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>.the state of Colorado, which required that off-post contamination by two
organic substances cease. As a result of these orders and a continuing program
to contain and treat migrating wastes and to identify, isolate, and treat pol-

lution sources contributing to this migration the Engineering Group, Soil
Mechanics Division, Geotechnical Laboratory of ES, was tasked to study..one
of the waste basins, Basin F. -"

The principal tasks of the study were to develop the geohydrologic set-
ting in the area of the basin, select feasible containment alternatives, deter-
mine the effect of basin wastes on the construction materials of each alterna-
tive, recommend one alternative, and provide a conceptual design of the con-

tainment system and a monitoring system.-

Basin F overlies a sequence of fine-grained alluvial soils underlain by

coarser alluvial soils that form the shallow or alluvial aquifer located just
above the Denver formation. The Denver formation, consisting of interbedded

clay shales, sandstones, lignite, and siltstone, is located at a depth of
20 to 60 ft in the basin area. Groundwater flows in a northwesterly direc-

tion beneath the basin at a rate of approximately 44 gpm. Contribution of

the basin to groundwater flow is estimated at I to 2 gpm.

A barrier containment system consisting of a vertical pbysical barrier
embedded in the Denver formation, gradient control wells, and a monitoring

system is proposed. The various alternatives studied include sheet pile,
grouting, conventional and thin-wall slurry trench, and synthetic membrane
barriers. Compatibility studies were made to determine the effects of the
basin waste on the various construction materials of each alternative. The

conventional slurry trench was chosen as the best alter:native with certain

qualifications. I
The principal concern with containment of the basin and associated aqui-

fers is possible leakage from the contained area through the sand and sandstone I
lenses of the Denver formation. It is recommended that this possibility be

evaluated and the effect of the barrier on areal groundwater flow be modeled.
Projects undertaken since the completion of this study (September 1978) are
further defining the characteristics of the Denver formation and its effect
on the containment of Basin i iditionally, longer duration compatibility
testing is under way.

Evaporation of the liqu_ contents of Basin F, plus placement of a low

infiltration, well-drained cover, is recommended to immobilize the wastes inI__ the basin. This will provide high integrity storage of a concentrated waste

with a low risk of migration.
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PREFACE

The investigation reported herein was conducted during the period I

from 1 December 1977 to 30 September 1978 by the Geotechnical Laboratory

(GL) otfthe U. S. Army Engineer Waterways Experiment Station (WES) for

the Contamination Control Directorate, Rocky Mountain Arsenal (RMA),

Commerce City, Colo. Funding for this study was authorized by Intra-

Army Order No. RN 56-78, dated 9 November 1977, and Change Order I to

R 56-78, dated 12 April 1978.

This report was prepared by Mr. S. P. Miller of the Engineering

Group (EG), GL, WES, under the direct supervision of Mr. G. B. Mitchell,

Chief, EG, and the general supervision of Mr. C. L. McAnear, Chief, Soil

Mechanics Division, and Mr. J. P. Sale, Chief, GL. _

Dr. James K. Mitchell, University of California at Berkeley, has

provided review of compatibility study plans and the geotechnical find-

ings during the investigation. Compatibility studies reported herein

were conducted by D'Appolonia Consulting Engineers, Inc., Pittsburgh, i
Pa., Structures Laboratory (SL), WES, and Matrecon, Inc., Oakland, 1
Calif.

Special acknowledgment is extended to the following individuals

for their assistance and encouragement during the course of this inves-

tigation: Dr. B. Michael Arndt and Messrs. Ed Berry, Irvin Glassman,

-I Don Cook, Brian Anderson, and Carl Loven of RMA; and Messrs. andrew

Anderson, Dennis Wynne, James Zarzyki, and Don Campbell, U. S. Army

Toxic and Hazardous Materials Agency (USATHMA), Aberdeen Proving Ground,

Md.; and Joseph Kolmer, formerly USATHMA.

Commanders and Directors of the WES during the preparation of this

report were COL John L. Cannon, CE, and COL Nelson P. Conover, CE.

Technical Director was Mr. F. R. Brown.I
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
SUNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows:

Multip!v By To Obtain

acres 4046.856 square metres

feet 0.3048 metres

feet per day 0.3048 metres per day

gallons per minute 0.003785412 cubic metres per minute

gallons per year 0.003785412 cubic metres per year

inches 2.54 centimetres

miles (U. S. statute) 1.609344 kilometres

mils 0.0254 millimetres

parts per million 1.0 millilitres per cubic
metre

pounds (force) per 47.88026 pascals

square foot

J pounds (mass) per 16.01846 kilograms per cubic

cubic foot metre

square feet 0.09290304 square metres

square miles 2.589988 square kilometres

-- A
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GEOTECHNICAL CONTAINMENT A.LTERNATIVES FOR INDUSTRIAL
= IWASTE BASIN F, ROCKY MOUNTAIN ARSENAL, DENVER,

COLORADO; A QUANTITATIVE EVALUATION

PART I: INTRODUCTION

Background

1. Rocky Mountain Arsenal (RMA) covers an area of approximately

27 square miles* northeast of Denver, Colorado, and immediately north of

Denver Stapleton International Airport (Figure 1). Since its estab-

lishment in 1942, RMA has produced chemical, biological, and incendi-

ary munitions and has demilitarized obsolete chemical munitions. Mili-

tary operations at RMA have included the production of GB nerve gas,

lewisite, mustard gas, arsenic chloride, anticrop agents, and chlorine

- gas, as well as the fabrication if munitions containing white phosphorus

and chemical warfare agents. The demilitarization of GB munitions and

mustard-filled munitions and the blending of hydrazine have also been

missions of RMA. In addition to these military operations, private cor-

porations have operated and continue to operate industrial facilities

- ifor production of pesticides at R1A (Buhts, Malone, and Thompson, 1978,

and Kolmer and Anderson, 1977).

2. Industrial waste effluents generated at RMA have been dis-

charged into a basin just north of the original plant area, referred to

herein as Basin A. This basin was used for all discharges and was en-

- larged as greater waste volumes were generated. Further volume in-

creases required the construction of additional basins northwest of Ba-

sin A. One of these additional basins, Basin F, is the subject cf this

report. The basins and other features of RMA are shown in Figure 2.

3. In the summer of 1954, farmers complained that groundwater j
* A table of factors for converting U. S. customary units of measure-

ment to metric (SI) units is presented on page 3.
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used for irriga;Ion near RMA was damaging crops. Subsequent investiga-

tions into the cause of this damage prompted the construction of Basin

F, which was lined and sealed by laying a catalytic air-blown asphalt

membrane over a graded surface and placing a protective 1-ft soil coverI

over it. After completion in early 1957, Basin F received all indus- =

-= trial wastes generated at RNA. From 1962 to 1966, a 12,045-ft-deep dis-

posal well, adjacent to Basin F, was used to dispose of wastes. In

1966, use of the well was stopped because of earth tremors that occurred

in the Denver area during well operations (Kblmer and Anderson, 1977)-

4. In 1974, contaminants were detected in surface waters and

groundwaters north of RMA. Three Cease and Desist Orders were issued on

7 April 1975 by the Colorado Department of Health. These orders stated

that Shell Chemical Company (lessee of part of the RNA plant area for

commercial production of various pesticides) and RMA must:

a. Immediately stop the off-post discharge (both surface and

subsurfrce) of DI (diisopropylmethylphosphonate, by-

product of gas manufacturing and detoxification) and DCPD

(dicyclopentadiene, a pesticide by-product).

b. Take action to preclude off-post discharge (both surface

and subsurface) of DIMP and DCPD.

c. Provide written notice of compliance with item a.

- d. Submit a proposed plan to meet the requirements of item b.

e. Develop and institute a surveillance plan to verify com-

pliance with items a and b.

As a result of the Cease and Desist Orders, as well as the Army's recog-

nition that contamination and contamination migration have resulted from

past operations, a program of contamination control was established and 2

placed under the direction of the Project Manager for Chemical Demili-

tarization and Installation Restoration (PM CDIR) Aberdeen Proving I
Ground, Maryland, subsequently designated U. S. Amy Toxic and Hazardous

Materials Agency (USATIHMA). The objectives of the control program at RMA A

-' were to (a) contain and treat contaminants that were migrating from RNtA

and (b) identify, isolate, and treat the pollution sources contributing

to the migration of contaminants off post (Kolmer and Anderson, 1977).

7Ik



5. Basin F, located in the northern portion of Section 26, RMA,

has been cited as a source of contamination of groundwater in the

alluvial aquifer (Timofeeff, 1976).* The most recent data to indicate

leakage from Basin F are contained in a report by Arndt (1978) present-

ing water quality data from the monitoring wells around Basin F. Fig- 4
ures 3 through 5 show with very few exceptions much higher contaminant -

concentrations in the northern periphery (in the general direction of

'-A groundwater flow) than in the southern portions of Basin F. Because of

wacthese indications and the potential they represent for damage to the I
environment, it was decided to evaluate methods of containing Basin F

to prevent any further movement of contamination from the immediate -+ _

vicinity of this basin and the underlying soils down to a relatively _

impermeable bedrock strata- Dr. 0. Rendon,* temporarily assigned to

the U. S. Army Engineer Waterways Experiment Station (WES), at the

request of PM CDIR conducted a qualitative evaluation of feasible

methods for containment/relocation of the contents of Basin F. The

Engineering Group (EG), Soil Mechanics Division (SMD), Geotechnical

Laboratory (GL), of WES was directed by the Contaminant Control (CC)

Directorate of RMA to conduct a quantitativC feasibility evaluation for I
full-depth containment of Basin F, according to the work statement at-

tached to the funding document, Intra-Army Order No. RM 56-78. Essen-

tially, the EG was to:

-~ a. Assess the current physical condition of the basin for the

determination of need for immediate structural repair-

b. Review past and current material compatibility studies ap-

plicable to Basin F, principally to prevent duplication of
-i effort.

c. Develop a program to acquire geotechnical data necessary

to select solutions and prepare design criteria. The EG

* R. E. Buhts and N. R. Francingues. 1977. "Basin F Investi;ative

Studies (Phase I)" (Draft Report), U. S. Army Engineer Waterways Ex- V
periment Station, CE, Vicksburg, Miss.
. Rendon. 1977. "Containment/Engineered Storage of Basin F Con-

tents, Rocky Mountain Arsenal, Denver, Colorado" (Draft Report), U. S.
Army Engineer Waterways Experiment Station, CE, Vicksburg, Miss.
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may contract with other WES elements and other Government

agencies as necessary for this acquisition.

d. Choose materials and develop a program for performing

needed material compatibility studies. The EG may con-

tract with other WES elements, other Government agencies,

and/or private industry as necessary to perform these

studies.

e. Submit a report with appropriate documentation presenting

rationales leading co the selectiuvi of the most feasible

solutions and describing pertinent design criteria for the

recommended solutions.

Subsequent communications with CC, RMA personnel defined containment of

Basin F to be surrounding, full depth (to a relatively impermeable con-

tinuous strata, if such existed), and in place. Item a was addressed in

an interim report, "Dike Stability Analysis, Basin F, Rocky Mountain

Arsenal, Denver, Colorado," by G. B. Mitchell and Yu-Shih Jeng, EG,

June 1978. Items b and d are presented in Appendix A. Item c was

developed in close cooperation with the Geohydrology Division of CC,

RMA, particularly Dr. B. M. Arndt and Mr. B. Anderson who supplied much

of the boring profile and groundwater data. Additional geohydrologic

data have been collected and developed that will refine the data in this

report. However, time restraints limited this study to the geo-

hydrologic data presented herein. Item e is addressed by this report,

which presents selections of containment alternatives and associated

criteria based on the data collected to date.

Method of Evaluation

6. The ev.qluation of containment alternatives requires assump- A-

tions, collection and development of geotechnical data, determination of

~D. C. Banks. 1979. "Bazin F Containment Hydrogeology Assessment"i

(Draft Report), U. S. Army Engineer Waterways Experiment Station, CE,
Vicksburg, Miss. I

• F. Bopp III. 1979. "Hydrogeology i nd Water Quality of Basin A Neck

Area, Rocky Mountain Arsenal, Denve, Colorado" (Draft Report), U.S.

o12



the compatibility of various alternative construction materials to waste

exposure, and collection of construction cost and time characteristics

of each alternative. These data are used to determine the alternative

-:characteristics outlined in Figure 6.

COLLECT REQUIRED APPLY TO ___ SELECTED 0 DEFINE-*- OPTION
DATA OPTIONS CHARACTERISTICS

ASSUMPTIONS SLURRY TRENCH COST

GEOTECHNICAL DATA GROUTING CONSTRUCTION TIME

COMPATIBILITY SHEET PILE EFFECTIVENESS
CHARACTERISTICS

MEMBRANE BARRIER USEFUL LIFE
COST/TIME ESTIMATES

REPAIR METHODS

IIAINTENANCE NEEDS

EARTHQUAKE RESISTANCE

MONITORING NEEDS

Figure 6. Eva]luation method

7. Four basic types of data were used to select and characterize

the containment alternatives. Assumptions (in some cases refined as the -

_ Istudy progressed) for the study were:
_ T a. Basin F leaks into the groundwater (the extent and spe-

cific location of these leaks and any future leaks are un-

known, though s't.-s where waste is coming from beneath the

basin ma be identified by seil borings and observation

wells).

b. Sewers near Basin F leak (particularly the southeast cor-

ner); projects are being designed to eliminate sewer

contamination.

13



c Flow of groundwater is, in general, to the north.

d. "Bedrock" beneath Basin F it relatively impermeable.

e. Volume for containment purposes is from ground surface to

"bedrock" and within an area bounded by a line approxi-

mately 50 ft from the toe of the existing dike or basin

surface in undiked areas.

Geotechnical data were developed from borings along the periphery and

in the general area of Basin F, previous investigations (Arndt, 1978,

and U. S. Army Engineer District, Omaha, 1955 and 1961), and soil sam- -

pies tested at the RMA soils laboratory and the WES soils laboratory.

Observation wells installed in several of the borings provided water

quality and water level data. Compatibility characteristics of various

construction materials were determined by studies described in Appen-

dix A. Cost/time estimates for each alternative are based on current

engineering and construction practice and contacts with designers, con-

tractors, and manufacturers.

Barrier Containment Concept

t 8. The containment of Basin F is based on using a man-made bar-

rier and existing soil and groundwater conditions to isolate, beneath

the basin, the alluvial aquifer and, where necessary, deeper aquifers

and their associated contaminated groundwater from th. areal groundwater

system and thus eliminate the basin as a source of pollution by ground-

water migration. Basin F and the underlying soils are shown schemati-

cally in Figure 7. In general, Basin F is located over fine-grained

soils underlain by coarser soils which form the shallow alluvial aquifer

that contains the contaminated groundwater. Beneath the aquifer, a

stratum of relatively low permeability materials forms what is locally

known as "bedrock" and includes shale, siltstone, sandstone, and sandy

materials. The sandy material within the "bedrock" or Denver formation M

may create a problem for achieving the total containment of polluted

groundwater. This problem has been addressed in a study just

14
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Figure 7. Basin F and underlying soils

completed.* Essentially, some portions of the barrier will have to ex-

tend into the Denver formation.

9. A vertical barrier extending from the ground surface down to

and connecting to the lower relatively impervious stratum can be used to

isolate the contaminated groundwater aquifer(s) beneath Basin F (Fig-
ure 8). The barrier should be of low permeability, which c~n be main-

tained indefinitely. To increase the effectiveness of the barrier and

maintain the isolation, dewatering wells may be used to maintain a shal-

low gradient into the isolated area. Because groundwater levels beneath
I iBasin F should stabilize (zero gradient) at one level after barrier in-

stallation and areal groundwater flow continues south to north, the ;

groundwater levels in the surrounding aquifer should be greater upstream

(south) and lower downstream (north) of the barrier than the isolated

water level. Thus, wells should be necessary primarily on the

* Banks, op. cit.
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downstream side (in relation Lo groundwater flow) of the barrier, i.e.,

on the north side for the schematic shown in Figure 8. This concept

would produce a quick and cfficient isolation of Basin F as a curreutI ontaminant source. The success of this concept depends on the instal-

lation of a barrier of high integrity with the ability to maintain this

o .EwATERING WELLS -- _N D . - EwAT E IN ,
MONITORING WELL

MONITORING
MONqITORING I 

W
E
L
L
-

- , WE.LLS EVAPORATION .

--- - VBASIN F

U'

BARRIER. - --- BARRIER

ii

II N II II LEAY AGE - ""

RELA.TIVELY IMPERVIOUS SOIL B eEDROCK)

.SWALE, SILTSTONE AND SAND

Figure 8. Barrier containment concept, Basin F

jintegrity against long-term exposure to the contaminated groundwater and
the assumption that the lower, relatively impervious strata will prevent

contaminant movement beneath the barrier or downward to a possible lower

groundwater system that could transport the contaminants.

10. Figures 9 and 10 present a further step toward decreasing the
contamination potential of Basin F. Figure 9 shows the reduction in

volume of Basin F and the isolated groundwater where Basin F is allowed

to evaporate; and Figure 10, the long-term effect of tais action and

other measures. The dewatering, gradual reduction in area, and covering

of dried areas of Basin F with a relatively impermeable cover and the

efficient surface drainage to prevent surface water from being a driving I

force for infiltration of contaminants down to the isolated aquifer will i

16
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gradually reduce the potential of this basin to pollute groundwater. If

Basin F contaminants are not removed or treated, they will remain in

place in a concentrated condition in the near surface soils as a result

of surface evaporation and as a residue in the isolated aquifer. These

acLions will reduce the contamination potential of Basin F to a low

level. What is an acceptable level of contamination potential is not

S defined. It is the objective of this study to evaluate the most

reliable means of containing Basin F and thus reduce the contamination

potential to a minimum.

A
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PART II: SITE CONDITIONS

Basin F'

11. Basin F apparently served as an unlined waste reservoir for

an undetermined time prior to the earthwork and asphalt-lining opera-

tions of 1956. A 1955 report by the U. S. Army Engineer District,

Omaha, showed a reservoir at the approximate location of the present

Basin F, though it was smaller and appeared to be diked in two places at

the northern end. It was labeled as "a contaminated waste reservoir"

(along with reservoirs C, D, and E) by the Omaha District and was cited

as a source of groundwater contamination.

12. The 1977 Basin F qualitative containment study- described

the construction of Basin F. Essentially formed by diking of low-lying

areas with some earthwork cut and fill, Basin F was lined with an as-

phaltic membrane covered with a 1-ft-thick earth blanket.

Geology

13. The surficial geology of R11A and its environs consists of

unconsolidated alluvial terrace deposits and eolian sand of the Quater-

nary Period. These overlie interbedded clay shales, sandstone, lignite,

and siltstone of the Denver formation (Tertiary) termed the Laramie or

Dawson formation by De Voto, 1968, and the U. S. Army Engineer District,

Omaha, 1961, and underlain by the Cretaceous Arapahoe formation. Appar-

ently, some of the Tertiary deposits made during the time between Cre-

taceous deposition and the Quaternary alluvium accumulation have been

removed by stream erosion, as evidenced in many areas by weathering of

the upper surface. Small bedrock outcrops occur on a few of the hills

within RMA. Topography is gentle in the area of Basin F with eleva-

ions varying from 5]70 to 5240 ft with remnants of ancient terraces

forming low hills in the area. I

* Rendon, op. cit.
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14. De Voto (1968) conducted a detailed study cf 3urficial

geology of the RMA area to determine whether the area hau experienced

Recent fault movement. The study concluded that Recent fault dis lace-

ments had not been observed in the RMA area.

Groundwater

15. The shallow alluvial aquifer consists primarily of the

coarser alluvial soils overlying bedrock, as shown schematically in

Figure 7. Groundwater appears to be in the sandy materials above and I
beneath the bedrock shale, though very little data exist to define the

bedrock formations of PhA. The groundwater in the Denver formation at

the southeastern corner of Basin F is apparently connected with that

in the alluvial aquifer, though the extent of contact between the sand- I
and silty areas of the bedrock with the alluvial aquifer cannot be

determined. (This condition has been addressed in a study just com-

pleted).* A deeper aquifer is apparently present in the bedrock, e.g.,

a 600-ft-deep well was drilled, but not logged, in 1978 just north of

RMA to provide a domestic water supply. A U. S. Geological Survey

investigation (Robson, 1977) concerning groundwater quality reported

the existence of a "deeper" aquifer below an alluvial aquifer, in an

area of similar geology from 10 to 15 miles southeast of RHA. This

alluvial aquifer was apparently hydraulically connected with groundwater

in the upper part of the bedrock though not with the "deeper" bedrock

aquifer.

16. It can be assumed that most of the contamination is currently

in the upper saturated portion of the alluvial aquifer since many of the

bedrock materials are consolidated and fine grained and therefore

inhibit vertical ant horizontal movement of the groundwater. The possi-

bility exists that some contamination might move through the bedrock

beneath the barrier, though movement rates would be slower and volumes

(~ i  much smaller because the materials are finer.j

- Banks, op. cit.
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17. Groundwater contours for the shallow aquifer based on 1977-

1978 observations are presented in Plate 1. Groundwater levels from ob-

servation wells used to construct contours were provided by Dr. B. M.

Arndt, RMA. Past groundwater observations (Arndt, 1978; Konikow, 1975;

and U. S. Army Engineer District, Omaha, 1961) provide the same general

- = picture of groundwater flow. Insufficient data are available for

groundwater flow definition to the east and southeast of Basin F. How-

ever, current studies ' define flow for the alluvial and deeper __

aquifers in the Basin F area. The groundwater flows beneath the basin U

in a north-northwesterly direction. From limited groundwater level

data in Plate 1, much of the groundwater in areas south and southeast of

Basin F (including the Basin A area) apparently moves in a west-

northwesterly direction, passing to the south and southwest of Basin F.t

18. Little can be directly determined about the volume Basin F

contributes to the groundwater, except it is apparently small. However,

an indirect and approximate determination will be presented later.

19. The permeability of the coarser portions of the aquifer

beneath Basi. F is approximately 200 ft/day- This value is based on a

comparison of scil grain sizes (amount of material in aquifer soils

passing the No. 200 U. S. standard sieve and the D1  size of which 10
percent of the aquifer soil sample is smaller) with those found for

aquifer materials at the northern boundary where pump tests indicated a

permeability of 210 ft/day.tt The groundwater contours indicate by

spacing that the permeability beneath Basin F is comparable with that at

the northern boundary (Plate 1). Correlation was also made using D1 0

sizes and a graph developed from experience with Mississippi River

Valley sands (Dept. of Army, Navy, and Air Force, 1971). The D size

* Banks, op.cit.
Bopp, op.cit.

t R. A. Zebell. 1979. "Study of Alluvial Aquifer, Basin F to the North
Boundary, Rocky Mountain Arsensal, Denver, Colorado" (Draft Report),
U. S. Army Engineer Waterways Experiment Station, CE, Vicksburg, Miss.

tt S. P. Miller. 1976. "Interim Containm2nt System, Groundwater Treat-
ment, Rocky Mountain Arsenal, Denver, Colorado" (Draft Report), U. S.
Army Engineer Waterways Experiment Station, CE, Vicksburg, Miss.
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is approximately 0.15 to 0.20 mm, which indicates a permeability of

200-250 ft/day, though this comparison is+ more applicable to cleaner

sands (less minus 200 sieve material). Some materials in the alluvial

aquifer capable of carrying water have lower rermeabilities and 10 to

20 percent passing the No. 200 U. S. standard sieve.

Subsurface Investigations

20. Plate 2 presents a plan view of the borings that provide

geotechnical definition of Basin F. Borings are numbered in the 400

series, with those cased and used as observation wells'having a well

number in parentheses prefixed by the number of the land section (26)

in which Basin F is located. Borings were made by a hollow stem auger

with an outside diameter of 8 in. and an inside diameter of 3-1/8 in.

After the initial boring program was completed, an additional six holes

(405, 419, 438, 455, 461, and 492) were requested by the WES to pene-

trate the bedrock for a depth of 20 ft to ascertain the types of soil
~underlying the alluviuim-bedrock contact and obtain blow counts for

determination of approximate soil strength values. Split spoon samplesnt=

were taken at 5-ft increments or change in stratum, with each sample

divided between the R1A Geophysical Analysis Laboratory (GAL) and the I
WES Soils Laboratory. Moisture contents were determined by GAL,

and specific gravity, grain size, Atterberg limits, and laboratory

classifications were determined by WES. Grain-size curves, laboratory

classifications, and field logs for these borings are on file at RMA.

ISoil Properties

21. Plate 3 presents the Unified Soil Classification System as

the legend for Plates 4 through 7, which show the soil profile around

Basin F. Soils for all borings are identified by laboratory classifi-

cation where such data were available and by field classification other-

wise, except borings 405, 419, 438, 455, 461, and 492, which are labora-

tory classified. These six borings are shown separately with blkw

22



21 =- - -

counts (except boring 492), water contents, Atterberg limits, specific

gravities, and estimated values of density, strengths, and porosities

in Plates 8 through 13. Densities and strengths were estimated from

Standard Penetration Test (blow counts) and laboratory test results

using previous experience with soils in the local arL-. Porosities

were calculated with unit weight and specific gravity assuming satu-

ration below the groui.dwater table. The overburden alluvial soils are

generally silty sands (SM) underlain by lean clays (CL) that, in turn,

are underlain by the alluvial aquifer consisting of poorly and well-

graded sands (SP and SW) and silty sand (SM). Beneath the alluvial

aquifer materials lies the bedrock material (Denver formation), which is

generally first encountered as a weathered shale or mudstoie but con-

sists also of weathered sandstone (SM) and siltstone (ML) beneath the

shale, layer. In some areas (particularly beneath the southeast corner

of Basin F), the upper bedrock is an SM. Almost every one of the bor-

ings indicates the underlying shale material, though a few borings (438,

461, 468, and 492) exhibit sands or silts beneath the weathered shale.

Below about the 40-ft depth in holes 455 and 461, high blow counts (100

blows per foot plus) were recorded.

i
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PART III: CONTAINMENT ALTERNATIVES

Barrier Criteria

22. As previously stated, long-term integrity and low permea-

bility of the barrier are paramount factors in determining barrier

effectiveness. These and other properties may be listed as several

specific barrier characteristics:

a. Cost.

b. Costruction time.

c. Effectiveness.

d. Useful life.

e. Repair methods.

f. Maintenance needs. A

&. Earthquake resistance.

h. Monitoring needs.

Items a, b, c, and d, will be addressed as each type of barrier alter-

native is considered, and e through h under separate headings. The

evaluation of these characteristics for each barrier alternative is

based on soil and geologic conditions, current projects, past experience

-with each method, material properties, and consideration of working in a

contaminated environment.

1
Barrier Alignment

23. Barrier alignment, as located in Plate 14, minimizes the

length of the barrier and provides approximately 75 ft of exterior

clearance from the diked areas of Basin F. This clearance is a general

requirement for trench stability of the slurry trench alternatiie. The

final alignment should be chosen after a survey of utility locations,

the location of monitoring system wells should be determined to leave as

many existing observation wells as possible; and a study of trench

24
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stability during construction should be made for the slurry trench

alternative.

24. The locations of alignment stations and the distances between

them are summarized below. The dimensions for the alignment and barrier

are approximate and will be determined by final alignment selection and

survey. Barrier length will be 8400 ft, with an average depth of 60 ft I
and maximum depth of 80 ft in the southeast corner of Basin F. Thus,

the barrier area will be somewhat greater than 500,000 sq ft.

Colorado State Length Between
Station Plane Coordinates Stations, ft

North East

A 188254 2181747 635

B 188875 2181890 605

C 189435 2181665 730
D ("ton line") 190000 2181215 730

E 190576 2180762 911 i

F 190784 2179875 4

G 190357 2179264 721

H 189636 2179276 1593

I 188255 2180016 1740

A 188254 2181747 1

Total 8411

25. Barrier key strata are marked on the soil profiles in Plates

4 through 7; as noted on these plates, the barrier should key into these

strata a minimum of 2 ft. Actual depth should be determined during exca-vation by having a competent engineer determine from soil samples or U

cuttings that the keying strata have been reached. I
26. The earthwork will be necessary for the slurry trench alter-

native to provide a working surface for the equipment to excavate the

trench and mix and place the backfill. However, the earthwork can be j -

minimized by smooth shallow grades between areas of different elevations

along the alignment. A thorough analysis should be made of the effect
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of the embankment between Basins F and C on the stability of the slurry

trench during construction. The embankment may require modification or

"i removal. Along the southern periphery of Basin F, barrier construction

should begin and proceed northward up the east side of the basin. This

will minimize the amount of groundwater retained beneath Basin F interior

of the completed barrier.

Interior Dewatering

27. By providing an inward gradient, the dewatering system, which

consists of developed dewatering wells, interior to the barrier, enhances

the effectiveness of the barrier in two ways. The inward gradient pre-

vents the groundwater from moving out of the containment and also lessens

any effect of the contaminated groundwater on the barrier material. The

dewatering wells shown in Plate 14 have closer spacing in the northern

portion of Basin F periphery since the groundwater level internal to the

barrier will need to be reduced more in this area than in the southern

periphery to provide an inward gradient as illustrited in Figure 8.

28. An analysis to illustrate the effect of not maintaining a

zero or inward gradient to the barrier can be made with the following

conservative assumptions:

a. No attempt made to control gradient across the barrier,

e.g., no dewatering wells.

b. Permeability of the barrier k = 1 x 10-6 cm/sec or 0.0028

ft/day.

c. Barrier thickness = 5 ft.

d. Average saturated thickness of aquifer beneath Basin F

7.5 ft.

e. Length of barrier where interior groundwater level exceeds

exterior groundwater level = 4000 ft.

f. Exterior groundwater level one half of interior level

3.75 ft.I

&. Negligible volume added to interior groundwater by Basin F

leakage (see leakage computation below).

26
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-For these conditions, the flow through the barrier would be from 150,000

to 200,000 gal/year. If Basin F leakage does or will in the future con-

tribute significant volume to the interior groundwater, the seepage rate

would increase because of increased interior groundwater level (increases

gradient across the barrier) and increased area of flow through the

barrier.

29. An estimate can be made of the current leakage from Basin F

into the groundwater flow (a maximum of 44 gpm) by evaluating the dilu-

tion effects of the groundwater flow beneath Basin F. Assume that:

a. For northwesterly two thirds of Basin F, cross-sectional

area of flow = 5 to 7 ft of saturated thickness (average i
6 ft).

b. Beneath Basin F, a 2000-ft width of flow; therefore, area

of flow = 6 ft X 2000 ft = 12,000 sq ft.

c. For northwesterly two thirds of Basin F, gradient =

head drop - 7 ft = 0.0035
length of flow 2000 ft

d. Permeability = 200 ft/day.

Figures 3, 4, and 5, particularly Figure 5, indicate that approximately

the eastern one third of the groundwater flow beneath Basin F has appre-

ciable contamination and that this is approximately a 10 or 15 to I dilu-

tion of Basin F (using chlorides and sulfates in Figure 5). If one

third of the 44 gpm has this dilution, it appears that Basin F contri-

butes from 1 to 2 gpm to the groundwater. This value is also affected

by whatever dilution takes place as the Basin F fluid moves downward

from the basin to the groundwater.

30. The quality of water passing through a slurry trench barrier

will most likely increase. This action has been indicated by a marked

increase in color quality of the one-half dilution Basin F fluid after

passage through the bentonite specimens used in the bentonite compati-

bility studies (Appendix A). Dilution effects on the fluid would prob-

ably decrease with time as the exchange or retaining capacity of the

bentonite is depleted. Plans have been made for a chemical analysis of

the discharge fluid from the various test specimens, which will be
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compared with the chemical analysis of the one-half dilution Basin F

fluid.I
31. Wells may be pumped periodically with a portable pump, as

needed to maintain a gradient through the barrier toward the interior,

decreasing pump exposure to the contaminants. It is proposed that the

wells discharge into Basin F. This volume must be considered in any I
evaporation plan for Basin F contents.

32. The dewatering wells should be located in the deeper and

coarser portions of the aquifer to be most efficient. 'ell screens

will be necessary only in lower portions of the aquifer; 5- to 10-

ft lengths will be sufficient in most cases. Design and construction

should be similar to the dewatering wells installed at the northern

boundary. Department of the Army, Navy, and Air Force (1977) and Uni-

versal Oil Products, Johnson Division (1966), provide design details and

grain-size curves that can be used for screen and gravel pack sizing.

Compatibility tests on polyvinyl chloride (PVC) and stainless steel well

screen (Appendix A) provide data on deterioration.

33. Dewatering wells may be installed simultaneously with the

barrier. Each well will cost approximately $15,000 including materials, i
installation, and development.

34. As the groundwater levels intc.L±&r and exterior to the bar-

rier stabilize, the amount of pumping and possible need for additional

wells to maintain an inward gradient will become evident from water

levels indicated by the monitoring wells.

35. If dewatering of the aquifer interior to the barrier is de-

sired, additional wells will be required to maximize the amount of con-

tained water removed. Because of the relatively low permeability of

much of the aquifer and the restriction to placement of wells only AN

around the periphery of Basin F, dewatering the aquifer beneath Basin

F to any large degree would be difficult.

Steel Sheet Pile

36. Steel sheet piles are used for seepage control in coffe-dams
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and beneath structures, such as dams and weirs, to give moving ground-

water a longer and less open path beneath a structure. This reduces

seepage forces acting on the structure, which might cause its movement

and failure and prevent erosion of soil by groundwater flow (piping).

These objectives do noc necessarily require a high degree of flow

reduction to be successful. Sheet piles are produced in straight,

arch, and Z sections (Figure 11a), in thicknesses normally from 3/8 to

1/2 in., and are joined by interlocks along the edge of each pile to

form a continuous wall or barrier (Figure 1lb).

37. Several studies have evaluated the effectiveness of sheet

pile to stop groundwater flow, one of the most comprehensive being a

report by Greer, Moorhouse, and Millet (1970). This review, based on

interviews, a state-of-the-art literature review, and results of proj-

ect instrumentation to determine the amount of leakage through sheet

piles, concluded that sheet pile barriers beneath hydraulic structures

are rarely effective as a seepage cutoff. Even the few instrumented

studies show the seepage cutoff efficiency of sheet piles to be low.

38. Several methods of sealing the interlockE (where leaks occur)

have been tried with varying success. These include coating the inter-

locks with bentonite before driving (with subsequent swelling of the ben- I
tonite with exposure to water after driving) and grouting the interlocks.

Grouting is done either after driving through tubes welded to the pile

interlock area prior to driving and then grouting, or by driving or

jetting the injection pipe along the interlocks of the in-place pile and

pumping the grout in as the injection pipe is withdrawn. The bentonite

coating method is subject to scraping off during driving and is depen-

dent on a successful bentonite swelling, while the grouting to completely

fill the soil voids 's questionable and expensive; neither method has

been proved to produce a positive cutoff.

39. Other sources of leaks are broken interlocks due to hard

driving and failure to seal pile tips into the impervious formation.

These problems are particularly hard (or impossible) to identify and

locate if the complete installation is underground as would be the case

for the containment barrier. Another article (Telling, Menzies, and
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Simons, 1978) examining the effectiveness of cutoff walls states,

"Clearly the overall condition of an installed sheet pile cutoff wall

is indeterminate." Another variation reported (U. S. Army Engineer

District, Mobile, 1971) is the use of a jetted slurry trench to allow

installation of sheet pile with sound interlocks. This method also

depends on bentonite to provide the interlock seal.

40. Steel corrodes under normal ground conditions at the rate of

2 to 5 mils/year for the first several years and will generally then

decrease (U. S. Steel Corporation, 1975). Saline waters, such as Basin

F waste, may accelerate corrosion. Data from a previous study (Handt,

1960) of the effects of Basin F waste on mild steel gave a value of

approximately 2 mils/year for unaerated waste and up to 19 mils/year for

aerated waste. A sheet pile barrier would be exposed to three subsurface

environments: (a) relatively dry soils above the water table, (b) moist

or alternately wet and dry soils near the water table, and (c) continu-

ously wet soil beneath the water table. Environment (b) is normally the

most corrosive and would probably have a corrosion rate approaching that

for aerated waste. Assuming 1/2-in. piling and 15-mils/year corrosion

rate, the piling would be breached after 33 years. This figure is con-

servative since the current groundwater contaminant concentration is much

less than that of Basin F used for the compatibility study mentioned

above.

41. Other concerns include the drivability of the piles in the

denser soils beneath Basin F and the need for the pile tip to penetrate

the firmer, weathered bedrock to provide a bottom seal for the vertical

barrier. If the dense sand/sandstone is to be penetrated (particularly

in the southeast corner of Basin F periphery--borings 455 and 461),

special requirements for hammers and pile points may be necessary. Test

driving of different sections with a chosen hammer(s) will be necessary

to determine the minimum acceptable pile section. The piles should then

be pulled to check for damage and alignment.

42. Cost of installation was determined from the experience and

contact with several pile contractors of the U. S. Army Engineer Dis-

trict, Vicksburg. Estimates varied from $5 to $12 million and did not I
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include any treatment measures, such as bentonite or grout, to seal the

interlocks. The variation is dependent on the type of steel section to

be used, requirements for pile tips, and larger capacity hammers. If

piling were used and then an acceptable level of seepage reduction was1

not achieved, there would be the additional expense of remedial measures

such as grouting.

Grouting 4
43. Grouting, the injection of various materials into the voids

of soils to form a seepage cutoff or increase soil strength, is a common

engineering pra-tice. It is used for essentially the same objectives

as sheet pile in seepage control applications, though it can be used in

areas where sheet piles cannot easily be installed such as large-grained

soils and rock fractures. Many different fluids are used, including

cement, bentonite, silica, and various chLmicals, the choice depending

primarily on the grain size of the soil to be sealed.

44. The relatively inert silica and chemical grouts should not

be greatly affected by the contaminants. In general, the smaller the

size of the soil grains, the smaller the voids in the soil and the less

predictable and more expensive is grouting. A "rule of thumb" is that

soils with more than 10 percent passing the No. 200 U. S. standard sieve

or fine sand with a small amount of silt cannot be successfully grouted,

i.e., a positive seepage cutoff cannot be produced (Cambefort, 1977, and

Herndon and Lenahan, 1976). The grain-size curves and the cross sections

(Plates 4 through 7) indicate a large part of the saturated materials

above the clay and shale portion of the bedrock have more than 10 percent

passing the U. S. No. 200 sieve. Thus, the use of grout for a contain-

ment harrier would be questionable. The most promising (and expensive)
~grout for use with finer grained soils, American Cyanamid Company's

AM-9, has recently been removed from use because of the hazardous han-

dling qualities of some of it constituents. Grouting is not a feasible _

alternative for containment of Basin F.
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Slurry Trench

45. The slurry trench method of building a seepage cutoff uses a -

bentonite slurry (essentially drilling mud) to hold a trench open during

excavation to a tie-in, such as the low-permeability soil strata, or to

a prescribed depth. When used as a cutoff, the trench is normally back-

filled with a specified soil mixed with bentonite slurry or a cement

bentonite mixture. Initially used as a groundwater control measure for

levees, dams, and excavations for foundations below the water table,

slurry trenches have more recently been used as a tool to limit con-

taminznt movement by groundwater flow.

46. Generally, the advantages of slurry trenches over other types

of groundwater barriers are lower cost, continuous excavation to tie in

strata with no need for interlocks (as with sheet pile) or estimation of

overlap (grout), and physical evidence (by sampling excavation cuttings)

that the barrier extends to the desired strata. The slurry trench,

properly constructed, provides a continuous low-permeab-Uity (106 to

10- 8 cm/sec) barrier confidently tied into the desired soil strata with

an indefinite life under normal conditions.

47. Slurry used in. slurry trenches is produced by the ability of

the montmorillonite clay particles to attract large amounts of water

compared with their weight. This property can be affected by brine

solutions such as found in Basin F and the groundwater beneath the

basin. Compatibility testing, reported in Appendix A, was designed to

determine the effects of Basin F polluted groundwater on various mate-

rials including bentonite and, if detrimental, what steps may be taken

to remedy undesirable effects. Short-term tests conducted by the Struc- I
tures Laboratory, WES, and results of tests conducted by D'Appolonia

Consulting Engineers, Inc. (1978) indicate that Basin F fluid, for the

period tested, has little effect on the ability of bentonite to main-

tain low permeability in soil-bentonite and cement-bentonite mixtures

such as would be used as permanent backfill in the slurry trench.

48. Though effects on permanent backfill material appear minimal,

a problem may exist in the effect of Basin F groundwater on the bentonite
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slurry used to hold the trench open during and after excavation, prior

to backfilling. Bentonite slurries can be affected by brines, e.g. sea-

water, which may inhibit hydration (bentonite clay attracting and hold-
ing water) and cause flocculation and subsequent "settling out" of clay
fro,,i the clay water slurry. Settling would reduce the density of the

slurry, which provides stability for the open trench until backfilling.

The Structures Laboratory tests indicated that increasing exposure to

Basin F fluid causes a thickening of the slurry and an increase in vis-

cosity. The thickening appeared to be a gelling to form a coagulation

that did not floc and settle out. Though there was no appreciable de-

crease in density of the slurry or settling of the bentonite with the

injection of increasing amounts of Basin F fluid and the increase in

viscosity appeared to have stopped, further study by modeling field con-

ditions should be made.

49. Actual field conditions should be less severe than the labo-

ratory test conditions were since the slurry will move from the trench

outward into the aquifer (though only slightly) because of the higher

hydrostatic head on the slurry (thus reducing exposure of the slurry to

contaminants) and since straight Basin F fluid was used in the labora- -

tory test while the groundwater in the vicinity of Basin F has much lower

levels of contaminants than Basin F fluid. Even with these indications,

the stability of the open trench is so critical to the successful com-

pletion of a slurry trench barrier that additional simple laboratory

testing is necessary and should be included in an extended bentonite

study. M

50. Should there be a problem, development of remedial measures

should be required as part of the study. Attapulgite clay, ferrochrome

lignosulphonate and other additives have been used in brine environments

(Boyes, 1975, and Harza Engineering Company, 1965). Short-term tests M

should be sufficient since the straight slurry is only temporarily ex-

posed to the groundwater during construction between excavation and back-

filling.

51. If the slurry thickens in the open trench, excavation equip-

ment may be inhibited and the use of slurry from the trench for mixing
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with the backfill and placement in the trench may be precluded. Fresh

bentonite slurry can be used for mixing with the backfill, but excava-

tion equipment should not be retarded by excessively thick slurry in the

open trench.

52. Construction control of the lower portions of the slurry

trench during excavation and backfilling is particularly important.

During construction, careful monitoring should assure that:

a. The excavation is made into the lower low-permeability

strata by observation of cuttings and sampling of the

trench bottom.

b. The trench remains open until backfilled, i.e., there is

no buildup of sand cuttings on the bottom of the trench

prior to backfilling, and portions of the trench sides

have not fallen to the bottom of the trench. This can be

ascertained by soundings of the trench depth and sampling

of the trench bottom just prior to backfilling.

53. The installation of a slurry trench barrier may be compli-

cated by the deeper, apparently high density or cemented silty sand and

shale located in the southeastern periphery of Basin F (shown by bor-

ings 455, 458, 461, and 492). Blow counts in borings 455 and 461, which

may be abnormally great in silty sands (Terzaghi and Peck, 1967), indi-

cate high densities (100+ blows per foot) in the saturated materials

below the 40-ft depth. These materials will probably be hard to exca-

vate. An additional test boring or two in this area during the project

design phase could be used to determine difficulty of excavation.

54. It is recommended that a 5-ft-wide trench be used to maximize

the resistance to flow, i.e., a longer flow path through the barrier,

and provide maximum insurance of barrier integrity. The trench should

extend through the alluvial aquifer materials and bedrock pervious soils

and have a 2-ft penetration into the underlying low-permeability strata.

Good quality water that meets the normal requirements for bentonite

slurry must be made available for mixing. General water quality re-

quiremeats are: DH 7 ±1, hardness less than 500 ppm, and oil, organics,

or other deleterious substances limited to 50 ppm each.
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55. Slurry trench cost is normally given in dollars per square

foot of cutoff and recently has ranged from $4 to $7 per square foot.

The cost of construction around Basin F will exceed normal costs because

of the precautions necessary in the contaminated environment and the

possibility of requiring a special soil mixture for backfill. The ;rea __

(505,000 sq ft), multiplied by a basic slurry trench cost of $7 per

square foot and then by a factor of 1.3 to allow for construction in a

contaminated environment and the possible need for heavier excavation

equipment in the southeast portion of the alignment, calculates to

= slightly more than $4.5 million.

56. Construction time is dependent on the amount of equipment

the contractor uses on the job and the time limits set by the contract.

Normal slurry trench construction rates for this depth of trench vary

from 25 to 100 linear ft/day. Allowing time for earthwork to provide
a minimum working surface and mobilization and demobilization, the

total time may vary from four months to one year. One year is probably

more realistic since a faster construction rate would require duplicate

equipment and manning and would result in higher unit costs. I
57. Provisions must be made for disposal of materials from the

trench excavation if not used for backfill. The contaminated soils Z

might be disposed of in existing contaminated areas of Basin A not

subject to leaching into the groundwater system or as filler for Basin

F if they could be incorporated into an accelerated evaporation plan.

The longer bentonite compatibility study may also indicate that por-

tions of the excavated material can be used for backfill.

58. Consideration was given to thin-wall slurry trench methods.

These use a vibrated pile fitted with cement bentonite grout lines,

which penetrates to the proper strata and is then withdrawn leaving a

thin (I to 3 in.) cement bentonite wall. This method has not been

proven to the depths required around Basin F and depends on the pile to M

repeatedly align itself with the previous penetration. It is not con-

sidered a reliable method for containment of Basin F.
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Membrane Barrier

59. Consideration has been given to using a synthetic liner or

membrane as a vertical underground barrier. This type of installation

has been used at shallow depths near landfills between the ground sur-

face and the top of the water table to provide a vertical barrier to

gas movement. Documented experience with membranes as vertical bar-

riers to groundwater movement could not be found, though one company

(Schlegel Corporation, 1977) stated 4x its brochure that this had been I
- done in Europe.

60. Construction of this type of barrier for Basin F containment

presents several problems. The most apparent are:

a. Lack of construction experience.

b. Handling and joining large sheets.

c. Stability of trench (probably would need to be installed

in a slurry trench excavation).

d. Sealing bottom of membrane to bedrock (grouting, etc.).

e. Custom cutting of sheets to fit varying depths of barrier

required.
Installation of the membrare to depths required would include the con- I
struction of a slurry trench and backfilling in addition to the cost of

membrane and its installation. Because of these problems, a membrane

barrier is not considered feasible. j
Repair Methods and Maintenance Needs

II 61. Should leakage through the barrier be indicated by the moni-

toring system or other means, certain steps should be taken to define A

the leakage an. repair the barrier. If a general Prea of leakage is I
discovered, the source must be identified as accurat&iy as possible to

minimize the extent of r medial measures required. The most likely

method of defining the source is the installation of additional obser-

vation wells along the area of suspected leakage. After the leakage

area has been specified as accurately as possible, ccnstruction to
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contain the leakage can be planned and executed.

62. The simplest remedial measure is the installation of a de-

watering well on the interior of the barrier adjacent to the leaking

area and then pumping the well to maintain an inward flow through the
leaking area. The effectiveness of this measure will depend on the

siz3 of the leaking area, the quantity and quality of escaping water,

and provisions made to handle the water discharged from the well.

63. Leakage may also be contained by the construction of a sec-

or'd remedial barrier that is exterior to the leaking area and tied at

each end to the existing barrier at points beyond the leaking area.

This remedial barrier should be of the same material as the existing bar-

rier provided the leakage is due to lack of physical continuity of the

barrier and not deterioration of the barrier material. The use of ma-

terials other than that of the existing barrier may not be satisfactory.

For example, the use of grouting as a remedial measure for a slurry

trench would present problems with tieing in to the original barrier,

i.e., the grout near the tie-in areas would tend to displace into the

slurry trench and not into the natural soil because of the low shear

strength of the slurry trench. Other choices for remedial barriers are

subject to the same disadvantages explained under containment alterna- I
tives. Remedial measures for a leaking dewatering slurry trench have -

recently been used by the U. S. Army Engineer District, Vicksburg.

After considering several measures, such as sheet pile and grouting, a

parallel slurry trench panel tied to the existing slurry trench was

chosen and installed in September 1978. It has since performed

successfully.

64. Maintenanre requirements for the barrier alternatives are

negligible in normal environments. Any maintenance would involve re- i

pair of a physical break of the barrier or barrier deterioration due

to contaminant attack. As determined by compatibility testing, this

possibility is remote.
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Earthquake Resistance

65. Since all barrier alternatives would be placed underground

and directly in contact with in-place soils, earthquake effects on the

barrier should be minimal with energy waves passing through the barrier

with little or no displacement relative to the in-place soil. The

r state of Colorado is located in what is known as seismic zone 1 in which

only minor damage is expected (Dept. of the Army, Office of Chief of

Engineers, 1977). As stated in the geologic descriptioi of RMA, no

surface faulting is evident in the vicinity of RMA. Because of its

relative thickness (3 to 5 ft) and plasticity, a soil bentonite slurry

trench would be less affected by displacements than, and thus be superior

to, grout, piling, or a thin-wall slurry trench.

Monitoring Needs

66. The monitoring objectives are (a) reliable detection of con-

taminated groundwater movement from the contained volume of soil and

water beneath Basin F and (b) groundwater gradient data for operation of

the dewatering wells in the barrier interior. The design of the moni- I
-toring system must consider groundwater flow and barrier effects on

flow, location of existing observation wells and barrier construction

effects on these wells, and location of dewatering wells.

67. The proposed barrier alignment will remove some existing ob-

servation wells, particularly along the east and northeast periphery of

Basin F. In general, existing wells along the northwest and west pe-

riphery will be inside the barrier, while those along the south side of

the basin will be outside the barrier. Plate 14 shows a plan of the

barrier alignment, monitoring, and dewatering system. The alignment and

consequently the monitoring and dewatering systems will be affected by

the barrier location surveys made during the project design phase.

68. The interior wells will be used primarily to ensure that a I
groundwater gradient is maintained into the barrier. They should also

indicat if the expected increase in contaminant concentration in the
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contained groundwater occurs as expected once the barrier is complete

and Basin F leakage continues. The exterior monitoring wells will de-

I termine if a groundwater gradient is being maintained into the contained

area and will be the means of detecting any leaks in the barrier system.

69. The new wells used for monitoring (numbered with an M prefix

in Plate 14) should be similar to the existing observation wells. The

new observation wells should be carefully installed and backfilled

around the casing with materials appropriate to each soil stratum pene-

trated to prevent caving along the sides of the screen and riser pipe.

Care should,also be taken to prevent cross contamination of different

aquifers. It is estimated that 20 wells will be requited at $3000 each.

70. Existing wells used in the postconstruction monitoring sys-

tem will be dependent on the final construction alignment and well sur-

vival during construction. The final barrier alignment should be estab-

lished to retain a maximum number of existing observation wells since

they provide the most accurate data base to reference future groundwater

quality and level changes. Existing wells should be marked for easy

identification during construction, and provisions made in the construc-

tion specifications for their protection (e.g., contractor is required

to replace any destroyed wells and install posts and concrete pads to

a protect existing and new wells).

71. The monitoring well screens should be designed using appro-

priate grain sizes for the aquifer. PVC or stainless steel riser pipe

and well screens should be used to extend the life of the wells. Com-

patibility tests that are in progress on these two types of well screens

will provide data on deterioration. The well design presented in TM 5-

818-5 (Dept. of Army, Navy, and Air Force, 1971) and by Universal Oil

Products, Johnson Division (1966), can be used. Detailed explanations

of the groundwater monitoring system operation are provided by Everett

et al. (1976), Fenn et al. (1977), and Todd et al. (1976). The possibil-

ity of existing or future Lontamination at levels beneath the alluvial

aquifer should be considered. There is essentially no data on any

"lower" groundwater flow (e.g., aquifer dimensions, direction of flow,

gradient, and flow volume) on which to base a monitoring system.
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However, current studies provide a definition of Denver formationj aquifer characteristics.

IAIA

*Banks, op. cit.
** Bopp, op. cit.
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PART IV: ADDITIONAL CONSIDERATIONS

Areal Groundwater Flow

72. The effect of isolating approximately 100 acres of the allu-

vial and upper Denver aquifers beneath Basin F must be considered. The

groundwater map indicates that flow beneath Basin F is northwesterly

along the basin's longitudinal axis. Barrier installation will cause a

shift of current groundwater flow coming from southeast of Basin F to a

more westerly direction south of the basin and in a more northerly di-

rection east of the basin. The primary effect would be the western

shift since the eastern periphery of Basin F and the proposed alignment

are generally parallel to existing groundwater flow east of the basin.

This shift will probably cause a decrease in flow north from Basin F to-

ward the northern RMA boundary. A maximum of 44 gpm currently passes

beneath Basin F as previously calculated. Some of this blocked flow

will continue north around the barrier, and a portion will probably be

diverted westward from south of Basin F. The effect of a barrier on

groundwater flow can best be analyzed by areal groundwater modeling.

Hydrological Barrier

73. An additional type of containment discussed by personnel of

the RMA and WES was a hydrological barrier to the groundwater flow from

the Basin F area using dewatering wells with recharge wells and/or par-

tial barriers. Dewatering wells would be located upstream of the ground-

water flow into the Basin F area, and recharge wells or barriers down-

stream of the Basin F area to effect a zero gradient or stagnation of

the groundwater beneath the basin. This form of containment is not con-

sidered feasible within the constraints of this investigation for the

following reasons:

a. Many wells would be required to ensure a high degree of

interception of the groundwater moving beneath Basin F

since wells could only be located outside the physical
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boundary of the basin and the extent of their influence

would be limited by the low'permeability of much of the

saturated materials.

b. There would be continous operation and maintenance require-

= ments for the wells as long as containment of the ground-

water was required.
cremoved by the wells wc Id present a problem oftheaerrmoed the wells won as conaisent of thoem oun-

storage and/or treatment.

Reduction of Contamination Potential

74. Though not strictly within the scope of this investigation,

the evaporation of Basin F liquid should be considered as a very effec-

tive measure to reduce the potential of contaminant movement from the

basin. The driving force for contaminant movement from Basin F is

fluid flow. (Basin F is a fluid and is exposed to precipitation). If

the contaminants are deprived of this medium of transport, Basin F waste

would be stationary. This state can be approached by the evaporation

of as much of the liquid portion of Basin F waste as possible and re- I
moval of the influence of precipitation. Several factors influence the

rate of fluid decrease. Provided there is no man-made input into Basin

F, these factors are:

a. Rate of precipitation.

b. Rate of evaporation.

c. Amount of groundwater discharged from dewatering wells

into the basin to maintain the inward gradient. i
d. Surface area of the basin used for evaporation.

e. Whether or not the groundwater beneath the basin is re- I

moved by dewatering.

75. The evaporation of Basin F has been considered in three pre-

vious studies, one of which was not documented but its results were re-

corded (Mastroianni and Asselin, 1977). Essentially, it has been deter-

mined by computer simulation that without waste input to Basin F, it

would approach a dry condition in three to seven years. Evaporation is
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worthy of further study. The volumes considered for evaporation and/or
treatment would be dependent on whether or not the aquifer beneath BasinF is dewatered. Once the liquid has been evaporated, the basin shouldbe covered with a low permeability soil or modified soil and efficient
surface drainage provided to remove infiltration of precipitation as adriving force to move the remaining residue downward toward the
groundwater.
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PART V: CONCLUSIONS AND RECOMMENDATIONS

Conclusions

76. This study evaluated various containment alternatives for

industrial waste Basin F, considering geohydrological and pollutant

source characteristics of the basin. A bentonite slurry trench along

the alignment shown in Plate 14 with interior dewateriag wells and

monitoring wells is the best alternative for containing horizontal

groundwater flow in the aquifers beneath Basin F. The slurry trench

will be the best performer for positive groundwater control, and compat-

ibility studies indicate that Basin F groundwater would b-ave little if

any effect on a soil bentonite backfilled slurry trench. To minimize

the amount of groundwater captured by constructing a barrier, the com-

pleted barrier should extend across the southern periphery of the basin

and then proceed northerly up the east side. The barrier should be

keyed a minimum of 2 ft into the lower low-permeability strata as shown

in Plates 4 through 7.

77. Cost estimates (1978 dollars) for the major components of a

slurry trench barrier containment are:

a. Slurry trench--$4.5 million.

b. Dewatering wells--$105,000 (seven wells at $15,000 each).

c. Monitoring wells--$60,000 (20 wells at $3,000 each).

Additional cost considerations include:71 a. Energy costs for dew~tering wells.

b. Manpower for sampling and measuring of monitoring wells.

c. Possible cost of groundwater diversion if needed due to

effects of the barrier on areal groundwater flow.

d. Possible cost of dewatering well(s) and deeper barrier if

necessary to prevent movement of contained water in Denver U
formation sands. 5

78. Basin F leakage currently contributes approximately from I to

2 gpm to groundwater flow.
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79. There are two primary and related problems a~sociated with

the barrier containment concept:

a. The connection between the alluvial aquifer and water-

bearing strata of the bedrock materials has not and prob-
ably cannot easily be defined. This is a characteristic
of the geology of RHA and as such applies to any waste

containment plan used at RHA.

b. There may be problems constructing a barrier to a low-

permeability strata along the southeastern periphery of

Basin F, which will require the use of heavier than normal o

equipment for excavation. Possible problems may occur be-i

cause of the high blow counts in this area, which indicate 1
high-density materials and/or cementation.

80. The contamination potential may be minimized by slurry trench

containment, dewatering of the alluvial aquifer beneath Basin F, evap-

oration of the fluid portion of Basin F, and application of a low in-

filtration, efficiently drained cover over the basin area. This action,

of course, does not remove the waste or treat it but does provide for

high-integrity storage of a concentrated waste with a minimum risk of

contamination. _

Recommendations

j 81. Aquifers beneath the alluvial aquifer should be monitored for

contaminati.-n. The potential for movement downward from the alluvium

exists because of limited evidence (lower portions of borings 438 and

468) of the presence of permeable sands. The Denver formation should be

explored to determine the impact of any Denver sands on the containment

concept. Studies ' initiated during the final portion of the study

are addressing this need.

82. Longer duration compatibility testing should be done. Studies

* Banks, op. cit.

Bopp, op. cit.
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(estimated duration, 18 months) are being continued beyond those re -

ported by D'Appolonia Consulting Engineers, Inc. (1978), and results

will be reported when they are complete. -

83. For substantial dewatering of the contained area, additional _

dewatering wells will be needed, and an analysis of the dewatering

should be made.

84. A detailed study using modeling techniques, such as computer

modeling, should be made to determine the effect of the barrier and any

other structures installed in the aquifer(s) on the areal groundwater

flow.

85. Prequalification of slurry trench bidders is highly recom-

mended because of the size of the trench, necessity for high-quality

construction, particularly in the lower portions of the trench, and

possible excavation difficulties that may be more easily overcome by

experienced contractors. Close control of pure slurry density in the

open trench should be maintained, particularly in areas of higher

groundwater contamination. The stability of the open slurry trench

during construction, particularly in the areas of embankments on the

north and south ends of Basin F, should be further analyzed.

86. One or two borings should be made in the areas of high blow

counts specifically to ascertain how difficult it will be to excavate

in these areas.

87. Prior to final location of barrier alignment an accurate sur-

vey of Basin F and the surrounding area, including topography, should be

made so that all natural features and installations can be accurately

located with respect to one another. Some discrepancies have been

noted between the different maps and plans of the Basin F area.
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APPENDIX A: COMPATIBILITY STUDIES

Introduction

1. Because of the asrumed corrosive qualities and very limited

knowledge about the detrimental effects of Basin F fluid and its dilu-

tions on any construction material, the initial Basin F containment re-

port* recognized the need for compatibility studies. A review was made

to determine compatilibity studies as described on pages A4 through A9;

then, a compatibility study program was developed through the cooperative

effort of WES, RMA, and USATHNA. This program consists of two separate

studies, one on bentonite slurry trench materials and the second on

engineering and construction materials.

2. Testing of bentonite backfill mixtures was started in the sum-

mer of 1978 with D'Appolonia Consulting Engineers, Inc., Pittsburgh,

Pennsylvania. This program, with a test duration of 100 days, evaluated

various bentonite-soil and bentonite-cement t-ench backfill mixtures for

a short term (approximately 100 days). A lorger duration test of the

best candidates from the short-term study is under way. Results indi-

cate that a one-half dilution of Basin F fluid has no significant effect

on the permeability of the backfill mixtures ani that there are no sig-

nificant differences between the permeability of the specimens subject

to waste flow and the control specimen subject to flow of distilled

water. The only apparent effect is in the two cement bentonite speci-

m ens, I and 7, which show a slight increase in permeability after three

weeks of flow thougi the perneabilities have stabilized since that

Ichange. The permeabilities fall within the range expected for slurry

trnces -i6 18trenches, 10 to 10 cm/sec. The test setup was observed and dis- -

cussed during October 1978 by Messrs. D. Campbell and J. Zarzyki of PMO

CDIR and S. P. Miller of WES. It was noted that the color of the one-

half dilution of Basin F fluid faded considerably after passage through

Ithe specimens, particularly those with higher percentages of CL soil and

the cement bentonite mixtures. Chemical analysis is being made of the

* Rendon, op.cit. (See footnote on page 8 of main text.)
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one-half dilution Basin F fluid and the effluent from the specimens;

these results will be reported with the longer duration study being con-

-i ducted by D'Appolonia Consulting Engineers, Inc.

3. During August 1978, the Structures Laboratory (SL), WES, was

asked to conduct a laboratory study of the effects of Basin F fluid on

bentonite slurry as used during construction to maintain an open trench

between the excavation and backfilling operations. The resulting report,

"Flocculation Test of 5% Bentonite Clay Treated with RNA Waste," submit-

ted by Mr. T. Husbands (SL), is as follows: ]
a. Two liters of a 5% bentonite clay slurry were prepared by i

mixing 100 g of the bentonite clay into 1900 g of dis- i
tilled water. Seventy-five mk of the slurry was added to
each of nine test tubes. Different amounts of the RMA
waste liquid were then added to the test tubes containing
the slurry, mixed, and allowed to stand for 7 days in the
laboratory.

b. No flocculation was observed after 7 days, however, the
test tubes containing the larger amounts of R11A waste did
appear to thicken. Viscosity measurements were made us-
ing a Brookfield viscometer model LVF. A number 3 spin-
dle set at 30 rpm was used to determine the viscosities.
The results are shown in Figure Al and Table Al.

C c. The density of the clay slurries was determined by weigh-
ing the test tubes, then marking the volume on the tubes.
The tubes were cleaned, and distilled water put into the
tubes to the mark to determine the volume. Results are
shown in Table A2.

As indicated above, the injection of Basin F fluid in increasing per-

centages up to about 2.5 percent increases the viscosity of the slurry,

while for higher percentages of the fluid the viscosity appears to

stabilize. While the mixtures with a higher percentage of Basin F fluid

appeared to "gel," there was no settling out of the bentonite from the

mixture. This effect is being studied in the longer term program of

bentonite compatibility testing. It is felt that the SL testing was V

somewhat severe since full-strength Basin F fluid was injected into the

slurry; whereas in field conditions the slurry will move from the trench

out into the polluted aquifer (this distance will be very small. but the

mvement will be of the slurry outward from the trench) and the polluted

aquifer will have a much diluted form of Basin F fluid.

A2
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Figure Al. Effect of injected Basin F waste on bentoniteI

Am

Table Al

Viscosity of 5% Bentonite Clay Slurry

Volume RNA Waste Added, m.T % RMA Waste by Volume Viscosity, cps

0.'-- (Control) 0.00 125
0.01 0.01 136
0.025 0.035 Not reported
0.05 0.07 208
0.10 0.13 244
0.50 0.66 576
1.00 1.31 732
2.00 2.60 820
5.00 6.25 800

A3 -
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Table A2

Density of 5% Bentonite Clay Slurry

Volume RHA Waste, % Specific Gravity, g/cc

0.00 (Control) 1.039 IE
0.01 1.028
0.075 1.02541
0.035 1.044
0.13 1.054
0.66 1.065
1.31 1.053
2.60 1.017
6.25 1.047

U4. During September 1978, Mr. Carl Loven, RMA, with Mr. S. P.

Miller, WES, developed a compatibility study plan for engineering and __

construction materials. Results were presented in a contract report

prepared by Matrecon, Inc. (1978). A longer duration exposure test pro-

gram with "best candidates" from short-term testing is under way.

5. In summary, the compatibility study program for Basin F con-

taiimnent consists of two parts: (a) bentonite slurry and (b) engineering

and construction materials. Each area has been evaluated with short-

term studies and is being followed by longer term studies based on

short-term results and containment designer needs known at the long-term

study design stage.

Compatibility Studies Review

The Engineering Group, Soil Mechanics Division, Geotechnical Lab-

oratory, of WES was tasked to develop design, reliability, and cost

data for selected containment options for Basin F, Rocky Mountain

Arsenal (RMA), Commerce City, Colorado. The characteristics (design,

cost, and reliability data) of a particular option would be directly

related to the existence and degree of detrimental effect of Basin F

fluid on construction materials used in each option. Thus, studies of

compatibility between Basin F fluid and the various construction
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materials for the selected options would provide some of the most impor-

tant input used in determining the general characteristics of each

option.

The purpose of the compatibility study was to determine, in the

laboratory, what effect Basin F fluid would have on the integrity of -

selected construction materials over a period of time. The object of

this paper was to develop the background for and outline of a program of

compatibility testing of construction materials for containment of

Basin F.
Previous studies ]

Two previous papers have reported studies of the'effects of

Basin F fluid on various liner materials, well tubing, and mild steel. I
The first study was performed in 1960 by the Dow Chemical Com- I A

pany Materials Engineering Laboratory. This study was made to determine

the corrosivity of the wastewater on well tubing for a proposed disposal

} well and SAE 1018 mild steel under different degrees of aeration. It

was desired to demonstrate the effect of deaeration in reducing the

corrosion rate. Rates in the laboratory for the well tubing and mild

steel were: 1.6 to 1.8 mpy (mils per year) deaerated and 15.4 to

19.2 mpy aerated. The duration of these tests was not reported, but it z_

was stated, "It appears that with this waste solution, the rate in

piping would be considerably higher than 20 mpy." It continues, "...Cor-

rosion in pumps would be still greater because of the high velocity and

resulting turbulence. For this reason, pumps would have to be made of

corrosion resistant alloys to operate more than several months under

aerated conditions. Deaeration, on the other hand, should result in

satisfacto.y life of pumps and piping as well as reducing corrosion of

the well casing. Deaeration can be accomplished mechanically or by ad-

ditions of catalyzed sodium sulfite or hydrazine. Care should be taken

to prevent subsequent air pickup through leaks in pump glands or at

other points of negative pressure."

The second study, "Results of Test Program for Candidate Liner

Materials for New Rocky Mountain Arsenal Basin," was conducted in 1970

by the Bureau of Reclamation, Denver, Colorado. The object of this
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study was to determine the effects of a mixture of Basin F waste and a

simulated industrial waste on three rubber and two plastic lining mate-I- rials (asphalt lining was not tested because it was not considered suit-

able for the proposed installation since detrimental hydrocarbons were

expected in the waste to be stored). Tests performed included waste im-

mersion, soil burial, and subjection to a 4-ft hydrostatic head of the

simulated waste. The waste immersion test lasted 30 days, while the

hydrostatic-head test lasted approximately 55 days. Soil burial sam-

ples were placed in a soil of high microbiological activity for 30 days.

The conclusions stated, "Based on the short-term tests completed on the

different candidate liners for RMA basin, there is no evidence to indi-

cate that any one of the lining materials tested would be seriously

affected by the ponded waste." A later letter concerning this study

reported that the hydrostatic-head tests had been continued for an ad-

ditional 58 days without leakage through any of the liner specimens.

Information was given on testing of a catalytically blown asphalt mem-

brane, and the following summation presented:

The additional test results obtained to date have not re-
vealed any information that would give cause for revising
conclusions reported in our September 23, -970 letter. It
is indicated that the catalytically blown asphalt membrane ]li
has disadvantages because of its incompatibility with hydro-
carbons and hydrocarbon derivatives. The nylon-reinforced
neoprene membrane appears questionable because of high ab-
sorption and volume swell. The best candidate liners appear
to be the standard PVC, Hypalon, and nylon-reinforced butyl.

Background

Several testing laboratories, universities, chemical companies,

and government agencies were contacted to determine where similar11 compatibility-type testing was done. Additionally, reports concerning

the effects of various wastes on different materials were reviewed. A

bibliography is included at the end of this paper, and a list of people

and organizations contacted during development of the compatibility I
study plan is in the project files at WES.

Compatibility studies for waste storage area construction mate-

rials noimally expose the candidate materials to the expected waste
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with periodic observations made and physical properties determined for

zomparison with pretest properties. Most materials tested are either

liner/membranes or admixes (asphalt soil, soil cement, bentonite, lime

stabilized soil, etc.). Most testing has been of relatively short dura-

tion, i.e., one year or less, and predictions for long periods from this

-i testing are not given a high degree of confidence by the experimenters. _

Factors other than laboratory waste exposure may be important to the

- effective functioning of the coi.struction material. These include tem-

perature changes, erosion, sun exposure (ultraviolet rays), etc. The

Environmental Protection Agency (hPA) h as funded exposure-type testing

for industrial and municipal wastes with one project having a duration

of three years. Most tests are performed in a vertical cylindrical or

rectangular permeameter-type device that contains the waste at a speci-

fied depth above the construction material specimen that is fixed to the

bottom of the device. Periodic observations are made of the bottom of

the material to ascertain if any waste has penetrated. Strength, elon-

gation, swell, brittleness, and permeability evaluations (as applicable

to particular materials) are made on the material during the exposure

test and compared with values of these properties prior to testing.

Seams and joints are evaluated in like manner. Samples of the materials

may also be suspended in the waste above the primary test specimen and

removed periodically for observation and testing.

A recent (1977) book, Construction of Linings for Reservoirs,

Tanks, and Pollution Control Facilities, indicates that oxidizing acids

and solvents are of primary concern in the use of all common linings.

Again it appears that laboratory testing can only be used as a guide;

thus, a double-lining system with a "sandwiched" drain is recommended as

a "fail safe" design. The drain system should be so designed that any

leaks in the first lining can be identified by area, the escaped waste

returned to the basin, and repairs made. Compartmentalization of the

basin and the drain system make leak location and repair easier.

- The review, contacts with experimenters, and engineering judg-

ment indicate that an exposure-type test of long duration would be

best to determine the compatibility of Basin F fluid with various -i

i _=II
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construction materials. The compatibility tests may not be indicative

of material performance if the chemistry or concentration of Basin F

fluid changes from that used in the. compatibility program. Also other

factors, such a3 erosion, temperature change, wetting-drying cycles, and

sun exposure that can influence performance of materials, are not nor-

mally evaluated in long-term tests because of expense. These factors

would not normally be encountered in a below surface installation.
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