.

* a :a . 1 r -i f I T, a i -1h

r:r -n ac r ''"d f iin co re depenc-rt iio the geology of

nr r, t( k ap r') o e. 1  rr, prnoerl I xecuted

-,-..W, i T rit' 1' e1 o f -r I I t'

I-~~~~~ .Aee %L0 -d e



The vertical joint at the end of a panel formed with an end pipe
Kj should fall within o in. of the specified location. The wall

should be within I percent of verticality.

28. Properly executed cutoff walls are waLertight throughout the panel.

Occasionally seepage will occur at the vertical joint between panels or at

cold joints.

29. Leaks are the responsibility of the slurry wall contractor and will

be sealed with chemical or cement grout inserted into the soil directly behind

the wall at the iocation of the leak. Occasionally grout pipes are placed

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

Conclusions

30. Flabtic concrete cutoff walls can be successfully constructed to

depths in excess of 100 ft in various geologic environments. The walls can be

keyed into hard, imnervious 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.

I

I
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HOPPER

N,.
8~~EIV TON, rE "i.

,-4 TREMIE PIPE

Figure 6. Placement of concrete overbite method

BEN TONI TE FROM MIXER

.

.BE N

" ~~BENTONITE O IE

~'- -- CONCRET -E'7 FIL LED CONCRETE
PANEL----,. TRENCHr-.- PANEL-

CLAMSHELL _____

BUCKET-

j V "

.4-7

Figure 7. Excavation by clamshell bucket overbite method
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.

~END PIPES

BENTONITE FILLED

_ TRENCH

Figure 8. Preparations for concrete placement end pipe method

EXTRACT END PIPES

BENTONITE

TREMIE PIPE

I,,

AA

I Figure 9. Placement of concrete end pipe method
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EN PPEHOPPER BENTONITE LINE-,,,

NI/ A

TREMIE PIPE

-PANEL DURING

4'. ,A' EXCA VA T/ON
PANEL READY

TO BE POURED-

Figure 10. Different phases of construction end pipe method

(AA
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Figure 11. Concrete placement with two tremie pipes aimd end pipes

in place
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2 FNI R"IK/NG AS A CPNSTRUCTION EXPEDTEN4 Y FOR EXCAVATING;

Cl TO i"F TRFNC-1FS ANA) N(TALTATJON OF' DRAINS

John A ute

teocentric

Backgi ound

c~.>< ed rmird freezing for tiininp and construction applications

~ c~in use rr 0%ve r acentury. Despite the great technolocical evolution

r hih c, -ii r - dutring this period, the application of new developments to

Ut , grct:-! rce - insz, ehTpec iilV iri the I'rj ted States , h as been sl ow.

1 ncl go lri rhoct th.-t freez log 1,- a more widely specified and successfully

c~rc ('O~ rl( uO procedutre in Europe and Asia, and that common alternatives

n r rii. useei toi temporary COn1strUCtine)1 are becoming more cost>v in the

* Vnitd aeeir .7 prrant that !'S indus,-trv become aware of this important

Purpose andl Scope

7. U '1v c! the current srnte-o§-tLhe-c:rt. It is desirable to examine

groutnd §--tezintog in light of ruceitt tech ilca I developments, together with high-

% 1 1 gh t -)Tm~re of the aipparenit advaintagves, d.iqadvantages and economrics of the

-a r ic-T e -) (-)ative c , t ru c t I o i i p ro ac hes . The i urpo;e o r this paper 'F; to

att-pr i ie :.- s uch -i, exarifnat Ion, with, part iril ar emobhosis on the piractical

applifcaIror of i-rese(nt Iv avail a letchog.

0 -ora :''scipr~~oo .nstruction Ground Freoi).Jny

I. rod re~'ngeriploy'; the vi; fJ ref'i lgeraitioi to it,;t e-

rw-tt-er ro K e . Tlie ice ti on att. q!: i cement or glue bonding, to~gether

c(cr ihar t i. c I I -r 1) 1 k- oM reck to ill rease the Ir comb inr,;

1rtr P frrot -,r tin' i oze-n gro-id. It is, the key comp1;eoet ,I F, oill e,

t ela'Ipr-port Isareo riich more rlperdknc On t imeL TILCPT' temp1-.

- rant .1e a te trnti iTI ,IJct it 01C11rs.

1 7
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2. Essentizliy alI ground freezing projects require one or more of the

fol owi!

a. Structural support by stressed frozen carthi, or

b. Structural support by the mass of an essentially slightly-
stressed zone of frozen ground, or

c. ,round water control by an impervious frozer earth barrier.

5. ("round freezing may be used in an} soil or rock form-ation, regard-

:e55 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 4 ob despite wide variation in these factors.

6. rreezing is normally used to provide:

a. Structural underpinning,

b. (round stabilization,

c. Temporary support for an excavation, or

d. To prevent groundwater flow into an excavated area.

As the imoervi )us frozen earth barrier is constructed prior to excavation, it

;enerally eliminates the need for additional ground support or dewatering, or

Lhe concern for adjacent ground subsidence during dewatering or excavation.

h.owever, lateral groundwater flows may result in failure of the freezing pro-

gram if not properly considered during planning. Further, though subsidence

mav not bu of concern, ground movements resulting from frost e:pansion of the

soil during freezing may occur under certain conditions, and this potential

must be considered in planning.

- 7. ontrary to popular belief, freezing can be completed rapidly if

necessarv, or desirable. However, the freezing rate can be directly related

t, ovrall costs and rapid freezing, particularly with liquid Nitrogen or Liq-

:id ii.r' Tm Di:-ide, is relatively more costly than slower freezing.

. Frozen ground behaves as a visco-plastic material with strength prop-

ert i C- .:i. Ch are primarily dependent on the ice content, duration ot applied

, i d the tei'perature (t tle groi7,'l. The type ard texture of the ground

art Ieattj','elV ; iMport t . For h re.ason, a iro:,en grouu d barrier is

'etrer, ': versatt. hithin li it t. t i'z reLativev insensitive to advance

- i IU6 : i. cti I : 'Ihi i.. P' I' cu LarI', dvantagE (Us ft r tunneling by chang-

Itc t rt tenp,r,i t;re tr clrt, i o loaIding 1-, it wi I usually be possible tc

% I VO



acco)mmodat e all t pes; ilorrn d 111- of! i~ I .t I i th On e I r c zI I g

.n i ri 1 1Fv aI u a t i V.- ic I iO'f l .,i s iL. i Ijt v

* Situ related factors

,. A br ie f iexamd n,,t Amon th 1 '. 1i 1 1 1i L e kc w togthe It th e

geome t r- o f t he p lanned ex oavo t i oin r, I nt '2t l cxi r I I j4s t rLi L:t Uaret, is p raba-

bl1v the Ifirs t -,:-e p J i Iimi ,it c 'L prd"t CA I OTs t tic t ion a It ter-;a t ive. fo r a

proj ecCt - whe the r anl opui -stirt a. 2 1''o1 a 1- sursiir~ _i exc Lvat ion, sic h

as a tunnel.

a . Ex Cava 'P~ g el iie tr,. <n I tg U:_ i I( T, .'p t t, s pace fo o p e n C Ut,
p ro .li~r'~ t o v ' It i. LL siit aC lit ilt 1(. . 1)v and E e 1,w

,4 r ounPd

A ot2 a ;I ;rr I V ii l,01ij.7t a me tce or miore timict.
hie ic r, rta t- -it c r .e.r an ,u L i t i., not i imited by

*i dep< S 1'1 1- 1 p I 'Lg tleWator I in iiiL W hej t. A rozui harrier
C,1v 1 1o at ed I I Irv. gc'om~ct rY iii0i -n . i e f-r..n, v er t i -
'Al o, ri,.<'rt., . Jitor.r , a t 1 s inst.' led prior to
ext 'A7,t ionta c L i- udet jiiring focr adjacent struc-
t~lres a, neli as Uexoavatio ioin spiPtr iln groii.water control.

b. SoilI and rock: ni t ion is - iItouuse a Irozeii vearth bharriet is
le-s eilsit iki to gelIog ic c i lt ioi iv; aind rredictiun than other
a! tc..t 4 ti-roal ltst ooy will treqmaently

heio she mlnr~~o F t t jf :reoeiig.

Freezirg K; at i :,tv wh e r e p le arlon d ep th i s Ijm it ed, o r
-heru dri .ii-ao 1 (1 i t 4 o ; r would euni-e unwantod settlement.

,,iig n bu ,ipdi, ted iin ircj UIi t ui de:iil by -iti ding rubble,

pi le, rd old £ ;ill';aI to:; whore eor i',Lcri,,arive!- nuld he
edrne io . Yttr ruiln livg g::nnd ind h; lh toI
1(1 r W~'i itc ) ,1 t i ot r :ree .. 'i cIrad c'. pVrof i Ies

Whi Chi0 L, .1 1: ko 1-i (1 '0a t, C P (it t1Fed ct ahlV, Wa,% I iid' lv I

()n t lit: i'' it vo i , I o t,, o; o the-ma ~ liinduct iv it v suc:h as

Iit t. o r u t i r.. IhVs tok .i con tI m t
I reene Id it- I trur.lpo.;te ),; ir Depe nd-

1 , tl tte O , l'e 1. 4t. ; ! ci < 1 i 1'0 l r- k C 0 1 I I L
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primarily dependent upon the frozen thermal coinlcutivit' of Che

strata. This parameter may vary by a factor o, ojiiy 't or 
being lowest for organic silts aid c Iys -nd i 1 1ihes t for sard
and rock. In comparison, the permeabiIt it:- of tIne.,e strata

would range over several orders of magnitude. It is this funda-

mental difference between the possible ranges ,f thermal conduc-

tivity and permeability which makes freezing_ more c::ntrollable

..N than grouting in a heterogeneous profile.

For any given refrigerant temperature, the relatively thinner

frozen zones will normally occur in silts, clays, organic soils,

and sea-shell beds. These are also the weaker strata; hence,

structural analysis and design will frequently be dictate-d by

these materials.

Frozen bedrock is not necessarily stronger than the overlying

soil. The performance of frozen jointed roc Js largely a func-

tion of the joint system and the behavior of the iorlcstitial

ice. Though the ice will serve to bond jointed rock, the ice
itself has little long-term strength.

c. Site groundwater conditions - Most of the pr,ubiems and failures
which have occurred on freezing projects have been related to

* groundwater flow. If water flowing into the freezing zone sup-
plies energy at a greater rate than it can be removed by the

refrigeration plant, the zone will not freeze. For circulating

coolant systems, the maximum rate of water flow which can rou-

tinely be frozen is of the order of I 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 iii requited time is

directly proportional to the increase in energy which must be

removed.

As with most thermal considerations, the spacing of the freezing

elements, the temperature and flow the refrigerant (coolant) are
% , critical. Empirical techniques have be.n developed for approxi-

- mately calculating the maximum spacing which Can he 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 refrig-eratio" load per unit

*length of freezing element with th additional i )ad wnich may be

expected, for any given element spacing, due t( water flow. The

refrigeration plant selected must then hae a capa:irv, at the

prescribed temperature. greater than thcse romrji,(d loadz -

4' ",including a safety ftctcr.

*. At present the critIcal factors vhicl; centii t' zic in the

-. presence of groundwater flow are reasnah I e -know, anld they'
have been combired iret , a c ,mprehei:U i've ,n t e il,,pr1C,rcCi I or

design. However, ,uf f icient data 4r(, prn ert. , r, nOt vet
available to confi -i the dsign prccedI re. in , nor jn the

importance of thlis infe'inaLion, add.it, iar . is ;.ecedd in

. this area. A,- a practical matter -,h _ r ,,r; ,..tr flows arc

ex)pected5 froeing dleni-nt sp.atng rL, d I. - ,n, aiinment
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carefully controlled. Further, the coldest practical refriger-

ants should be used.

The feasibilitN of dewatering and the potential effect of

dcwatering on adjacent structures may govern the selection of

the freezing approach. On sites where dewatering is either not
I asible or economicall) impractical, freezing becomes an
attractive alternative. Also, for excavations where site or
work conditions requir the use of a pump(s) manned twenty-four

hours a day, freezing automatically becomes more attractive.
The same man who would have operated the pump can operate the
refrigeration plants instead; thus combining excavation support

with groundwater control at little or no additional labor cost.

Ground which is too dry - say less than 10% saturated - cannot
be frozen unless water can be introduced prior to, or during,

freezing. This has been done on projects in the past, but
req-!iires special consideratior,s.

ihe qualit,. o the groundwater may significantly affect the per-
tcrmance ut the frozen barrier. The presence of dissolved 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 from 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.

d. 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 aiso be considered.

e. Ground movement - The settlement, heave and lateral displacement
*criteria for adjacent structures and utilities will be an impor-

tant influence oi the- lecision whether or not to use freezing.
.reezing undec the right conditions will essentially provide a
rigid support system eliminating any concern for movements of
anv kind. Conversel. , under the wrong conditions, freezing can
induce movoments, which- would not otherwise occur.

-9 iwo type of potcutial ground -Movements must be considered in the

des;:gn ('a te,,1r' fro7,n ground sunport system; these are

mn,-, O e t:_ _:ue to rt-p, and frost effects.

(;ru:,,! mvements ; fter uxcavation can theoretically occur d Ie to
cretp relaxation of the frozen zone after prolonged loading.
tHowever, as a practi;l! matter it is rarely of concern. 1he

W P1%1
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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 some
soils. The movements result from two different phenomena:

(1) Basic frost expansion due to the conversion of existing
pore water to ice during freezing, and

(2) Secondary frost expansion due 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 sands and gravels are generally not 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 (9% 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 tjb1 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.

f. Thermal loads - In addition to the ground movement criteria

discussed above, it is necessary to consider thermal criteria,
particularly in-service water, sewage or stream lines which
would pass throiigh or adjacent to the frozen barrier. Unless

]52

%6- - I - -%
% %



these lines artv atagnant for very long periods of time, the

toerml l,.d they represent normally are more of a threat to

the trozcu barrier than vice \ersa. Because of potential

conden.-.ation problj.s, stream lines are probably the most sen-
sitive of the various utiitLies.

S. Preliminary design - If the aforementioned factors have been

* - considered and free:-ing appear.; to be an attractive alterna-

- tive, then a prelimi, ry structural analysis and design must be

urdertaken to determine the approximate geometry of the frozen

barrier, and whether or not it should be designed as a stressed

or unstressed rection. The results of this analysis are impor-

tant for ealuating the economic feasibility of freezing for

" tile Project.

Job rclated factors

1"). In addition to the characteristics of the site, there will normally

be project constraints whicli are important. As a rule, such constraints usu-

ally havc a more important effect on the economic than technical feasibility

,.. nf the work.

* a. T:me - two time periods are important. First, how much time is

available to form the frozen barrier (prefreezing time). This

wculd be analogous, for example to how much time is available

to dri-e sheeting, dewater and excavate. Longer available time

imeans 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 alternatives, frozen barriers are

most attractive if they do not have to be maintained for a long

period of time.

b. Cortinuity of work - Can the barrier be installed in one con-

tinuous operation, or does the work require multiple mobiliza-
tionls an-dl iomplex scheduling which could make lor poor
equipment utilization?

- c. Power, water and space requirements - Refrigeration plants for

iO field use are normally mobile mounted on truck trailers which
,ned only be connected to water, power and the in-situ freezing

elements. About 3. kilovolt-ampere (440 volts, 3 phase) of

power per ton or refrlgeration will be required. Where cow-

mercia I power is a1ot available, diesel generators must be u§;ed.

iht. availbilit\ andi cost of electric energy is a major factor
O in determining economic ,eaability, and may result in the

,.eiectlon (,f liquid nitrogen or liquid carbon dioxide as an

altter.ative. Water use will ncrmallv be of the order ot 5 --
,. gallons per minute. o.'or a large project, available storage

%. i space for multiple tefrigeration plants may be a concern.

d. Personnel and equipm.en:t availability - Large mobile refrigera-
. tion plants are riot ',,wmonlv available in tile i'nited States,;.
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However, ic 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, as all of the ancillary equipment
which is normally an integrated part ol a mobile plant must be
assembled on multiple skids, shipped to the site and field con-
nected. This factor may offer an economic advantage for .N or
LCO2 on some projects, as no refrigeration 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 availability 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

-N well point dewatering system. However, though the craftsmen
3, may be available to assemble and operate the equipment, it may
%. be difficult to locate anyone sufficiently familiar with the

process to design, organize and control the work. Ground
freezing is much like chemical grouting in that a thorough

*I understanding is necessary to ensure success. The availability
of such personnel, 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.

I 6 Material availability - Ground freezing require a relatively

Ismall amount of materials, principal!y 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 resource
materials by using them for temporary construction applications
where they will be abandoned with the permanent construction Is

in place.

Because of these concerns, freezing will probably he increas-
ingly attractiwe in the future.

Initial Evaluation of Economic Feasibility

11. Excluding conciderations of the contractor's capabiiitv, the actual

direct costs of freezing for a specific pro;ect will depend largely on the
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round, ondit ions, the spacing of the freezing elements, the time available,

iii,! the t:)L;, retrigeration system used.

12. G(iven a competent freezing contractor, the relative economics of

ground ::ic 'i:Ig .re critically dependent on the specific conditions and

- Tier;c;' L 0.eilC" ct d project. Furthermore. to properly evaluate the relative

cc, o0l"iCS 0I vi- Lou % alternatives means of temporary ground support, it is

neccm r' t,, ;:oidec their 2ffect on the total project costs, rather than the

O'r i cco.- .f the specific alternative as a single item of work. In some

c ise , th, c rect cost.; of freezing alone may appear somewhat higher than the

fjre,'t c' ri4 a,: another alternative; however, when indirect costs required

il ti3. aernat ives aru considered - such as dewatering, compressed air,

I: e .: conestod uxcavarion and building area, spoil disposal, space

re .uire.J, ateriaI zvailability, etc., the actual total costs may favor the

1. Any considuration of costs must include an estimate of the proba-

tv or :ujeess. For example, grouting may appear economically competitive

, r ldvant. eous ot a project. However, heterogeneity of the formation and a

'Wie range in permeability, which commonly occurs, may cause the approach to

1e uis1ccc.sful. Freezing is more predictable and less difficult to control

than glouting; hence, because of increased confidence, a properly engineered

. tr t'ing Scheme may be more attractive.

14. Though it is difficult to make any generalized statements regarding

thc relative ;osts of freezing, it is probable that the method will be compet-

. r supporLting open excavations greater than about 7 to 8 meter deep in

-,.lderv, -,ft , ,r running ground, particularly sands, and for subsurface

"I: ! .r > in similar soils or mixed soil-rock face, particularly below the

-. wa ter Jbe. tice generali.citions will probably he especially true in urban

re - v,.'rere concc:rn -, r ,:nderpinning of adjacent structures and utilities is a

* raL m ri.

!)esign (:Cnsiderotions
4

" ter a prebiminary feas:hi1 ty analyvsis, it appears desirable

, . ,r itr zing As ore at. the prime alternatives; for the work, then a

t' , . l to le it" !%u. t he undertaken t, ) ,btain a final evaluation. This initial

ie!, : ;ii n, )t Ie i:; thorough and detal led as will be required for
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coi -trnctio;, but it should be adequate to cover all of the important consid-

eticr c. T'ough ;: rresentation of detailed design procedures is beyond the

oe thiV se;"inar, we will rieflv discuss several of the more important

ctr which mu-t be considered in planning and executing a ground freezing

rI-;ek t, and or present ability to predict field performance as related to

eaCh cf tie7. A. a rule. design is based on a number of interrelated factors;

hen!e, ,t ,,timum desikn is normallv a trial and error iterative process. The

a!-- rt ot effort put into such optimization obviously depends on the relative

sie ad importan ce of the proiect.

h If tle frocen ;arrier is for groundwater control only, or will he

e-sent ia v tinstressed, then structural design is a simple matter of statics

arc th'e avallai le time for completion of Lhe barrier will be the key factor
", caf~tain • le ii. The design in this case would he primarily based on thermal

I f I L e h,,rrier i!n to be stressed then the ground temperatures and

0. durr[o" c' opp';e2 stresses will be important. Under these circumstances,

Ithe t :-i nn,! tructural denign procedures proceed more or less in paral-

S trn IroM initial separate assumptions and converging to a compati-

1-1 1 it , lt. 1,r circular sh..fts the procedure Is simple; for tunnels,

diaohract-, archies, etc., the procedure becomes complex. Though the thermal

1. 1 tri t,:rAl de-ipn is normally combined, we will separate the two for

k .- ;arit .

-err',l t" n. ses

.. Frie tacemal dezin consists cf the following:

.. hermal properties ad 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 iimited value and published data are probably ade-
J-ate for most jobs. The range of values for the variables Is
alarlv small, and the resultant thermal calculations will be

most critically affected by water content. The more water the
',er the rate of freezing and the more energy required.

[ r[-sltu ,ethods of measurements are availalle. Thev have been

.. ';1d primarilv for measuring glacial ice properties, but it is

.-,]-/ a matter of time before they will be applied to soil and

I reezing rates - The amount of thermal energy and duration ftime n-ce'arv to complete fteering may be approximately calcu-

, lti The c ,n,.c t Iona1 c 1 (sed form analvtIc approach Is based

9.-.
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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

-e elements. Heat transfer during freezing in normally heteroge-
neous ground is quite complex and more accurate closed form
solutions are not presently available. However, for projects
of unusual geometry, or with nonuniform thermal loads, the use
of finite elements or difference techniques on a digital com-

puter will provide more accurate results and may be justified.
Computer analyses may cost several thousand dollars in labor

and computer time to set Ip, run and interpret for several sets
of conditions, even with an available program; hence, they
would normally be used only for critical situations or more
important projects. In view of this, for many smaller or less

4critical proiects 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 size and
spacing of the freezing elements. In fact the amount of drill-
ing and material recuired, the capacity of the refrigeration
plant and the time required to complete freezing are all criti-

callv 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 (T I), and the subsequent time (T2 )

during which the barrier thickens to meet the requirements of
the structural design.

Other things being equal, T I is exponentially proportional to

the relative spacing of the freezing elements (R I). Secondary
factors which affect the variation in both T I and T2 for any

given value of R' are soil and refrigerant (coolant) proper-
ties. For any given spacing of freezing elements, the required
Frefreezing tine iF, directly proportional to the energy to be
removed from the ground, and Inversely proportional to the rEl-
qti,,e 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-
nificantlv affected by the heat transfer efficiency between the
refrigerant (coolant) and the freezing element.

-he comhined effects of very efficient boiling heat transfer,
ver', low temperatures and changes in soil thermal properties at
tle e temperatures accuinr for dramatic differerces, between the
rclat!vely slow freezing time required for a closed circu.,ting
coclant svute and rapid freezing with an liquid nitrogen svs-
rem. towever, with improper field control of the liquid nitro-
gen freoping procers;, the potentially great savings in time may
not he realized. l.iquid nitrogen Is much more difficult to
control effectively under field conditions than is circulating
co lnt.
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b. Energy requirements - The thermal energy required to freeze
ground is directlv proportional t, the proundwater content.

%. For coarse-grained soils, the enerov requirements ace rela-
tively low If no lateral groundwater flow occurs. in fine-

grained silt and clay soils, the energv rerirement will
zeneral 1v be higher. As a rule of tbunh, the t-nurw recuire-
ments in K calories per cubic meter , -cl 7r W i] be
between 2201 and 2R00 times the water .:c'ntent 'r orcernt

The total energy reqoired is dependent or. rc,7er olume;
hence, it is directly proportional to the tc-tal length of
freezing elements in operation. The tot.'i iE-'rigerarion load

is also dependent or the total length o! treeinv element. or
any' given geometrv of zone to be fro/en, the closer the treez-
ing elements are spaced the greater the tot.A length of ele-
meuts in operation and the greater the iritial refrigeration
load, or cost of refrigeration plant. The cost of drilling and
materials also goes up as the spacing between adjacent elements
is decreased. The net effect of these two factors results in
an exponential increase in direct cost and attendant reduction
in time. It: time Is of the essence and an approximate dollar

value can be attached to it, It is possible to determine the
optimum economic spacing of freezing elements. At close spac-
Ing the cost of refrigeration plants with sufficient capacitv

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 is theoretically infinite; however,
as a practical matter, pipe spacings greater than about 15

times the pipe dinmeter 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
costs is based on the fundamental assumption that a constant

refrigerant (coolant) temperature is maintained in the distri-
bution system and that the refrigeration load varies with time.
This Is the most rapid, readilv controlled and desirable freez-
ing approach. Furthermore, with reliquefaction or expendable

refrigerant svstems it is the only practical approach. How-
ever, when a refrigeration plant of adequate capacity to main-
tain the desired coolant temperature is not available for a
project, the plant is normally run at full constant load and
the coolant temperature varies with time. Under these condi-
tions the effect of spacing on direct costs is markedly reduced
and the required .ree7in, time is substantially Increased. For
reasons nf plant co.ts and availability, manv projects have
been conducted this way. To optimize costs and reduce time

* when sufficient plant capacity is not available, it may be pos-
e il le to u:- anr ependihle refrigerant to pre-chill the coolant

,,r ng, the inirl;! freezing period when the peak refrigeration
1,cad CWrl-irs. TI: o ise (f the expendable refrigerant can he
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% N

I"



dizcontlnued when the rtfriaeracion lea d has been reduced to a
poinot wherc the plIanit can mai lotin the desired coolant
t erio iVatune.

tWithin tile trameworl' of av-ailabIle techInology all of the thermal
consf(derattions mentr'cr.eO are reasornaibl well understood and the
various time-energy relationships cmn he calculated with
.1CCeptable accuricy. dIreater info.,rmation on the thermal prop-

* rte~ct' earth anO." t-heir t i-erati're dependence, together with
,_rese usjfdgt-il computers, should enhance the flexi-

111 and accurac' of thesze cuac'.

Structural ana1'-ses

19i. Structural analyses an(; de!ign with frozen ground is much the same

as for unreinforced conrcrete. 1tV:~ design dopends primarily on ground type,

groundwater conditions, ground temperatures, rote of excavation, and duration

of loading.

a. Z.electi-on of miaterial properties and methods of obtaining
the-1 - 7oi an essentUaLly iinstressed barrier the material prop-
erties can be rather crudelv estiniatEd. For a stressed bar-

* nier, a carefu_ labo-RtorY dete-mination must be mrade of the
actuail prop-arties,- rF 'tie frozen,- soils of the site. On occa-
sion, ond esprecia, lv fo-r smaller projects, data obtained in the

-is- frmsmlr -cl -,ay be used with an appropriate factor

ot safet\'.

Frozen ground behaves visco-plastically. Its long term

strengt- and stres s--strain characteristics are primarily a

fuoictico- of ice content, terperat-ire and duration of applied
load. Presently available test procedures may be used with
rpasonabl.' good confidrnce ti' characterize frozen soil, and to
a lesser extent fractarel reel . Thie creer test procedures are
straighit forwnrd, but tht-v rcriu re complex temperatuire-
'sntrollec! aqlipT-e~t Wi12ACO i~- VI-ilable In very few laborato-
.ics I n th e 1'-, it ed tae.Fiirther tile interpretation of the
test resul It,, i s clir l11v involved and should he done by
someone knowled,?Pabl1 In rozeo ron trcnelogv.

h .Sriucturna 1 resl r - Itf the p!ecia )aprrtijes of tile ground
* and thip m-i:, :rnair prnb,:" le do rato Io'F loading prior to the

,acement of tile pen'rirnei~t gnc:d 'ppnt Is known, a designer
canlet cnpatihie a H'-wah>'r a;,resses -nd ground tempera-

ur ,e s. TlFcu L I oi gn T-. .- i 1 1 freqo',t i\ onende':t on the
strength t racrh nor fc' f- rit a lsO) neces,,,_rv .-n eva]lat e the

'filgz tutr' ~ i 'h l't'-d plastic creep
;c:lr'sar r i 1  f i ' -e~pf c ntieon s, m os t

d es frs .!r e -ir P, f i t e, t:t 3rn Irv" e'c,-stic analvsis

uiAng parametric 'o t ra "; e't loading cendi-
t 07 ,~'h1 ci noc a it h ~ o cihi aton of I oadirog

''ri-alwy ti( la- . f dliii rent -i ti I ' ,lading will he
siffCfenr' l ti ptf'oe, 11,( !"r-t cr'i (it r.i t r n.
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If the CeiSv !h'9tweefl initial excavation and the installation of
r,~nn grounid support is less than about one shift, the most

Cr-.Ltca I d odition wiii probably occur within two to four hours
atter e.c: tion. Inthis short interval, the frozen, ground

aoc- ei)reat dc L1 of its init ial strength due to primary
,reep, :-,It has undergone insufficient creep displacement to

j"'j >':reduce the surrounding earth pressures. Design
ads for this condition will norrmally; be between at-rest and

Tf the d.ela,, 1l:etween the inItial excavation and the installa-
Ll n of permanent ground support will exceed about one shift,
the moast, critical condition will probably occur at the end of
t, o u~ay. After this period, the frozen ground has lost most
ot the strength it will ever lose (at the given temperature)

ndsecondiry reep has prcbablN caused somre redistribution and
rt'duction ('I ground pressures. Design loads for this condition

ciinorrrullc- he between at-rest and active.

D~igital corpiters can be program~med to include lo1ad-history in
structural analyses directly; further, thev can handle nonlin-
ear material properc.ies and anx structural geometry. However,
s;uch analvses are r~lativelv costly and would normally be used

0 onlyfor major properties and loadi-igs modified for creep

be Ihavio-r, willi prob1ably cont inue to be the most common tech-
niqueL ),' an~alvyis for many prcjects.

~ ra I d e s kn consideraitions

9.During ground freuezinig, a number of somewhat unusual fact,)rs must

e cns id er d. Sor-,e o., the :.o re important itemis are discussed below.

I.Ic cc t col the frtev. lug pro)cess irnd ensure complet ion of a sat is-

acc r'rozer iIs nt Lec-n-nrv t n-ni tor grouindc temperatures at crit i-

Ca ( : c-.-It rons c ' n it sor ermnlstoi or coppe r-constantan thcrmocouple

str rg are goo., or t ' ic; poe however, they- may be supplemented by frost

penetration no cr oth types of iistrurentation are read periodically to

determine grotird tt iiperatunes aind rates ol trust pEnetration. The proper

inistill at ion and intern retact ion oI thin, inst rument. at ion is vital. An other-

wise ;ucce,:slu.1 proj et maY be urneces sai-ily cco tly or experieiice difficulties

because o. a ',ck ni instrumentation, or proper interpretation of tie data

obtaiined trom, good instrumentation.

i;rvund freoz iny. in ireas containing ,teamr, water or sewage lines is

nest avoided; noe.eit need not he a matter of particular concern

p rov i d- i n-

a. '1he (onn rartor knows tht2 u t I ities are there
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b. iat he insulates them sufficiently to maintain the isotherm

wiChi; the insulation during freezing, and

that he monitors their surface temperatures periodically to
ensure that the insulation is performing as planned.

. e I lines probably represent the most difficult consideration;

*pi im'i;v because a:v cool ing of saturated steam causes undesirable condensa-

t* . . cr This reson, insulation should be sufficient to protect the utility

,,Ar v t ccrrdns~arion during minimum flow periods and minimum adjacent ground

tcmperi.rn:-. Water and sewage lines should be protected for the same minimum

* ccc lr .- s; n'r'ever, they may be subjected to much greater temperature changes

than s n:m nts without suffering ill effects. Because of this, less insula-

ci.v will :ormaIlv he required. The thickness of insulation must also be suf-

'iLNE; to maintain the freezing isotherm within the utility; otherwise,

A" L t::- he f§rozen zone may occur. A simple alternative to insulating the

it_ Aties. mo.l':s, is to insulate the adjacent freeze pipes where they are

:Lr Sens C Ut ilitie,.

-. w or ths easiest, most effective, and economical methods of ins.-

ation i; t- excavate all of the potentially affected water, steam and sewage

utiities, throughout the area where they will intersect the frozen zone, and

9 Ipr:' them in-situ with foam plastic. If an open excavation will be part of

the p r ject, nany or the utilities will be re-routed during construction and

iV7 . tiun tcr tie remainder can be completed simultaneously.

_,. in additiun to insulating utilities, it may be necessary to insu-

i. t s:-.i: ec surfaces of the excavation from the sun to minimize surface

° ,, (IIuce the load on the refrigeration plant. In general, this

o't ne rec s,-arj in shafts and tunnels, but will be a concern with open

*i:a:,:, < ty-vt:)ns exposed to the sun. A single layer of reflective plastic

*K .ue,.t. .. I icient. Whece greater protection is required, foam plastic

a, i n i. w, wir v meh is probably one of the most effective and least expen-

;i~t: th, imible insu]ating methods. Furthermore, this type of insula-

... t!.. ... , !ceptaoh:V a s a water-stop concrete can be single-formed directly

.. e' ,hout i slatiou, concrete can be poured directly against

" ,. t I,. pu principal concern being that the concrete not freeze before

it t it i t it itial set. In many cases, particularly with structural

. i, , -) <(entineters thick, the heat of hydration is sufficient to

'. 1HI



.0 ~ t.~~,duri:. 5 tLhe initial -ritical period. When the ordinary heat of

>c 'nade ':thigh eariw strength cement ad/or additives such

c'zchir ide should b,~ ,ufficient to eliminate the problem.

shMie the freeze elements will intersect, the ground surface three

o :ce~o: ~vl ent, o1w Li.s Wel, as seasonal. ground temperature effects will

_-3 i 7,e cit he Ifr o zen zo ne. In fall or early winter, the surface

z..1~it !,P-h of abou1t 7m)will be appreciablN, warmer than deeper strata.

e n'ine .asonalI andI three d imens ional e f fect s may result in a coni calI

orae I- ttle r nzocI.- near the ground surface and difficulty may be experi-

ccoin o I taioing closure between adjacent freeze elements at shallow depths.

>.ootinalshajlo , refrigeration or surface insulation around the freeze

ii 2s5 w i' -iaterial>, reduce this effect. During the later winter months,

tlh ; 11 oL b,2 a problem.

Alternative Construction Freezing Methods

Lia tefrieratin plIant, and refrigerant or coolant distribution

,ir.. test~it a fl~ rport lon of the direct cost of a freezing project.

r e , 1Ii JirecL cost as well as the time required to complete adequate

,r atl dependent to somie extent on. the type of freezing approach

,I 2 h.ii _,e' le about five basic alternative freezing approaches available.

A 1 o these app oachies consist of a primary source of refrigera-

i-_ -isew 'ciary distributiun system to circulate the coolant or refriger-

Pnart alld pumped loop

AT ~.~ at (bin system)

'a) Thi freezinig approach is the one used on most projects today. It

'(:o(ped by F. H. Poetsch in Germany about 100 years ago. It is simple,

t~rdrdcudwell understood. For projects requiring only a single

ef t all elements and a prolonged period of maintenance freezing

7, 1rpletloi (I the initial frozen earth barrier this system is still

.. The prim.-.rv -ource ot refrigeration for this approach is a con-
vent ional one (;r two!c-stage ammonia or freon refrigeration plant
frequient i two stage for temperatures below -25 C) . These

p)iarts ar-c co)mmonly available in wide range of capacities, and
cv' ented comnpletely assembled in portable modules for

Nhh
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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 tatter requiring a cooling tower. New plant costs
would typically be of the order of 1500 dollars per ton of
refrigeration capacity (TR) and rental might he about 90 to
180 dollars per TR per month with some minimum total 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 mobile
configuration. Multiple smaller plants can be, and frequently
are, ganged together to obtain high capacity with better over-
all efficiency as well as a measure of redundancy In case of

mplfunction.

b. 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 Is 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, l;rge quantities of coolant must be
circulated to cause freezing and an Inherent thermal gradient
e>-ists in the system during the active treezing 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-
tern. The fleyibility to independently increase the capacity of
Individual elements is desirable to facilitate control of
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 20,1000
effective Kilo-calories per dollar (based on 0.06 dollars per

* kilo-watt hour).

Though man-, different types of coolant have been used with this
,ystem (diesel oil, propane, glycol-water mixtures and

brines), the most common is calcium chloride brine. The c;i-
cium chloride is added to water in sufficient quantities t,,
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 also 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 reasnns.

* 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 alloys, such as aluminum or nickel steel, are desirable
to eliminate problems related to brittle fracture. The pipe
wall thickness will normally depend on either internal hydrau-
lic pressure, external confining pressure, or stresses imposed

during installation. Plastic pipe should be avoided, except
for inner tubing or surface piping, because of its 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 plant with in-situ evaporator

31. This approach employs a primary 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

condeniser to the freezing elements where evaporation is allowed tc occur. The

resulting vapor is then returned to the compressor. This approach has merit

and night 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

N" 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 embrittlement

of metals, and plugging of orifices due to phase change and entrapped

.mn. Isture.

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 uses a primary refrigeration plant thermally coupled

to a distribution system containing either the same refrigerant, or one that

is thermodynamically compatible.

a. 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 secondary refrigerant are:

Typical Operating Ranges
Kilograms

Pzimary Secondary Temperature per square
Plant Refrigerant deg C centimeter

Nitrogen Nitrogen -170 to -190 1.7 - 10.6

Carbon Carbon
Dioxide Dioxide - 40 to -55 5.6 - 10.6

Ammonia Carbon
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 not

commonly available. These plants are presently in use only
within the liquefied gas industry and would have to be
specially made for field applications.

b. 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 ci-culated 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 plant, secondary refrigerant, and circulating pump used.
However, each freezing element is 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

complete flexibility to increase or decrease the refrigeration
capacity of an element to handle unique localized or unexpected
conditions.

To date reliquefaction systems have been proven, but they have
-. not been used in the field. Tt 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 K cal per dollar, even

when purchased in large quantities. Furthermore, outside of 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 series 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 characteristics.

b. 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 effective.

Liquid carbon dioxide may be employed with a temperature con-

trolled sewo-system to chill a circulating coolant. This type
of liquid carbon dioxide control equipment can readily be
mcunted on a conventional refrigeration plant employing circu-
iating coolant. The system is thermally effective, but prob-
lems frequently develop because 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
niitrogen are fiammable or toxic. However, they are heavier
Lhan air and in very large quantities can cause suffocation;
therefore, in addition tc adequate ventilation, emergency oxy-
gen should be available for underground or confined work.

Criticai Construction Cost Factors

35. Tht fl lowing remarks apply primarily to the use of a circulating

coolant freezing system. The use of reliquefaction equipment or expendable

reirigerants i , too unique at this time to justify generalized comments on

cost ing.

Mmobilizat ion

3n. "he location of the project relative to the location of the freez-

ins plants, drill rigs, materials and available personnel will have an impor-

taut influence on the cost of the work. Hauling the equipment, all necessary

-. lcadi:,g and unloading, labor, plus materials and initial positicning of the

equipment is con:sidered part of mobilization. Mobilization is normally priced

as a lump sun.

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

C., 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 be
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.

Drilliny and casing of freeze holes

37. The cost of drilling and casing freeze holes mainly depend:; on. the

site surlace conditions, the soil and rock conditions, the required depth of

the holes, and the acceptable deviation of the holes. The cost of drillig 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

and prefreezing oI the frozen barrier, but may on occasion be included sepa-

ratelv as a lin.ear footage unit price.

a. Site surface conditions - The ideal situation is an open level
*. surface with no above or below ground obstacles. Side slopes,

uneven ground, existing utilities which have to 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
ot harder material will, or course, reduce production but not

result in 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 of the holes. It may also 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-
erallv 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.

d. 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.

Installation of refrigeration
!, plant and coolant distribution system

38. Yhe 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 ground to be frozen

and its properties, and the overall time schedule for the job. The cost 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

':ost 'f the surface distribution system is normally related to the surface

lenigti' (pt-rimetcr) of the frozen barrier. Both costs are usually included in

the lump .um price for insLallation and prefreezing of the frozen barrier.

a. Site surface conditions -The nature of the site surface condi-

tions and the proximity of adjacent buildings, streets, utili-
ties, etc , has more or less the same overall effect on onsite
plant installation as on drilling. Also, corollary to this are
51ie restrictions on noise, air or water pollution or vibra-
tion. Lnder very confined conditions the continuously running

plants may require sound deadening enclosures. As the plants
aie n.urm, ll electric powered, this is rarely a concern.

b" Mag'itude and duraticn of project - The magnitude and duration
of a freezing job influences the on-site installation cost of

the surface piping (distribution) 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 -ob of short duration may be conducted with uninsulated
quick connect surface piping.

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
ma,, frequently be possible to stage the work so as to limit the
maximum lead to that of the installed plant capacity at any one

time. This applies in particular to sequential projects such
as multiple shafts or tunnels which are constructed in a series
of s2ections.

IitiA 1 rereeLn7 _period

I>. lie cost of initial freezing - the so-called prefreezing time nec-

rt,. c np] tc the fr);un barrier to the required thickness depends on the

ground condition , the number and capacity of plants operating during this

pur1 ', the number and capability o personnel on site, and the cost of

enerjv. the cost of, prefreezing tor a given site and allowable prefreezing

per1id i'; i,,rmally related to the total linear lootage of subsurface freeze
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i-c Ist2tl led. rhe price for prefreezing is usually included in the lump sum

e e :2rin:t,:1lation and prefreezing of the frozen barrier.

I ie factor which influences the prefreezing cost the moat is usu-

the ,. cr content oI the ground. The more water which as to be frozen

L- :. .:.re energ:" .,hich must be removed and the longer the prefreezing period
cr any givun plant capacity. The only alternative other than using

c"xc-ilet re rigerants being to increase the capacity to meet a specified

S .t a:v case, increasing water content means increasing cost.

_- i. 'asicall," freezing is a labor saving construction method. Never-

tice s, the cost of personnel, primarily operators for the refrigeration

plant:, is at: Item which has to be carefully evaluated when estimating a

lreei'TIO job. As far as technical necessity is concerned, no operator is

required. This is a result of the fact that modern refrigeration equipment is

.npleteiy automated and requires little attention. However, in some areas

the unions require the contractor to employ personnel to monitor plant opera-

Stic 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-

tertoc system.

42. 07,c2 drilling and installation of the plant is complete, the only

persrnlnel needed on a freezing job are the plant operation(s) and periodic

sc:eiviory and maintenance staff.

-3. Since freezing requires energy, the local price for obtaining or

eneratiig electricity influences the overall cost of a freezing operation

cor:=iderai1] y.

Lm: :term maintenance freezing period

-44. Maintenance freezing commences as soon as the frozen barrier is

-,mp 1 ete. '!u:ticientiv to allow subsequent construction, such as excavation,

t( tart. Tihe cost of maintenance freezing is affected by the location and

typ c , c:,.c>avatin, and more importantly by the required duration of the main-

t p. 'd. 1he price for maintenance freezing is normally based on a

il it ".I - per week.

a1. location and type of excavation - A large open excavation in a
hot, dry climate mav cause an increase in refrigeration load on
the plants after excavation and the face of the excavation must
he insulated to minimize this effect. In contrast, the refrig-

Ctction louad --ifter excavation of 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-
1.itor relative to the earth itself, an open surface excavation

in any, climate does not represent an impossible refrigeration
load. In fact, in cool climates a single sheet of light-
coicred plastic hung over the face of such an excavation is
frequently all that is required to minimize the long term main-

tenance refrigeration costs.

b. Duration of maintenance period - The cost of maintaining a
ireeze wall is directly related to time. Extension of mainte-
nance time will increase maintenance cost proportionally.
Therefore, i- 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 money. 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.
Even on projects where freezing is potentially much less expen-
sive, if the subsequent constiaction operations which must be
conpleted prior to stopping refrigeration are not planned and
scheduled together efficiently, no savings may be realized.
(hanging an excavation procedure, steel erection, concrete or
backfill schedule to "get out of the ground" faster may cost
s(,me money, but when combined with the reduction in maintenance
freezing time, the net result may be a handsome savings.

-,5. 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 geotechnicat construction technique, its suitability and cost-

efiectiveness for a project will be directly related to the specific site and

job conditions which we have discussed in this Seminar. Properly designed and

co-structed trozen earth structures are a powerful tool for the foundation

construct ion industry.

I
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