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FOREWORD

The study described herein was sponsored by the Environmental Protection
Agency as part of Interagency Agrecment EPA-80-R-X0937 entitled "Soil Bedding
Requirements for Flexible Membranes."

The study was conducted by personnel of the Geotechnical Laboratory,
U. S. Atmy Englneer Waterways Experiment Station (WES), under the general
supervision of Mr. J. P. Sale, retired Chief, Geotechnical Laboratory, and
Dr. W. F., Marcuson I11I, Chief, Geotechnical Laboratory. Personnel actively
engaged in the planning and conducting of the study were Messrs. R. L.
Hutchinson, retired, S. G. Tucker, D. M, Ladd, R. ¥W. Grau, G. L. Carr,
R. C. Gunkel, and Dr. W. R. Barker. This report was prepared by
Messrs. Carr and Gunkel.

Commanders and Directors of WES during the conduct of the srudy and

preparation of this report were COL N. P. Conover, CE, and (OL T. C. Creel,
CE. Technical Director was Mr. F. R, Brown.
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ABSTRACT

This study was conducted in two phases. Phase I consisted nf a series
of full-scale tests conducted to determine a method of protecting flexible
membranes from damasie during the construction of landfills. Subgrade soils
were selected that were consldered to be representative of 1hose whach would
be found in areas where landfills are constructed. Four rerbranes were tested.
The membranes were placed on top of the subgrades and covercd with various
thicknesses of a sand material. The test items were trafficked using three
different vehicles representative of the type of luadings that could be
applicd during landfill constructicn. Performance of the membrane was [udged
by its resistance to puncture and wear. The lean clay bedding provided the
best protection for the liner ancd v.s eflective in preventing puncture by the
subgrade.

In Phase 11 of this study, three laboratory tests were developed to s:mu-
late field loading conditions on flexible membrane liners ¢uring construction
of hazardous waste landfills. One test method used a2 moviug pneumatic-tire
loading, another used a rotating gyratory load, and the third used a cyclic
vertical plate load. Loading ccnditions and thickness of cover material over
the membrane varied using Boussinesq equations to produce vertical stresses
on the membrane similar to those encountered under {ield conditioms.

Test results showed that the roving pneumatic-tire load test would be
the most useful for determiaing cover and bedding criteria using available
site soils and candidate membranes. Also, a layer of clay soal was effective
in preventing puncture of the membrane by the subgrade.

iv
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CONVERSION FACTOKS, U. S. CUSTOMARY TO METKIC (SI)
UNITS OF MERASUREMENT

U. S. customary units of measurements used in thils report can be converted

to metric (SI) unite as fcollows:

e Multiply By To Obtain
Fahrenhelt degrees 5/9 Celsius degreces or Kelving*
feet 0.3048 meters
-gallons (U. S. liquid) 3.785412 cubic decimeters
gailons (U. S. liquid) per 4.5273 cubic decimeters per square
square yard meter
inches 25.4 nillimeters
miles (U. S. statute) per hcur 1.609347 kilometers per hour
mils 0.0254 millimerers
ounces (mass) 28.34952 grams
ounces (mass) per syuare yard 33.90575 grams per square meter
pounds (force) per square
inch 6894.757 pascals
pounds (mass) 0.4535924 kilograms
pounds (mass) per cubic foot 16.01846 kilcgrams per cubic meter
pounds (mass) per square
yard 0.542492 kilograms per square meter
square feet 0.09290304 square meters
square inches 6.4516 square centimeters
tons (2000 pounds, mass) 907.1847 kilograms
yards 0.9144 meters

* To obtain Celsius (C) tewmperature reudings from Fahrenheit (F) readings,

use the following formula-
readings, use:

C = (5/9;, (F - 32).
K= (5/9) (F - 32 + 273.15.

ix

To obtain Kelvin (K)



ABDBREVIATIONS AND SYMBOLS

ASTM American Society for Testing and Materials
CBR California bearing ratio

CE Corps of Engineers, U, S. Armmy

cm Centimeters

CPE Chlorinated polyethylene

CSPE Chlorosulfated polyethylene

EPA U. S. Environmental Protection Agency

it Feet

GP Poorly graded gravels, USCS symbol

in. Inches

1b Pcund

max. Max imum

ml Miliiliter

ML Inorganic silts with slight plasticity, USCS symbol
No. Number

0z Ounces

pcf Pounds per cubie foot

psi Pounds per square inch

PVC Polyvinyl chloride

sC Clayev scands, USCS symbol

SP Poorly graded sands, USCS symbol

sq ft Square feet

sy in. Square inches

sq yd Square yard

Uscs Unified Soil Classificstion System

WES U. S. Army Engineer Waterways Experiment Station
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SECTION 1

INTRODUCTION

BACKGROUND

Today, many industrial wastes may be highly toxic tc the environment if
their disposal 1is not properly controlled. A common method for disposal is
the use of landfills, but improperly designed landfills could result in con-
tamination of ground and surface watcr by toxic waste material. This condi-
tion exists because of various physical, chemical, and biological processes
occurring when water or fluids percolate through the wastes, resulting in a
leachate which contaminates the soil and ground water. The placement of
impervious flexitle membrane over the subgrade material in hazardous waste
landfills could be one solution to controlling the leachate. Ore problem
associated with this approach is notential damage to the membrane caused by
earthmoving equipment during constructiocn. Not only does the heavy cquinment
tend to damage the liner material, but puncture of the flexible membrane by
underlying angular rock ard soil particles in the natural soil also presents
a source of damage. To study the problem, the U. S. Environmental Protection
Agency (EPA) requested the U. S. Army Engireer Waterways Experiment
Station (WES) to conduct an investigation to determine the requirements needed
to protect flexible membrane from damage.

TEST OBJLCTIVE

. The initial oblective uf this study was tc investigat: the performance
of membrane liners during construction of hazardous waste landfills and
develop a means for protecting the liners from damage. This objective in-
cluded the development of laboratory tests that could be used to determine
bedding and cover requirements for protecting the membiranes from pvnctrure.

SCOPE

This study was conducted in two phases. In Phase I the performance of
flexible membranes was investigated through the construction and testing of
full-scale tesc sections. & test section containing 12 test items was con-
structed dand subjected to three types of vehicle traffic (trackad, pneumatic-
tired, and cleated). During this phase of the study, four flexible membranes,
six selected subgrades, three thicknesses of a protective sand layer, and two
bedding materials were investigated.



In Phase II three laboratory tests wverc developed to simulate field load-
ing condirions on Flexible liners during coastruction of hazardous wdaste land-
fills., One test utilized a moving pneumatic tviie loading, another used a
rotating gyratory load, and the third used a cyciic vertical plare load. Tests
wera conductad using a gravelly sand or limestone subgrade under the membrane
lizer and a gravelly sand cover. In some tests, a lecan clay or a fabric wes
placed betwveen the liner and subgrade to serve as a protectren for the
membrane liner. One type and thickness of cover and thiee membrane liners
were used in the tests. Other special tests were conducted to develop a test
that could possibly be used as e screering test for membrane liners.

DEFINITIONS

1. Subgrade - Scil used in these tests to represent natural matexrial
upon which a landfill may be construc.ed.

2. Bedding Material -~ That material plsced between the membrane liner
and the subgrade to protect the liner from puncture.

3. Cover Material - That material placed on top of a membrane liner to
protect it Erom puncture during coastruction of a landfill.



SECTION 2

CONCLUSIONS

Based upon the results of this study, the following conclusions are con-
sidered warranted:

a.

The three traffic vehicles used in the full-scale tests produced
similar amounts of damape to each membrane.

The 6 in.* of bedding material placed in the full-scale test section
reduced the number of punctures in the membranes.

The pneumatic-whecl load tests would be the most useful laboratory
test for determining cover and bedding criteria using available site
soils and candidate membranes.

The cover material placed above a liner as well as the bedding mate-
rial should be a so1l classified as a clay. silt, or sand, and having
a gradation similar to the clay or cuncrete sand used herein.
Materlal should have no particles larger than 2/& an.

The 1 in. of lean clay beddirg material was effective in preventing
puncture of the liner material by the gravel subgrade during
laboratory tests.

Use of the geotextile as a bedding material reduced the number of
punctures, and the use of a thicker geotextile may prevent punctures
from occurring.

* A table of factors for converting U. S. customary units of measurement
to metric ST units 1iv presented on page ix.
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SECTION 3

RECOMMENDATIONS

Tha tests reported herein show strong trends in the performance of liner
materials placed in Jlandfills and need to be continued to develop a complete
range of design criteria. Tt is therefore recommended that:

a.

b.

Addicional laboratory tests be conducted using other subgrade
materials and methods for protecting the liners.

Further analytical work be daccomplishcd on the field and laboratory
data to extend criteria.

Criteria obtained from laboratory tests be validated by conducting
full-scale field tests.

Additional series of tests be performed with the laboratory gyratory
equipment and the artificial rocks (barbs) to develop a laboratory
method of test for screening membranes,

Compaction requirements be established for bedding and cover
materials.



SECTION 4

FULL-SCALE TEST SECTION STUDIES (PHASE I)

CONSTRUCTION OF TEST SECTIONS

A test section was constructed under shclter at the WES. The Lest sec-
ticn was 16 ft wide, 240 ft long, and consisted of 12 test items, each 20 ft
long and 16 ft wide. A plan and profile of the test section are shown in
Fipure 1. Construction started by excavating an area of the subgrade floor
of the shelter, where the test section had been staked out, to a depth of
6 in. and a width of 16 ft as shown in Figure 2a. The last 40 ft, at the
north end of the test section, was excavated tc a depth of 12 1in. to accomo-
date a 6-in. layer of coarse gravel that was overlaid with 6 in. ol sandy
silt, This fine-grained sandy silt was usad as a bedding material to protect
the flexible membranes from puncture during traffic tests. The remainder cof
the test section was backfilled, as shovm in Figures 2b-2¢, with the selected
subgrades. The subgrades were compacted with pneumatic~tire and vibratory
rollers as shown in Figures 2d and 2e. Figure 2f illustrates the test section
with the sclectei subgrades In place. The texture of the compacted subgrade
materials vsed in the 12 1tems of the test section before traffic 1s depicted
by Figures' 2g~21. After the six subgrades had bzen placed, each of the
12 test items in the test section was covered with flexible membranes.
Shoulders wzare then constructed on both sides of the test sections using mate-
rial that had bLeen excavated previously from the floor of the shelter. The
heirght of the shoulders depended on the thickness of the protective layers of
sand that wera placed over the iembrane liners for each test program. For
the first test program, the shoulders were 6 in. in heipght so as to contain
that depth of sanl (see Figure 2m). The sand was dumped between the shoulders
at each end of the test cection. Then a bulldozer pushed che sand toward the
center of the test secticn. Care was taken to maintain at least €& in. of sand
between bulldozer's tracks and the flexible membranes at all times during
placement operations. Fipure 2n shows the complete test section waith a pro-
tective sand layer of 6 in.

SUBGRADE SOILS

Six subgrade materi'is were selected and used for the 12 items of the
zest sertion. These matarials were classified according to the Unified Soil
wlassification System (USCS) as follows:
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¥Yigure ]J. Plan and profile of test section,



b. Subgrade being placed in Items 3 and 4.

Figure 2. Construction of the test section.
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1. Pneumatic-tire roller used for compacticn
of subgrade.

Jigure 2. (Continued).



e. Vibratory roller used for compaction
: ‘ of subgrade.

i

f. Overall view of test section with
subgrades in place.

Figure 2. (Continued).
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erial in Items 1-2

Close-up of mat

8

Close-up of material in Jtems 3-4.

h

(Continued)

Figure 2
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i. Clbse-up of material in Items 5-6.

j. Close-up of material in.Items 7-8.

igure 2. (Continued).
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L. Close-up of material in Items 11-12.

Figure 2. (Continued).
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m. Membranes in place; note 6-in. shoulders
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n. Completed test section with 6 in.
of protective sand.

Figure 2. (Concluded).
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Item No. Classification

Crushed gravel (CP)
Cravelly clayey sand (SP-SC)
Sand (SP)
Gravelly sand (SP)

0 Coarse gravel (GP)

2 Sandy silt (ML)

| et g 2R ANk i

b

It should be noted that the sand in itums 5 and 6 was the same type of sand
that was used for the protective cover layers. The sand was a local
(Vicksburg, Mississippi) sand usually used as the fine agyregate in con-
crete. Gradation curves for the subgrade materials are shown in Figure 3.

MEMBRANLS

The four flexible membranes and one fabric material used as a bedding
1aterial were as follows:

Designation* Thickness, mils Type

M1 20 Elasticized polyolefin (3110)

M2 20 Polyvinyl chloride (PVC)

M3 30 Chilorinated polyethylere (CPE)

M4 36 Reinforced chlorosulfated
polyethylene (CSPE~R)

F1 30 Nonwoven polypropylene and
nylon

* The membranes and fabric materZal are referred to here-
after by the designation symbol assigned above.

TRAFFIC VERICLES

The vehicles used to apply traffic to the various test programs were:
A D-7 bulldozer equipped with 22-in.-wide tracks, weighing approximately
44,000 1b, and having a contact pressure of 9 psi; a pneumatic-tired tractor
weighing 37,190 1b and equipped with two 29.5x29, 22-plv tires (each tire
had a contact area of 574 sq in. which produced a contact pressurc of 32 psi);
and a model 816 landfill compactor, weighing 40,900 1b, equipped with four
cleated steel wheels having a contact pressure of 18 psi, The traffic
vehicles are shown in Figure 4.

TRAFFIC PATTERN
Traffic tests were conducted on each test item to simulate actual heavy

equipment opecrations during the construction of landfills. TIraffic was
applied with both the tracked bulldozer and cl:zated landfill compactor in the

1la
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b. Pneumatic-tired tractor.

c. Cleated landfill coapactor.

Figure 4. Vehicles used to traffic test sections.
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same manner. These vehicles were operated in one direction until they had
traveled the entire length of the test section where they were stopped and
then returned in the same track or wheel path in reverse. The pneumatic-
tired tractor was operated in the same direction and in the same wheel path
as wt huad traveled in the preceding pass. One pass of the bulldozer and
pneumatic-tired tractor resulted in one coverage within their respective
traffic lanes, while one pass of the landfill compacior resulted in two
coverages within the traffic lane.

SOIL DATA

Except for the crushed and coarse gravel material, l.aboratory compaction
tests and unsoaked California bearing ratio's (CBR's) were performed on the
selected cubgrades. tield tests to determine moisture ccntent, density, and
CER value on the in-pldce material of the test section were also performed.
The results of the soil dats obtained from these tests are presented in
Table 1.

TABLE 1. SOILS DATA FOR MATERIALS USED IN FTELD TEST SECTIONS

Field Tests Laboratory Tests
Dry Max.

Item Soil Density Moisture Density* Optimum Josoaked
No. Classification __ pcf Content CBR _ pcf Moisture CBR
3-4 Gravelly cleyey 125.8 9.8 7.0  131.8 7.4 20.4

sand
5-6 Sand 104.1 8.1 4.0 105.6 14.0 30.5
7-8 Gravelly sand 118.6 6.0 8.3 126.6 8.0 21.3
11~-12 Sandy silit 98.5 18.7 7.0 105.5 14.8 24,4

* CE-12 compactive effort (12 blows of a 10-1b hammer and 18-in. drop).

MEMBRANE EVALUATION

In evaluating the performance of the [lexible membranes, only the after-
traffic condition was considered. After 10 passes of the traffic vehicles,
a trench was excavated across each traffic lane in all 12 items. A sample of
the membrane was removed from each traffic lane in each item, rurked for
identification, and inspected. After patching the membrane and replacing the
protective layer ot sand in the trenches, traffic was continued on the items
in whléb the mrembranes showed only a few or no punctures. After 30 passes,
traffic was stopped and a final inspection was made.

17



FATLURE CRITERIA

Fach sample of membrane was placed over a ligit table and inspected for
punctures. A 5-sq-ft area, within the wheel path, was marked on the membranes
and from this area the number of punctures noted were reccrded. A membrane

was considered "failed" if any punctures w~ere noted.

RESULTS OF TRAFFIC TESTS

Test Program 1

In test program 1, two types of membranes {M1 and M2) were placed over
the six subgrade materials. The Ml and M2 membranas were placed on the odd
and even numbered items, respectively. A 6-in.-thick sand cover was placed
over the membranes to act as a protective layer. Traffic was applied to the
test section with the D-7 tracked bulldozer and the pneumatic-tired tractor.
After 10 passes, traffic was stopped and trenches were dug across the traffic
lanes in each of the 12 items. Samples of the membrane from each traffic
lane and each item were removed for inspection. Figures 5, 6, and 7 show
several of the inspection trenches and the condition of membrane samples
after removal. After patcaing the void in the membrane and replacing the
protectave layer of sand in the trenches, traffic was continued on 4 items
(5-6 and 11-12) which showed only a few or no punctures in the membranes.
After 30 passes were completed, traffic was again stopped and a Iinal inspec-
tion was made. The final results for test program 1 are graphically dis-
played in Figure 8.

Test Program 2

Test program 2 was identical to the first test program with the exception
of the thickness of the sand protective layer which was increased from 6 in.
to 18 in. 1In trafficking test program 2, three types of vehicles were used
(track-tire-cleated). The cleated vehicle was a Model 816 Landfill Compactor
which was owned by Bulivar County, Mississippi, and was operated at one of
their landfill sites. The 816 landfill compactor was leased for test
program 2. After traffic, the sampling of the membranz was accomplished in
the same manner as in test program 1. A typical view of rutting that
occurred in the sand protcctive laver during traffic operations 1s shown in
Figure 9. Figure 10 shows the trenches that were excavated prior to removal
and inspection ¢f the membrame. The final rest results of test program 2 are
shown in Figure 11.

Test Prograan 3

After trafficking and obtaining +he finzl data in test program 2, the
sand protective layer and membranes were removed and preparation of test
program 3 was started. Test program 3 contained the same selected subgrades
and 18 in. of sand was placed as the protective layer. However, the existing

18



a. Inspection trench after removal of membrane.

b. Holes in membrane after 10 passes of the
pneumatic-tired tractor.

Figure 5. Excavated trench and membrane, test program 1.
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a. Excavated trench in item 10, No. 1 and 2
designate track and tire traffic lanes.

vy

e M')FL'--’:E-:'E 9'3;\40 :

b. Inspected membrene; note identification markings.

Figure 6. Inspection trench and membrane
after traffic, test program 1.
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b. Membrane after 10 passes of pneumatic-tired
tractor, no punctures.

Figure 7. Trench and membrane from Items 11 and 12,
g . test program 1.
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a. Lane 1 (track), lane 2 (tire) rutting
after 30 passes.

'b. Rut pattera of cleated landfill compactor.

Figure 9. Ructing in 18-in. sand protective layer.
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b. Membrane in item 10 after 10 passes.

Figure 10. Membrane in trenches before removal
and inspe.tion, test program 2.
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20--ft-1mg items were subdivided into two 1U-fr-long subitems which resulted
in four scpavate test items in each of the six types of subgrade matercials.
The four test subitems per subgrade wmaterial were overlaid with membranes M1,
M2, and M4, respectively. A nonwoven fabric materazl (Fl), used as a scpara-
tion barrier or a bedding material, was placed between the Ml and MZ membranes
and the subgrade. Photographs show.g both the fabrwc material and the four
menbranes in place in test program 3 are shown in Fagure 12, Test resul:s for
test program 3 atter trafficking both the D-7 bulldozer and the pneumatic-
tired tractor are presented in Figure 13.

Test Program 4

After completion of test program 3, 6 in. of the protective sand layer
aud 6 in. of the shoulders were removed from the entire test sectira. With
the protective layer of sand now 12 in. in thickness, auother series of traf-
fic tests was performed usirg the same two vehicles. During chis test
prozram, traffic was appliec to the various test items by meving the test
vehiclas to lanes 3 and 4 of the test section. Pesults from this series of
tesis are shown in Figure lu.
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a. Noawoven fabric placed on subgrade.

ST AN e mgg;;_k‘ <
A 3 s ‘
g B e

b. Four.membtanes in place; M3 is the gray membrane.

Figure 12. Fabric and four membranes tested
in test programs 3 and 4.
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DISCUSSION OF TEST SECTION RESULTS

The large number of punctures that were noted in the four flexible
menmbranes tested during this study was attributed to the selected subgrades
used in the counstruction of the test section. Tive of the six subgrades used
contained large percentapes of sand and gravel with only a small amount of
fines. The one remaining soil that was usaed in the test section was classi-
fied as a sandy silt. This fine-grained sandy silt soi1l was used as a bedding
material, and 6 in. were placed over the coarse gravel in items 11 and 12.
The purpose of the bedding was to act as a protective barrier between the
coarse gravel and the flexible membrane. For comparison purposes, items 3
and )0 contained the same coarse grasel subgrade but were not covered with
the sandy silt bedding material. Final results indicated that the bedding
matexrial used in items 11 and 12 ai’ed in the prctection of the flexible
nembrane by reducing the number of ‘unctures. During Lest programs 3
and 4, another type of badding aateir.al was used. A nouwoven polypiopylene
and nylon-type material (Fl) was praced under membranes Ml and M2 during
traffic testing. After final inspection of the membranes and a comparison
of results from test program 2, a smz2ll reduction in the number of punctures
was noted when the gectextile was placed under the M2 membrane but not when
placed under the Ml membrane.

It was also observed during the inspection of the trafficked membrane
that mos:c of tlue punctures detected occurred from the bottom in an upward
direction. Because of these observations, it is assumed that for subgrades
containing angular gravel and coarse soil particles, a bedding and/or cushion-
ing materzal weuld be required to prevent punctures.

The four membranes investigated during this study reccived numerous punc-
tures when subjected to the subgrades containing gravel-size material. How-
ever, a considerable decrease in Lhe number of punctures was observed wher the
membranes were trafticked on the items containing the sand and sandy silt sub-
grades. aiter completion of some traffic operations on these test items, no
punctures vere detented in several of the membranes.

Tt was Aalso observed that the three types of vehicle loadings (tracked,

pneumatic-tired, and cleated) used teo apply traffic to the membranes produced
similar degrees of damage.
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SECTION 5

LABORATORY STUDRIES (PHASE II)

APPROACH

Following completicn of the full-scale tests, it was decided that efforts
should be directed toward developing laboratory tests for use in determining
bedding and cover requirements for protecting membranc liners from punctures.
Three test procedures were selected for laboratory testing of the membranes.
These proczdures involved the use of the gyratory compactor, a plate-loading
device, and a moving pneumatic-tired wbeel. Tn all laboratory tests, selected
parameters wera adjusted to approximate field conditions by modeling the
stress on the membrane. :

DEVELOPMENT OF MODEL PARAMETLR

The vertical stress on the membrane was selected as the key modrling
parameter in the laboratory test. It was felt that this was an important
parameter affecting the behavior of the membrane and one that could be trans-
lated from the field to the laboratory. The stress on the membrane 1s
basically dictated by the type ard magnitude of the load, surface contact
pressure, and thickness of the cover over the membrane. In the field tests
three types of loadings were applied to the landfill: a pneumatic-tired
roller, a tracked tractor, and a steel-wheel ~leated roller. 3lased vpon the
number of punctures produced in the menmbranc lip2r during the field tests,
the rubber-tired roller was as severec as or mor2 severe than either of the
other two loadings. In addition, the stress under the rubber tire could be
wore easily estimated; therefore, the rubber-tire loading was chosen as the
loading to be simulated in the laboratory tests. 1be load appiied in the
tield test by the rubber-tired roller had a contact area of 574 sq in. at
approximately 32 psi inflation pressure. Using Boussinesq's stress equations
for a uniformly loade« circular area, the stress on the membrane can be esti-
matad for each of the cover thicknesses used in the field test. The esti-
mated strass on the membrane for cover thickness of 6, 12, and 18 in. uscd
in the ficld tests could be reproduced as 30-, 23-, and 15 psi, respectively,
in the laboratory tests. However, in the laboratory tests only the stre¢ss
at 6 in. was used.

DESCRIPTION OF EQUIPMENT AND TESTS

Three types of test equipment were selected for testing the membranes.
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One consideration was that the equipment be readily available to most
commercial-type labtoratories, or be casily obcained, and that it be adaptable
for testing membrane materials. The test equipment s:lected vere: a gyratory
compactor, a plate-loading machine, and a moving pneumatic-tired vheel. The
inrtial tests were conducted using the plate-loading equipment since this
method has been used to test fabrics used es reinforcement in pavements. The
gyratory tests were conducted next since they requirad a small sample and were
easy to conduct. The pneumatic-tire tests were conducted last and required
the development of test equipment to simulate the effects of a moving tire
load. The various types of equipment are described below.

Pneumatic-Tire Load

The mode”. load cart anda soil test box are shown in Figure 15. The load
cart was moved for tracking purposes by the force generated by an air cylinder
on a ram tha! moved through a maximum travel distance of 24 in. The load
wheel was capable of being maneuvered into three different positions in the
soil). box for traffic test purposes. A total load of 800 1b was positioned
on the load cart and the 5.00-5, 4-ply tire inflated to 32 psi. To determine
*he contacc pressure of the loaded wheel, the tire was placed on a hard rigid
surface, paint sprayed around the tire surfcce that interfaced a flat steel
plate, and the contact area determined by the tire print produced on the steel
plate. The elliptical tire print measured 6.5 by 4 1n. and this produced a
contact area of approximately 20.7 sq in. A side view of the lower portion
of the load tire is shown in the background in Figure 16 along with the soil
box in the foreground. The dry weight and water content were determined for
the so1l used for each of four lifts. Each 1lift was compacted by hand tamp-
ing t» produce the density desired. After compaction, the water content and
density were determined by using the Troxler Nuclear Densitometer (Figure 17).
Following ttis, the membrane was placed taut over the subgrude and the
1-1/4-1n deep collar was C-ilamped 1in position to cnnfine the cover soil.

The tracking lanes were 4 In. wide by 24 in. long; however, only the center
14 in. of the lanes were used for comparison purposes (Figure 18). 1lhe ends
of the tracking lanes were not used for evaluating punctures as the load was
shifted in tais d4.ea whan the cert direction was reversed. The cover mate-
rial was placed, compacled, and leveled in the box collar and on top of the
membrane as a cushion (Figure 19). Three tracking lanes (three tests) were
available for traffic tests each time the soil box was filled with soil.
After three tests were conducted, the top 6 in. of subgradc material was
reworked and/or replaced, and recompacted for additional traffic tests. In
some tests, the top 1 in. of the subgrade was replaced with a lean clay tu
protect the membrane from puncture.

Cyratory Shear

The gyratory shear test was conducted in the [yratory testiag machine
shown in Figure 20. F.gure 21 gives a schematic drawing of the gyratory
machine., 1In this test a vertical load is applied by a piston to a natcrial
sample contained in a :ilted mold. By applying a rotating load to rhe mold,
shear strain is inducedl through the sample. The combined action oi the
vertical stress and shear strain is similar to the kneading action of a
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Model 1oad cart and soil box.

Figure 16.
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Lower portion of the load wheel in 5

background, soil box in the foreground.
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Figure 17. Troxler Nuclear Densitometer used to measure
density and water content.

¥igure 18. Memtrane placed over compacted soil with
collar for sand clamped in place and tracking
lanes marked.
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Figure 19. Soil box ready for traffic.



Figure 20.

Gyratory compactor.
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rolling tvire load. During the test, the applied load (pressure), tilt or
angle of gyration (usually 1 degree), and number of revolutions are
centrolled.

Twu types of subgrade were used in these rests. One was a zrushed lime-
stone similar to that used with the model load cart and in full-scale test
section tests. The other subgrade was a 2-in. thick rubber block with a CBR
value of 16 percent. The rubber subgradc contained steel barbs at the suiface
to simulate rocks. The dimensions of the harbs were: 1/4, 1/2, and 2/8 in.
high with a conical aagle of 60 degrees. The radius of the apex angic of the
above three barbs wzs 1/64 in. Another 1/4-in.-high bacb had a 1/32-in,
radius at the apex angle; one had a 1/16-in. radius, and the last one was 12
half spheve with a 1/4-in, radius referred to as smooth. The dimension of a
typical barb 1s given in Figure 22. The test memlranes with a sand cover
were placed above the subg.ades of beth types of samples. In some tests 1 in.
of the subgrade was replaced virh a lean clay as a bedding to protect the
membrane from puncture.

Plate Loading

The plate-loading tests were performed using the Instron equipment (Fig-
ure 23). Ther load was applied to an 11-1/2-in.-diam steel plate, 1 in. thick.
A load of 3324 1b was applied cyclically to the 103.9-sq-in. plate to achieve
32 psi pressurz2 to the sand-covered membrane. The soil box 2 ft by 2 ft by
1-1/2 ft deep (Fipure 24) was filled with gravelly sand and compacted in four
layers. Each layer of soll wac weigued and compacted in a known volume to
produce the desired density. The wate: content was controlled prior to com-
paction and the density and water content measured with the Troxler Nucicar
Densitometer (Figure 17) after cowpacticn. The membrane and collar (2~1/2 in.
de2p to confine the concrete 3and) were clamped in place (Figure 25) followed
by the addition of the concrete sand which was tamped and leveled (Fagure 26).

A 3224-1b cyclic load vas applied at a rate of l0-12 cycles per miaute
to a marimum of 1000 cycles. After a varied number of cycles had been applied
(300, 439, or 300 cycles), the merbrane was ramoved, inspected, the punctures
ma' ked. The membrane was tuen veplceed as oearly as possible in its original
te.t rosition with the collar and sand cover replaced and the test continued.
The svbgrade after these c¢yclic leoads were applied was not disturbed or
replaced. As additicnal testes were conducted, only the top & in. of the sub-
gra 2 was scarified and reccmpacted.

$rzadord Tests
Standard tests for physical properties of the mombranes were conducted
‘uslig ‘test equirment as reqiired by the American Society for Testing and
"Miterials (ASTM) D 751. These tests were concucted to determine thickness,
welsht, bursting sirength, tencile strength and percent elongation before and
afier weathering and hydrostatic resistance before and after abrasion.
Results of these tests are shown in Table 2.
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test setup.
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Figure 24. Soil box filled with

Figure 25. Mewbrane and 2-1/2-in.-deep collar clamped
in position for sard cover.
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Figure 26. Cover sand compacted and leveled for test.
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TABLE 2, TPHYSICAL PROPERTIES O MEMBRANE LINER MATERIALS*

fest Results

Test Concducted M2 M3 M4
Thickness, wils 19.5 29.6 37.2
Mass, oz/sq yd 12.1 34.0 33.5
Tensile strength at fabric break, 1b - warp N/AtT N/A 286.2
f111 N/A N/A 306.4
Elongation at fabric break, percent - warp N/A N/A 20.7
fill N/A N/A 25.6
Tensile strength at pclymer break, 1b 123.9 73.0  NOT TESTED
Elongation at polymer break, percent 259.3 363.2 NOT TESTED
Burst stirength, lb 102.5 69.3 348.4
Liycrostatic resistance, ml/24 hr 0 0 0
dydrostatic resistance after 5000 cycles of 0-947¥t O 0
abrasion (ASTM D 1175), ml/24 hr
Tensile strength at fabric break,** 1b - warp N/A N/A 271.2
fill N/A N/A 292.2
Elongation at fabricz break,** percent - warp N/A N/A 13.2
fill N/ A N/A 24,06
Tensile strength at polymer break,** 1b 129.2 85.4  NOT TESIED
Elongation at polvmer break,** percent 234.2  364.0 NOT TESTED

* All properties deterrined in accordan-~e with ASTM D 751 with the excep-
tion of hydrostatic resistance after 1000 cycles of sbrzssion (ASTM D 1175).
%% Aftoer accelerated weathering for 160 hours.
+ 1 of 3 specimnens leaked 947 ml.
tt N/A = not applicable.
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DESCRIPTION OF MATERIALS
Soils

The soils selected for use in testing the membrane liners vere similar
to thoze used in the 1nitial full-scale tests. 7Two gravelly sands (SP) were
used. One gravelly sand commonly found Iin concrete mixes was used as a cover
material to protect thte membrane liner during tests. This material was sieved
and only that portion passing the 3/8-1in. sieve was utilized for test pur-
poses, The other gravelly sand was used as a subgrade material. The grada-
tion curves for these soils are shown in Figure 27.

A lean clay (CL) was used in several tests to serve as a bedding material
placed between the subgrade and the liner. The liquid limit of the clay was
31 and the plastic iimit was 23. The srodation curve for the lean clay is
shown on Figure 27. A 60 percent compaction effort was selectea iur theee
tests becausc this approxirates the density normally achieved during construc-
tion of a hazardous landfill.

A crushed linestone material was also used as a subgrade material. This
tuterial had approximately 85 percent of the aggrezate between the 3/4- and
3/8-in. sieve. The crushed limestone gradation curve is shown in Figure 27.

Soil data for the wheel load tests are shown in Table 3.

Membranes
Three of{ the four membranes tested during the initial field test of this

investigation as well as A new fabric used as bedding material, were used 1n
the laboratory tests and these materials are described as follows:

Nominal

Type Thickness ‘Thread

Designation Polymer Compound wils Counc
M2#* PVC Thermoplastic 20 N/A
M3* CPE Thermoplastic 30 N/A

M4* Chorosulfated polvethylene- Thermoplastic 36 10x19

reinforced (CSPE-R)
Bl Spunbonded continuous poly- N/A 81 N/A

ester filament, 7.7 oz/sq yd

* Physical test properties are given in Table 2.
N/A - Not applicable.

The M1, elasticized polyolefin (3110) membranc used during the initial

full-scale tests was not used 1n the laboratory tests because commercial
manufacturers discontinued production and processing of the material.
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Figure 27. Classification and gradation of gravelly sand subgrade



TABLE 13,

SOTL DATA FOR WHEEL LOAD TESTS

Troxler® Nuclear Test

Oven WVater Wet Density
Test Water Content Content kilonewtons/cu m
_No. Soil Type Soil Use _percent percent (pcf)
Wl Cencrete sand Cover 3.5 - - -
Gravelly sand Subgrade 5.9 7.0 20.7 (131.5)
W2 Concrete sand Cover 3.2 - - -
Cravelly sand Subgrade - 6.8 21.0 (133.5)
W3 Concrete sand Cover 3.7 - - -
Gravelly sand Subgrade - 6.0 21.2 (135.0)
W4  Concrete sand Cover 3.5 - - -
Gravelly sand Sabgrade - 6.4 20.8  (132.4)
W5 Concrete sand Cover 4.9 - - -
Gravelly sand Subgrade - 6.4 20.8 (152.4)
W6 Concrete sand Cover 3.7 -— - -—
Clay (loess) Bedding 19.4 -- - -
Gravelly sand Subgrade - 6.5 21.0  (134.0)
W7 Concrete sand Cover 4.6 - - -
Gravelly sand Subgrade - 6.0 20.8 (132.1)
ws Concrete sand Cover 4.4 - - -
| Gravelly sand Subgrade - 6.0 20.8  (132.1)
w9 Concrete sand Cover 4.4 - - -
Gravelly sand Subgrade -- 5.9 20.7 (132.0)
W10 Concrete sand Cover 4.8 -— - -
Gravelly sand sSubgrade - 6.2 20.8 (132.6)
V1l Concrete sand Cover 4.2 - - -
Gravelly sand Subgrade - 6.2 20.8 (132.6)
w12 Concrete sand (over 4.4 - - -
Gravelly sand subgrade -—- 6.1 20.8 (132.7)
w13 Concrete sand Cover 4.5 — - -
Gravelly sand Subgrade - 6.1 20.8 (132.7)
(Continued) -
* Device used to expedite wate' content and density determinations.
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TABLE 3. (CONCLUDED)
Troxler Nuclear Test
Oven Water Wet Density
Test Water Content Content Kitorewtons/cu
No, Soil Type Soil Use percent percent (pcf)

Wla Concrete sand Cover 3.9 - - -
Clay (loess) Bedding 18.3 - ~— -
Gravelly sand Subgrade 6.0 5.3 20.8 (132.7)

v15 Concrete sand Cover 3.7 - - .-
Clay (loess) Bedding 19.2 - — -
Gravelly sand Subgrade - 5.7 20.9 (132.3)

wW1l6 Concrete sand Cuver 3.0 - - -~
Clay (loess) Bedding 18.0 - - -
Gravelly sand Subgrade 5.5 6.1 21.0 (133.8)

wl7 Concrete sand Cover 3.5 - - -
Limestone Subgrade - - 15.7 (100.0)

W18 Concrete sand Cover 3.5 - - —
Clay (loess) Bedding 23.2 - - -
Limestone Subgrade - - 15.7 (100.0)

w19 Concrete sand Cover 3.5 - - -
Clay (loess) Bedding 18.1 - - -
Limestone Subgrade - - 15.7 (100.0)

W20 Clay (locss) Bedding 18.1 -- - -
Limestoane Subgrade - - 15.7 (100.0}
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FAILURE CRITERIA

The criteria used to determine liner failure consisted of the visual in-
spection [or pinholes in the liner caused by tests and tleen Lhe ¢xamination
of the pinholes in accordance with ASTM Test Mecthod D 3083. When light used
12 accordance with the ASTM Test Xethod was observed to pass thrcugh a pin-
hole, this was identllied as failure of tha liner.

DATA COLLLCTED

The number of holes were recorded for selected levels of load rapeti-
tions. The general condition of the membrane was noted, such as scuffed or
wrinkled, and photograpihs were made to illustrate these coanditions. The
number of loading cyclce, passes, revolutions, plus the total pounds applied,
and tire pressure (in pounds per square inch) also w~re recorded. The dens:ity
and water content of the subgrade material along with the CBR of the clay
bedding material were controlled. In the pneumatic-tire nodeil test, the rut
depth, soil upheaval, and cover nver the membrane also were reccrdad al
regular intervals,

SAMPLE SIZES TESTED

To check for potential membrane failuies (pinholes), the full-sized
gyratory sample was used. These were 6-in.-dlam samples with areas of 28 sq
in., each. In the pneumatic-tire lead testc, the sample size was 4 in. wide
(tire width) by 14 in. long, or 56 sq in. In the plate-loading test, the
area under the 11-1/2-in.-diam disc was used or an area of 104 sq in. In
the field test, the sample size was 24 in. (tire width) by 30 in. long, or
720 sq in. If ~omparison of the number of punctures from the various test
methods is desired, it can be dune by sample size according to the following
conversion chart which presents the ratios of the sample areas:

Gyratory Model Tire Load Bearing Fileld Tire

CGyratory - x2 x3.7 x25.7
Model Tire x0.5 - x1.9 x12.8
Load Bearing x0,27 x0.54 -- x6.3
Field Tire x0.04 x0.08 x0.14 -

TEST RESULTS

Pneumatic-Tire Load

Alter the tire had traversed back and forth in the same path for the
desired number of passes, the rut depth, shoulder upheaval, and the dcth of
sand over the menbrane w 2 measured. When the tire had tracked the test
specimen jn ihrec separate locations, the collar and sand were rewoved and
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the membrane inspected for punctures. The test number, membrane designator,
passes, rut depth, membrane depth below rut, number of holes in the membrane,
and subgrade deformation are given in Table 4. Figure 28 shows typical ruts

in the sand after 2 and LO passes. The soll subgrade was controlled prior to
each test and a summery of this data is presented in Table 3.

A gininum of three tests per membrane was performed on cach controlled
soil subgrade and cover material to determine reproducibility and reliability
of test results. The results for test numbers W2, W3, and W4 for M2 wuembrane;
W7, W8, W9, and W13 for M3 merbrane; and W10, Wli, and W12 for M4 membrane
are averaged and summarized in Table 5. These test results indicate that
punctures occurred in £-me of the ncrbranes from the subgrade rocks and the
merbrane needed some bedding or protection trom the subgrade. Hence, tests
Wl4, W15, and Wi6 were repeats of the W2, W3, and W4 tests for M2 membrane,
except the top 1 in. of the gravelly sand subgrade was replaced wilh a lean
clay (loess). The clay was used as a bedding material to prevent the gravelly
subgrade from puncturing the membrane during tra€fic tests, and the average
results of these tests are shown in Table 5 for comparison with the average
data on M2 in tests W2, W3, and W4. The loess reduced the number of punctures
in the liner from S to 0 at 300 passes, and allowed an average of 1.66 punc-
tures in three tests at 1000 passes.

Test W17 was cenducted first on a crushed limestone base that readily
nroduced holes in the membrane. Then the test was repeated using 1 in. of
lean clay (loess) as the top layer of the subgrade (Table 4). The 1 in. of
lean clay was used above the limestone in tests W18 and W19. Where the clay
was used, no holes were observed at 150 passes; whereas, in test W17, 36 holes
were recorded at 100 passes without the clay. The clay in test W18 bad 22.2
percent water and a CBR or 1.8 that permitted excessive rutting, and after
300 passes, 2 holes were otserved in the M2 membrane (Figure 29 and Table 4).
Test W19 was conducted similar to test W18 except the water content to the
clay was 18.1 and the CBR was 21. The haghker IBR prevented excessive rutting
and no punctures were opserved in the M2 membrane after 300 pvasscs as com-
pared to 36 punciurec recorded at 100 passes in tzst W17 without the clay
bedding. Test W20 was conducted on the same subgrade as test W19 (not
reworked) with no sand cover on the membrane (the tire was in direc:t contact
with the M2 membrane), but only two tracking lanes were used and no pubctures
were otserved after 500 passes.

Tesc W5 was conductéd on the same subgrade (not reworked) as test W..
The geotextile was placed on the top of the subgrade to see how cffective it
was as a bedding material to prevent punctures in the membranes. The
membrane was placed dire-tly on top of the geotextile and 1-1/4 in. of pro-
tective sand was placed »n top of the membrane. Thne geotextile reduced tl.e
number of holes at 100 and 300 passes from 3 to } and 8 to 6, respectiveiry
(fable 4). The lean clay loess used in test W6 produced the first labora-
tory test results that indicated lean clay used as bedding over coarse sub-
grade composed of angul:t particles will reduce Lne number of punctures or
prevent pneumatic-tire traffic from producing punctures in a memBirane liner.
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TABLE 4. TRAFFIC DATA FOR PIFUMATIC-WHEEL LOAD TESTS
Membrane Fiuivalent
Number Depth Subarade du-ber of
Test of Rut Depth#* B¢ wow Rut Deformation No of Fiaacs Per
ho. Membrane Passes cn (fn ) «n (in.) e {dn ) turcteses  Square Yard Remarks
w1 M2 1L - -- 063 (N.2%) == - 4 0
30 3.18 (1 25) 046 (0.18) -- - 0 0
100 13.81 (1 SO) 063 (025 - -- 4 92 1 puncture from tep down
w2 M2 U 34 (125 079 (0 31)  -- - 4] n
100 318 (L25) 063 (025) -  -- [ 0
300 396 (1 55) 083 (025 -- - 10 231
w3 M2 30 239 (094) 0.79 (0 31) -- - 0 0
100 284 (112) 0.63 (025 -- -- 1 23
300 333 (131) 063 (025 -~ -- 9 208
wa M2 30 209 (1 vt) 079 (0 N) - - [ ]
100 299 (1 18) V.46 (0.18) -- - 3 69
220 2.69 (1 06) 0 46 (0.183 - - 8 185 3 or 4 holes from top down
w5 n2 100  3.18 (125) 063 (0.25) -- — 1 23 Undisturbed subgrade of test Wé
300 3.19 (1.25) O &5 (0.25) -~ - 6 139 used; geotextile under memtrane
500 299 (1.18) 046 (0.18) ~-- - 2 46
wé M2 162 J a8 (1 37) 0 63 (025 - -— ] - Top 2.5 cm (1 in.) of sudgrade
o 2 54 (1 00) 0 46 (0 18) - - 0 Q raterial vac lean clay
£00  3.i8 (125) O 63 (0.25) -~ - 0 o
L H M3 30 284 (112) 0.90 (0.37) -~ -— 0 [}
100 299 (1 13) 0.46 (028 -- -_— 1 23
J00  3.18 (1 25) ©.63 (0 25) -~ - 5 116
wa M) 30 208 ‘081 0.79 (0.31) ~- -~ [} [}
100 2.69 (106) ©063 (025) == - 0 2
300 2.84 (1 12) 0.46 (O 18) -- - 7 16~
va M3 3 2.39 (0.94) 079 (031) =~ -- 0 ]
100 2 39 (0.94) 0.63 (9.25) ~-- 1 23
300 348 (1 37) 046 (0 18) - - 1 23
LY M4 30 169 (L06) 0.79 (0 31) -~ - 0 0
100 2 84 (1.12) 0.46 (0 1R) ~-- - [ (]
300 2 5% (100) 0.46 (0 19) ~-- - 0 [
wil M4 30 221 (0.87, 079 (0.31) ~-- - 0 0
100 2.54 (1.00) 0 6) (0 23) -~ - [ [s]
300 7 84 (. 00) 046 (0.1¥) ~- - 0 c
w12 M 30 284 (1.12) 0.63 (0.25) -~ - 0 [
100 2.54 (L 0O0) 063 (025) ~-- - 4] 0
300 318 (1.25) 0.6) (0.25) -- - 1 23
{Cont inued)

# Depth fram original surface to bottoo of rut.
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TABLE 4. (CONCLUDID)

Test
No.

w13

wi4

wis

L)

w17

wi8

w19

w20

500

N.mber

of Rut Depth

M obrone Pigere cm (In )
M3 30 157 (0 62)
100 318 (1.2%)
300 2.5 (1 00)
M2 300 3.4 Q1 37)
S00 3 o6 (1 &4)
1006 3.18 (1 23)
M 30 269 (1 06)
500 296 (..56)
1002 4% (1 63)
M2 300 3 26 (L 56)
$00 3 81 (1 50)
lo00 3 81 (1.50)
W 10 2 84 (1 12)
30 25 (100)
JOn o 4,75 (1 87)
M2 S0 4 4SS (1.75)
150 S 87 (2 31)
360 6.35 (2 50)
M2 50 3 I8 (1 25)
150  3.18 (1 23)
W0 7 84 (1 12)

MY 300 - --

Mezbrane
Oepth
Bolow Rk

__¢n (in.)

0 63
0 46

157
127
0.63

0 63
0.15

(=]

{0 25)
(0 18)
(0.295)

(0 18)
{0.25)
(0.18)

(0.18)
{0 18)
(0 31)

(0.18)
{0 18)
(0 13)

(0, 50)
(0.25)
(0.25)

(0 62)
(0 39)
(0.40)

(0 25)
(0 25)
{0 05)

Equivalent
Subgrade Number of
Deformation No., of Passes Per
en (in ) Punctures Squarc Yard Remarks
- - 0 0
- - 1 2)
- -- 11 254
127 (0 50) o [+] Tlay bedding
0.6) (0 2%) 2 “6
0.90 (0.37) 3 69
0.63 (0.2%) [} 0 Clay bedding
0.79 (0 N) V] Q Mexbdrane vrinkled in ruts
127 (v s0) 4] 0
1.57 (0 62) 0 4] Clay bedding
127 (0 50) )] ] Pocks 0.79 cm (0 31 in ), 1.1 eo
190 (0 75) 2 48 (0 44 in.), ond O &3 ca
(0.25 In ) below loess at
300, 500, £nd 1009 passes,
respectively
-- - 3 69
157 (0 62) 19 439
1% (0.75) 30 832
5 08 (2 00) [} 4]
762 (3.00) 0 ] Clay too wct
8 89 (1 50) ? 46
-- — 0 0
- -— 0 0
-~ - [ 0
- - 0 0 Same as test W19 except
- .- 0 [} no concrete sand cover used




Figure 28. Typical ruts in sand cover at 10 and 2 passes.
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TABLE 5. AVERAGE TEST RESULTS TFOR LABORATORY WHEEL LOAD TESYS

‘Test. T soll Average No. of
No. Membranes Cover/Subgrade Passes Punctures (Per 3 ‘ests)

W2, W3, W4 M2 Concrete sand 30 0.0
CGravelly sand

100 1.3

300 9.0

W7, W8, W9 M3 Concrete sand 30 0.0
W13 Gravelly sand

100 0.75

300 6.0

Wwio, w11, M& Concrete sand 30 0.0
Wiz Gravelly sand

100 00

300 0.33

Wl4, W15 M2 Concivete sand 300 0.0

Wib Lean clay

Gravelly sand

500 0.66

1000 1.66
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Figure 29. Rutting in clay ased as bedding over
subgrade.

Gvratory Shear

Using the gyratory shear equipment, tests were performed on two types
of subgrades. One subgrade used was similar to that used in field tests and
as used in the pneumatic-tire load wheel tests. The other was an artificially
or simulated subgrade consisting of a rubber disc having a CBR value of 16,
embedded with steel barbs to represent rocks. The simulated rock (barb) tests
were conducted to determine the feasibility of developing a test method and
procedures which may be used to compare and/or select membranes for a speci-
fied job requirement. BRoth types of subgrades were tested with the same
membranes and sand cover as used in the laboratory and field tests. The
gyratory compactor used in the design of bituminous concrete produces a knead-
ing action on test specimens similar to that caused by pneumatic-tired traffic.
During compaction of the speccimen, the applied loading (p-essure), angle of
gyration (usually 1 degree), and number of revolutions are all controlled by
the test equipment. A small simple-to-prepare sample is required for this
machine, and the lcading and operation are relatively easily and quickly per-
formed. Extensive testing and previous experience with this laboratory
equipment made it appropriate for use in this study.

Initial membrane test samples were prepared with a subgrade that con-
sisted of a well-graded crushed limestone (Figure 27), except the material
retained on the 3/4-in. sieve was not used. The rough irregular-shaped
limestone was used with the expectation of producing holes in the membrane
after a small number of revolutions, as no cushioning was used in these
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initial tests. Tests Cl and G5 ware duplicates used to detz.uine repcoduc—
itility of test data. These tests were found to preduce reasonably :lose
rasults as 20 and 17 holes vere counted after 10 revolutions., The same test
materlals were used in test G6 except the top 1 in. of the limestone was
replaced with the lean clay having a wvater contznt of 1¢ percenr. After
500 revolutions, no holes were observed in the M! meubrane specimens;
whereaz, 20 2nd 17 holes had occurred previously after 10 revolutions in
tests G and G5, respectively.

Tests G2, G3, and G4 were conducted on samples of the M4 membrane for
comparison with test results on the M2 membrane. Afte. 10, 30, and 100 revolu-
tions, there were 0, 1, and O holes, respectively, in the H4 membrane
(Table 6). Figure 30 shows from lefc te right the 6~irn. diam by 6-in.-Jdcep
steel mold, the crushed limestcae »ubgrade material, the M4 membrane with no
holes (note scutfs and indentacions) aft.r 30 revolutions and the M2 membranc
with 20 holes after 10 revolutions. TFigure 31 shows the interface of the
clay and the limestone in the wold after 50C revolutions in test G6. Test G7
was identical) to test Gb excepi there was no sand cover placed over the
membrane (the steel upper head of the gyratory machine was in direc contact
with the membrane). After 500 rnvolutions, there were no holes in the M2
nembrane.

After test G7 was completed, membrane samples were prepared for usec with
a 2-in.-thi_k rubber subbase disc and barbs which hkad been prepared for use
with the gyratory machine. FRarbs of three sizes (1/z-, 3/8-, and 1/4-1in.
high) were located equal distances from the disc's center. Figure 32 siiows
the steel gyratory mnld in the background, thc three ruhber subbasz discs
with various oized barbs located on two of the discs. The 2-in. rubber dis’
with three barbs is shown in tne steel mold in Figure 33 with the 4-in.-thick
disc shown in the foreground. The membrane was placed on the Aisc and barbs,
covered with 2 {u. of gravelly sand (Figure 27}, hand tampod, and leveled.
"he water content of the sand was controlled between 3.5 and 4.5 percent.
Figure 3. tllustraties a typical test specimen after 10 revolutlons, and
Figure 35 depicts indentations caused by barbs. Test C2 was used to deter-
mine the effects on (he membrane caused by preparation of the specimens before
2kposure to The gyratory load. After the specimen was prepared, it was
disassembled For inspectiun and found that no demage had occurred to the
nemtrane. Speximens for tests C3 and C12 also were disassembled at zero
revolutiuns; however, a test pressure of 30 psi was «ppliad for 3 minutes
‘then inspected, the M2 (t-st C3) had no holes but the M4 {rvest C12) had
! holes., 1In test Cl2 .ft-:r 3 revolutions, holes had been caused in the mem-
irrane by all 3 barbs (Table 7).

A series of tests were performed on M2 membrances for 2 revelutions to
dstermine which barb cauced the first puncture. Three tests were conducted:
t.hese tests are shown as tests C4, C7, and CB in 1able 7. The test results
vere not consistent as tle 1/2-in. barb produced a hnle in test C7, ihe
#/8-in. barb produced a role ir test C4, and no holes occurred in test C8.
Hevertheless, 3 revolutions on the M? membrane appeared to produce the condi-
tion that caused initial failure of the membrane.
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TABLE 6. GYRATORY TEST RESULIS OF MEMBRANES PLACED
ON CRUSHED LIMESTONE (3/4 in.)

Equivalent

Number of
Number Punctures
Test Cover cof Per Squars
No. Soil Revolutions Membrane Punctures _ _ Yavd Remarks
Gl Concrete sand 10 M2 20 426
G2 Concrete sand 10 M4 0 0 Numerous abrasions nected
G3 Concrete sand 30 May 1 46,2 Numerous abrasions noted
G4 Concrete sand 100 M4 0 o Numerous abrasions ncted
G5 Concrete sand 10 M2 17 786
G6 Concrete sand 500 M2 ¢ 0 Layered sample from bcitom to top as
follews: 2 in. limestone pius 1 in. lean
clay at 18 percent moisture, plus M2,
plus 2 in. concrete sand at 3.5 percent
moisture
G7 None 500 MZ 0 0 Layered seuples from bottea te top as
follows: 4 1wn. limestone, plus 1 in.
lean clay at 18 percent moisture, plus
M2
MWTF:  1l-degree angle of gyration, 30 psi pressure used for all tests,



’ 2470 378 IN. CRUSHED
6 IN. GYRATCRY MOLD LINMFSTONE

-1 @R TwlL e Y-8 -8 0 Gy

ipure 30. Six-inch gyratory mold, 3/4- to 3/8-in. crushed
limestone, M4 after 30 revolutions (note scuff marks), and M2
with 2C punctures a’ter 10 revolutione.

Figure 31. Interface of clay and limestone after 500 revolutions.
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Figure 32. Steel mold, rubber subbase discs and barbs.



ke s a7 . . G v 7 sty tdar Uil R i o

Figure 33. Two-inch-thick rubber subbase in mold with barbs,
4-in.-thick rubver subbase in foreground.

Figure 34. Typlcal test sample after 10 revolutions.
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Figure 35.
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Indentations in membrane caused by the three barbs
after 10 revolutions.
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TABLE 7. RESULTS OF GYKATORY TLSTS WITH VARIABLL HEIGHT
BARZS MOUNTED 1IN RUBBER SUBBASE

Punctures Produced

Number by Barb
Test of Barb Radius, inches
No. Revolution Membrane Punctures L/2 3/8 1/4 Remarks
Ccl 10 M2 3 X X X
c2 0 M2 Q - - - Sample prepared to
check on membrane
during construc-
tion of test
specimens.
Cc3 o M2 0 - - - 30 psi pressure for
3 min.
C4 k| M2 1l *
Cc5 6 M2 2 X *
Ccb 8 M2 2 X X
c? 3 M2 1 X
c8 3 M2 D - - -
cY 5 M2 2 X X
cl0 7 M2 3 b X x
Cll 10 M2 2 X X
ciz 0 M4 2 X X 30 psi pressure for
3 min.
Ccl3 3 M4 3 x X X
Cl4 3 M3 1 X
Cl5 5 M3 1 X
Clhs 7 M3 1 X
Cl7 10 M3 1 X

NOTE: Barbs with 60~degree cones and 1/64-in. radius at the point. An x indi-~
cates a hole was produzed. All barbs werc located 1-1/4 in. from the
center of the sample.
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Four tests were then performed on the M2 at 5, 6, 7, and 8 revelutions
to determine which barb produced the initial puncture. These tests are shown
in Table 7 as tests C5, 26, C9, and C10. The 1/2-in. barb punctured the mem~
brare in all 4 tests (i.e., 5, 65, 7, and 8 revolutions); the 3/8-in. barb
putctured the membrane in three tests at 5, 6, and 7 revolutions; and the
1/4-in. barb punctured the membrane at 7 and 8 revolutions. These tests
results indicated that the shortest barb sustained more revolutions before
puncture and the longest (highest) barb punctured the membrane at the least
nunber of revolutions.

Four tests were conductcd on the M3 membrane (tests Cl4, Cl5 Cl6, and
Cl7, Table 7) at 3, 5, 7, and 10 revolutions. Thesec tests generally supported
initial obscrvations discussed above as the longest berb produced punctures
at the lowest number of revolutioans and the shortest barbs sustained more
revolutions before puncturing the membrane.

Tests also were conducted to determine whether the locations of the barbs
nounted on the 1ubber subbasc influenced and caused punctures in the membranes.
This testing was condicted on the M2 and M4 membranes with the barbs located
1-1/4 and 2-1/4 in. from the center of the specimen. The results of these
tests are recorded in Table 8. During tests with the barbs at these locations
on M2 membrane in each of 4 tests (Cl8, Cl9, C20, and C2l), the sharpest barb
(1/32-in. radius) produced a puncture. The snooth barb junctured tte membrane
in 3 of 4 tests (Cl§, C20, and C21). 1In only 1 of the 4 tests uas there a
puncture by the 1/16~in.-radius barb (test C19). 1In similar tests (C22, €23,
€24, and C25) on M4 membranz, only one puncture was recosded (test C24) and
it was caused by the sharpest barb (1/32-in. vadius) located 2-1/4 in. from
the center. Test C26 on M4 membrane was conducted to determine whether and
if so, when the smooth bart and 1/16-in.-radius barb would puncture the
membrane. After 500 revolutions, the smooth barb was the only barb that had
not punctured the M4 membr.ane.

Plare Loading

hesults of the plate-loading tests are presented in Table 9. Four tests
were rux on the M2 membrane, and three each on the M3 and M4 membranes. The
initial test consisted of 1000 cvecles of loading which resulted in three
punctures of the M2 membrane on the SP subgrade. The cover material and
liner were removed and a nonwoven fabric placed on the undisturbed subgrade
of test Pl. In test P2 the liner was placed on top of the fabriec and covered
wit. 2-1/2 in. of sand. After 1000 cycles of loading, ne punctures appeared
in the membtrane ivdicating that the fabric was effective in proteccing the
meuwbrane., 7est Pl was duplicated in tests P3 and P4 to provide more than
one test point. These tests produced purnctures at 400 cycles, indicating
that the punctures in test Pl may have occurred shortly after che 300 cycles
at which data were obtained.

Membrane M3 suctained several punctures at 1000 cycles in tests PS5
and P6, wut not in ™7. There also were no puncturcs at the intermediate
nurber of cycles vhere data was taken, Membrane M4 sustained no punctures
in tests P8, P9, and P10 at 1000 cycles of loading.
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TABLE 8. GYRATORY TEST RLSULTS WITH BARBS MOUNTED AT VARIOUS
LUCATIONS IN RUBBER SUBBASE DISC

Punctures Produced

by barbs Distance of

Number Vit Radius of Barbs From
Test of 1/16  1/32 Center of
No. Revolutions Membrane liles Smooth 1n.* in.* Disc in,
c18 10 M2 2 X x 1-1/4
C19 30 M2 2 ¥ x 1-1/4
€20 10 M2 2 P x 2-1/4
c21 30 M2 2 X X 2-1/4
c22 10 M4 0 1-1/4
c23 30 M4 0 1-1/4
C24 10 M4 1 X 2-1/4
€25 30 M4 0 2-1/4
C26 500 M4 2 % X 1-1/4

* Cone of 60 degrees; 1/4 in. high.
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TABLL 9.

PLAIT-LOADING JEST DATA

Fquivalent
Number  Number Number of
of of Punctures Per
Test lYeourane Cycles Punctures Square Yzrd Remarks
2} M2 300 (1] 0
1000 3 38 One puncture caused by a sharp rock, one by a flat
rock, and the other in a generally smooth arca
(puncture appecared to occur fioam the top in a
downeard direction).
Pe M 500 0 0 t Ceotexitilc placed over undisturled subgrade of test
1 that produced 3 noles at 100U cycles.
1000 0 0
P3 n2 400 3 38 iwo holes caused by a large flat rock under the
membrane.
1000 5 63 Holes at 400 cycles did not increase in size.
P4 Mz 400 7 88
1000 8 100 Several holes increcased in size at 1000 cycles.
P5 Ml 300 0 0
1000 7 88
P6 M3 400 0 0
1000 3 38
P? k] 560 0 (]
1000 0 [
P8 M4 400 0 0
1000 (¢} 1]
19 M4 500 0 0
1000 4] 0
P10 M4 1500 0 0

* One <pecimen of membrane per test was
NOTES.

used,

The top 6 1n. of the subgrade was removed, replaced, and 1ecoupacted for each test exceot

Test P2,

Subgrade was 18 in. of gravelly sand with average water content of 6.8 percent and average

dry density of 124.1.

Surface was 2-1/2 {n. of loose concrete sand (passing 3/8 in. sieve) with water content

of 3.9 percent.

Instron Machine applied loud on 11.5-in.-diam plate at a rate of 10~12 cycles per minute.

Total Load was 3324 1b and 32 psi.



In all of these tests, the vater content and drv dens.ty of the gravelly
sand subgrade was controlled at an average of 6.8 percent and 124.1 ocf,
respectively. The cover sand had an average vater content of 3.9 percent im
all plate load tests.

Standard Physical Test

Physical propcrties of the membranes were detzrmined iIn accordance with
ASTM D 751 and the data arc showm on Table 2. The results of tests (ASTM

D 1175) for weight loss versus abrasion cycles are plotted as shown in
Figure 36.

AnALYSIS CF LABORATORY TEST DATA

Pneumatic-Tire Load

As indicated on Table 4, nine tests were zun on M2 membrane over an SP
subgrade. Four tests (W1-W4) were repetitive, having similar test condi-
tions and results. Fach of these tests sustained no punctures at 10 passes
of the wheel load, a minimim number of punctures at 100 passes of the wheel
load, and several punctures at 300 passes of the wheel load. The number ot
punctures seemed to be directly related to the number of rocks in contact
with the membrsne. Theref{ore, in order to prevent puncture of the membrane,
it was necessary to provide a protective layer of material that would prevent
the membranc from coming in contact with the rocks in the subgrade. Two
different methods were tried, one being placement of a nonwoven fabric between
the membrane and the S’ subgrade, and the other being tne placement of a
layer of clay soil between the membrane and subgrade.

Test W5 shows the test resuits using the geotextile as a bedding material
above thec subgrade. As can be seen in Table 4, punctures occurred at all pass
levels wherc observations were nade. However, a comparison of punctures at
the different pass levels indicates that the fabric was effective in reducing
the number c¢f punctures.

Test W6 shows the test recults using 1 in. of lean clay as a bedding
material above the subgrade. The lean clay was very satisfactory in chat no
punctures occurred in the M2 mombrane at any pass level where observations
wexe made. To further demonstratc the effectiveness of the clay bedding,
three more tests were run at higher pass levels using the M2 membrane. These
tests (W14-W16) also showed no punctures at 300 passes of the wheel load.
However, a few punctures developed at 500- and 1000-pass levels in test W14
and at 1000 passes in test W16. Test W15 produced no punctures at 1000
passes. These tests again show the effectiveness of a clay bedaing for at
least 300 wheel load passes.

Since the clay material had been effective on the gravellv sand sub-
grade, it was decided to test it on a very severe coudition using crushed
limestone as a subgrade. Test W17 shows the severaty of the crushed lime-
stone whea in contact with the membrane in that 36 punctures were produced
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at 100 passes. Tusts W18-W20 were then run using the lean clay as a bedding
material over the .liwestone and below the membrane. In all three tests, the
lean clay prevented punctures up to 300 passes except for test W1E which sus-
taired 2 punctures because the clay was too scft. Test W20, which had no cover
over the membrane, went up to 500 passes without any punctures. These tests
alss demonstrated the effectiveness of the lean clay in pieventing punctures
even under very severe conditiors. For maximum protection of the membrane, the
lean clay should be compacted adequately to prevent rutting (watcr content on
dry slide of optimum}.

The initial tests run on the M2 nemhrane were repeated using the M3 mem-
brane and M4 mewbrane. These tests consisted of the concrete sand cover over
the nember and the gravelly sand subgrade under the membrane. Tests on the
M3 meambrane produced results similar to the M2 membrane; therefore, additional
tests were not considered necessary using the fabric or the clay bedding.

The test results using the M4 membrane were significantly better than tests

on the M2 or M3 membrane with only one puncture being produced in the 3 tests
at 300 pusses. Since this 1s the stronger of the membranes, it was considered
that the bdedding requirements for the M2 aiso would be satisfactory for the
M4. The pneumatiz-tire lecad test would be a useful test for determining
cover and bedding requiremeats using availlable site soils and candidate

m mbranes.

Cyratory Tests

FPesults of the gyratory tests using « crushed limestone subgrade are
shown in Table 6. This was considered a severe test for the membrane matu-—
rials, and as expected, numerous punctures were produced in the M2 membranc
when placed on the crushed stone with the concrete sand cover as shown by
tests Gl and G5. The number ol punctures was redured to zero when the mem—
brane was protected from the crushed stone by a 1l-in. layer of lean clay as
indicated by tests Gb and G7. Tests on Lhe M’ membrane showed that ir had
greater resistance to puncturce, as only one puncture occurred during three
diffcrent tests (G2, G3, and G4). Numerous abrasions were noted on the M4,
and indications were that additional cycles wmay have produced punctures {rom
these abrasions.

Tests also were conducted using a rubber dise containing variable~size
barbs as a subgrade. These tests were condrcted to see whether a standard
test could be established for testing and comparing performance of diffcrent
membranes. Results of these tests are shown in Table 7. Gyratery tests G3
and G12 on M2 and M4 meobranes, when only prcssure was applied for 3 minute.
(no revolutions), indicated that sharp barbs will puncture a stiff membrane
(one with low elongaction, M4) faster than an elastic membrane (one with a
high elongation, M2). [fhe M4 punctured under pressure because it did not
stretch, drape, and conform to the shape of the tarbs. The gyratory tests
also indicated that larger barbs punctured membranes rapidly and swall barbs
required more revolutions to produce punctures.

As iadicated in Table 8, the location of the barbs in the gyratory test
mold {G18-G25) did not make any significant difference as to vhen membranes
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were punctured. The tests on the M2 membrane indicated that a smooth Lard
and a pointed barb produced foles in the membrane at approximately the same
rate.

Plate-Leading Tests

Results of the plate-loading tests are shown in Table 9. The plate-
bearing tests did rot develop failures in the membrane similar in extent to
those observed 1n previous field tests nor as those produced by pneumatic-tire
load and gyratory tests. The plate~loadirg tests indicated that the geo-
textile prevented purctures to ths merbranes, but in {ield testt and the
model tire tests, the gectextile was not as effective in preventing punctures.
The plate-loading test does not appear to be a sultable test for evaluating
puncture r2sistance of membrane liners.

COMPARISON WITH FIELD TESTS

Some general observations were made in comparing the laboratory test
results with field test results. 1In the field tests, punctures in the mem-
branes occurred regardless of the thickness of cover over the membranes. The
occurrence of the punctures probably was due to the fact that the membrancs
were directly on top of the granular subgrades and in contact with gravel
particles. Where the sand and sandy silt subgrade was used, the number of
punctures was reduced and was zero for some membranes. These results compare
favorably with the results of the pneumatic-tire tests conducted in the
laborztory, which showed that separating the membrane from the granular mate-
rial by a lean clay will prevent or reduce punctuires in the membrane. In the
laboratory rests, the fabric bedding matcrial prevented or reduced the number
of punctures in 21l tests, Thzre also was some indicatlon in the Fleld tests
that the use of a peotextile under tne liner may protect it from puncture,
although net all {ield tests indicated this.

There were a limited number of field tests that could be used for direct
comparison with the laboratory tests. The laboratory tests werc conduzied
S0 as to produce a stress on the membrane liners equivalent to the stress
produced by the pneumatic tire on the liners in the {ield test under 6 in. of
cover. This restricted the compzrisons to test program 1. Within test
program 1, Lwo subgrades were used that could compare with the subgrades in
the laboratory tests. Test item 2 contained a crushed stone, which compares
with the crushed limestone in the gyratory tests, and test item B coatains
a gravelly sand, which compares with the gravelly sand used in the pneumatic-
wheel load tests and the plate-loading trests.

To compare results of field and laboratory tests, the number of punc-
tures produced were converted to an equivalent number of punctures per square
yard in order to compare results on an equal basis, These equivalent number
of punctures are shown for the laboratory tests in Tables 4, 6, and 9. 1In
the field tests, on item 2, 29 equivalent punctures were produced at 19 passes
of the tire load; whereas, the gyratory test at 10 revolutions produced an
equivalent number of passes equal to 926 in test Gl and 786 in test GS5.

These results shov the gyratory test to be much more severe on the M2
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membrause than Lhe\field test and therefore would not appear to be an appro.~i-
e1e rest for detern ning beddiny arnd cover require.nents for liner systems,

Ta item 8 of the Jirld tests, the pneumatic~-tire load produced 14 equiv-
alenl puncturas in the M2 cembrane. In che plate-loading tests, no punceeres
occurred up to 300 cycles of loading, but up to 88 punctures cccurred at
400 cycaes of load. This indicaced that the laboratory plate-loading lest
produces the same number of vquivai2t punctures on the M2 membrane as the
field test between 300 and 40U cycles o: lnad. Therefore, the plate-loadiag
test could possiily be a candidate for use in determining cover and bedding
requirements.

Zero punctures were produced at 30 passes of the pneumatic-vwheel load in
the laboratory and from 23 to 92 equivalent punctures at 100 passes. These
compar.: to the 14 equivalent punctures in item 8 of the field test indicating
that the number of passes required to produce similar results to the field
test on the M2 1is between 30 and 100. These results indicate that the
rneumatic-tire load test 1s also a possible candidate for use in determining
cover and bedding requirements.,

Sincc the laboratory pneumatic-tire load is the same type of load as
applicd bty constructicn equipment in constructing landrille, i1t is considered
to be the most applicable test for determinilng bedding and cover require-
ments for membrane used in landfills.
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