EFFECT OF FREEZE-THAW ON THE HYDRAULIC
CONDUCTIVITY OF BARRIER MATERIALS: LABORATORY
AND FIELD EVALUATION

by

Jason F. Kraus and Craig H. Benson

. Environmental Geotechnics Program :

Department of Civil and Environmental Engineering °

- University of Wisconsin-Madison ‘
Madison, Wisconsin

Cooperative Agreement
CR-821024-01-0
Environmental Geotechnics Report 94-5

Project Officer

Robert Landreth
U.S. Environmental Protection Agency
Natlonal Risk Management Research Laboratory
Cincinnati, Ohio 45268

NATIONAL RISK MANAGEMENT RESEARCH LABORATORY
OFFICE OF RESEARCH AND DEVELOPMENT ‘
U.S. ENVIRONMENTAL PROTECTION AGENCY
CINCINNATI, OH 45268




CONTACT

Robert Landreth is the EPA contact for this report. He is presently with the newly organized
National Risk Management Research Laboratory’s new Land Remediation and Pol;lution
Control Division in Cincinnati, OH (formerly the Risk Reduction Engineering Laboratory).
The National Risk Management Research Laboratory is headquartered in Cincinnati, OH, and
is now responsible for research conducted by the Land Remediation and Pollution Control
Division in Cincinnati. ‘




DISCL_AIMER

The information in the document has been funded wholly or in part by the
United States Environmental Protection Agency under assistance agreement
number CR-821024-01-0. It has been subject to the Agencys peer and
administrative review and has been approved for publication as a U.S. EPA
document. Mention of trade names or commercial products does not constitute
endorsement.or recommendation for use. ‘




FOREWORD

 The U.S. Environmental Protection Agency is charged by Congress Wlth protectrng

the Nation’s land, air, and water resources. Under a mandate of natlonal environmental
.laws, the Agency strives to formulate and implement actions leading to a compatible |
balance between human activities and the ability of natural systems' to suppiort and nurture
life. To meet this mandate, EPA’s research program ls providing datai and technical
“support for solving environmental problems today and building a science knowledge base
necessary to manage our ecological resources wisely, understand how pbllutants affect
our health, and prevent or reduce environmental risks in the future. .
- The National Risk Management Research Laboratory is the Agency s center for
mvestrgatlon of technological and management approaches for reducmg rlsks from threats
to human health and the environment. The focus of the Laboratory s research program is
on methods for the prevention and control of pollutron to alr land water and subsurface
resources protection of water quality in public water systems ; remedlatlon of
contaminated sites and ground water; and prevention and control of mdoor air pollutlon.
The goal of this research effort is to catalyze development and implémentation of
innovative, cost-effective environmental technologies develop scientific and engmeenng
information needed by EPA to support regulatory and policy decxs:ons and provide
technical support and information transfer to ensure effective |mplementatlon of

envnronmental regulations and strategles : g

~ This publication has been produced as part of the Laboratory’s strategic long¥te=rm |
research plan. ‘It is publrshed and made available by EPA’s Office of Research and

Development to assust the user commumty and to link researchers with the:r clients.

- E. Timothy Opp»elt, Director ‘
National Risk Management Research Laboratory




ABSTRACT

Tests were performed in the Iaboratory to assess the lmpact of freeze-thaw
on the hydraulic conductivity of two compacted clays and three aIternatrve barrier
materials: a sand-bentonite mixture, three geosynthetic clay lmers (GCLs), and
three paper mill sludges. Results of laboratory tests on the clays, sand bentonite
‘mixture, and GCLs were compared to data obtained from the COLDICE
(Construction of Liners Deployed in Cold Environments) project conducted by the
U. S. Army Cold Regions Research and Engineering Laboratory (CRREL) and
CH2M Hill, Inc. The COLDICE project is a large-scale field study designed to
evaluate the effect of freeze-thaw on the hydraulic conductivity of barrier materials.
* Results of Iaboratory tests performed on the paper mill sludges weré compared to
results of hydraulic conductivity tests performed in a small- scale field study
conducted at the University of Wisconsin-Madison. The small- scale field study
consisted of compacting paper mill sludge in large PVC pipes and measunng their
hydraulic conductivity before and after exposure to freeze-thaw. Tests were also
performed on the paper mill sludges to determine how effectlve stress and

- ‘permeation time affect hydrauhc conductivity.

Results of this project show that: ' ?

(1) The hydraulic conductlwty of compacted clay increases as a result of
exposure to freeze-thaw. Cracks that form due to deswcatlon (induced by
freezing) and formation of ice lenses are responsible for the increase in
hydraulic conductivity. Furthermore greater increases 'm hydraulic
conductivity occur in the field relative to those that are observed i in freeze-thaw
tests conducted in the laboratory. Larger cracks and a more blocky structure
occur in the field. The exact cause of this difference in structure is not known.
It poss:bly can be attnbuted to dlfferences in soil structure prior to freezlng

(2) The hydraulic conductlwty of the bentonitic barrier materials (sand bentonite
mixture, geosynthetic clay liners (GCLs)) tested in this study was' insensitive to
freeze-thaw. This was observed in the field (COLDICE data) and in the
Iaboratory Although segregated ice was observed in sectlons of frozen
specimens, no cracks were observed in the sand- bentonite mlxture or GCl_s

' ~ after thawing. Apparently, cracks in the soft bentonite close durmg thawing
and thus no increase in hydraulic conductivity occurs. Thlsﬂb;ehawor is in

iv




(3)

(4)

- direct contrast to the behavior of compacted clays, which are relatlvely stiff and

retain the cracks incurred during freezmg after thawing has occurred

Hydraulic conductivities less than 1 x 109 m/s were obtamed when
compacting the three paper mill sludges wet of optimum water content. Two of .
the sludges behaved like clay when subjected to freeze-thaw. ‘Their hydraulic
conductlwty increased one to two orders of magnitude. In contrast the other
sludge was resistant to freeze-thaw if it was permeated after each thaw.
However, if this sludge was frozen and thawed wuthout intermittent
permeation, the hydraulic conductivity increased approxnmately one order of
magnitude. '

The small-scale field tests with the sludge were mconclusnve When the field
specimens were permeated in the pipes, a reduction in hydraullc conductivity
was observed after one winter of freeze-thaw. However, when' the specimens
were removed from the pipes as slices and permeated m flexible-wali

- permeameters, increases in hydraulic conductivity of approx1mately one order

of magnitude were observed. This discrepancy in hydraulic conductivity may
have been the result of disturbance incurred when the specimens were sliced
from the pipes. Nevertheless, the effect that freeze-thaw has on paper mill
sludges in the field is not clear. Large-scale field tests are recommended to
address this issue. ' -
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SECTION 1

INTRODUCTION

‘ i
The low hydraulic conductivity of compacted clays has led to theirg frequent use
in landfill liners and covers, caps over contaminated soil, and other applic;:ations where
minimizing fluid flow is desired. However, the hydraulic integrity of compacted clay
can be compromised if it freezes. When the temperature of compacted ci;ay falls below
0°C, water present in the clay freezes and ice lenses form. Concurrenfly, soil below
the freezing front desiccates as water is pulled to the growing ice lenses! (Benson and
Othman 1993, Chamberlain et al. 1995). As the temperature of the clay later rises
above freezing, the ice lenses thaw, leaving behind a network of cracks that allow
rapid transmission of water (Chamberlain et al. 1990, Benson and Othma:n 1993).
Because of the detrimental impact that freeze-thaw has on compacted clay,
alternative materials are being considered for use in hydraulic barrier abplications in
“northern climates. Three alternative materials and two clays were exammed in this
study. The alternative materials were a sand-bentonite mixture, geosynthetlc clay
liners (GCLs), and paper mill sludges. Previous research indicates that the hydraulic
conductivity of sand-bentonite mixtures decreases after exposure to ?reezing and
thawing (Wong and Haug 1992). Recent studies have also suggested that GCLs are
~ resistant to the detrimental effects of freeze-thaw (e.g., Geoservices 1989 GeoSyntec
1991, Shan and Daniel 1991). Because of their high water content and fybrous nature,
paper mill sludges may also be resistant to increases in hydraulic conduct:ivity.

The objective of this study was to evaluate and compare the effecti that freezing
and thawing has on the hydraulic conductivity of clays, sand-bentonite mixtures, GCLs,
and paper industry sludges under laboratory and field conditions. To meet this
objective, a battery of hydraulic conductivity tests were conducted in the laboratory on
specimens prepared under conditions that yield low hydraulic conduictivity. The
hydraulic conductivity of each specimen was measured before and after the specimen
had been exposed to a specified number of freeze thaw cycles Results of the
laboratory tests were compared to data from the COLDICE project, a recent large-
scale field study evaluating the impact of freeze-thaw on compacted clays and GCls
(Chamberlain et al. 1994), and small-scale field tests usmg paper mill sludges that
were conducted as part of this study. |




SECTION 2~
BACKGROUND

2.1 IMPACTS OF FREEZE-THAW ON COMPACTED CLAY

The deleterious effect that freeze-thaw has on the hydrauhc conductlwty of
compacted clays is well documented. Chamberlain et al. (1990) have shown that
changes in soil structure that occur during freeze- thaw can result in significant
increases in the hydraulic conductivity of compacted clays. They compacted five clays
at optimum water content and measured their hydraulic conductivities in
consolidometers. For four of the clays, the hydraulic conductivity increased one to two
orders of magmtude after being exposed to freeze-thaw. Chamberlam et al. (1990)
attributed the increases in hydraulic conductivity to macroscoplc honzontal and vertical
cracks that formed during freeze-thaw. : r

Othman and Benson (1993a) examined how freeze thaw affected the hydrauhc
conductivity of three compacted clays. Specimens were compacted | usmg standard
and modified Proctor efforts at water contents equal to or exceeding optrmum water
content. Then, they were subjected to one or three-dimensional freeze thaw. Factors
investigated were moldlng water content, compactive effort, d:mens:onahty of freezing,
ultimate temperature below freezing, and temperature gradient. Othman and Benson
(1993a) found that the hydraulic conductivity of all three clays mcreased about two
orders of magnitude and attributed the increases in hydraulic conductnvnty to a network
of cracks that formed during freezing. Results of their study are shown m Figure 2.1.

Similar results have been documented by other investigators (e ig Zimmie and
LaPlante 1990, Kim and Daniel 1992, Bowders and McClelland 1994).. Othman et al.
(1994) provide a review and synthesis of these studies. They report that compacted
clays having an initial hydrauhc conductivity less than 1x10-° m/s generally undergo
an increase in hydraulic conductivity of 1 to 2 orders of magmtude when subjected to
freeze-thaw. Greater increases in hydraulic conductivity occur for clays havung lower
initial hydraulic conductivity, specimens frozen more quuckly, and tests conducted at
lower effective stress. , '

Three studies have been performed in the field to assess the lmpact of freeze-
thaw on the hydraulic conductivity of compacted clay. Benson and Othman (1993)
performed small-scale fleld tests. Two specimens of compacted clay were prepared in
PVC pipes (dnameter = 0.30 m, Iength = 0. 91 m). One specimen vvyvas kept in the
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laboratory as a “control" specimen, and was permeated to determme the as-
compacted hydraulic conductlwty The other specimen ("field" specumen) was buried
in the ground in January 1991 and subjected to two months of winter, weather. The
field specimen was instrumented with thermocouples and fiberglass nﬁoisture probes
at various depths to monitor temperature and water content while the spec:men was in |
the ground. ! 7
The field specimen was removed from the ground in March 1991 and
permeated in the laboratory. No significant change in overall hydrauihc conductivity
was observed between the control and field specimens. However, when the field
specimen was sliced horizontally into separate specimens (whibh were then
permeated in a large-scale flexible-wall permeameter), increases in hydraulic
conductivity of 1.5 to 2 orders of magnitude were observed for speciméns sliced from
above the freezing plane. In contrast, a specimen removed from Just below the
freezmg plane showed a shght increase in hydraulic conductivity, and the specimen
removed ffom 0.3 m below the freezing plane showed no'increase in hydraulic
‘conductivity. Figure 2.2 shows the results obtained by Benson and Othman (1993).
Benson and Othman (1993) attributed the increase in hydraulic conduc’ﬁvity above the
freezing plane to horizontal and vertical cracks thet formed as a result bf freeze- thaw |
They attributed the increase in hydraulic conductlwty just below the freezmg plane to
vertical cracks that formed as a result of desiccation, which occurred as a result of
water redistribution during freezing. !

Benson et al. (1995) conducted a fuII scale field test to determme if increases in
hydraulic conductivity occur in the field that are similar to those observed in laboratory
tests. A test pad was constructed and instrumented at a site in southeaetern Michigan.
Temperatures W|th|n the test pad were monitored and recorded throughout the winter
- of 1992-93. : : :

Hydraulic conductivity of the test pad was meesured in the laboratory and in the
field before and after winter. Laboratory hydraulic conductivity tests wel;'e performed in
flexible-wall permeameters on large block specimens (diameter = 0/30 m) and on
small specimens (diameter = 71 mm) taken from the test pad using thih wall sampling
tubes’ (Shelby tubes). Field measurements of hydraulic conductivity were made using
sealed double- -ring infiltrometers (SDRIs). ~

~ Results of the laboratory tests indicated that an lncrease in hydraullc
conductivity occurred as a result of freeze-thaw. Increases in hydraulic conductivity
were seen in specimens extracted from the zone in which freezing occurred (depth < ’
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Figure 2.1. Hydraulic conductivity vs. number of freeze-thaw cycles for three
‘ Wisconsin clays (after Othman and Benson 1993a). ;
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Figure 2.2. Hydraulic conductivity vs. depth for tests performed on,spécimens sliced
from "field" specimen (after Benson and Othman 1993).




0.5 m), whereas no increase in hydraulic conductivity was found for specimens taken -
from below the depth of frost penetration. In contrast, results of the SDRI tests showed
no increase in hydraulic conductivity after winter exposure. Benson ei al. (1995) state
that no increase in hydraulic conductivity was observed in the SDRI tests because soil
below the depth of freezing controlled the infiltration rate. 5
Erickson et al. (1994) examined the ‘effect of freezing and thawing on two
compacted clay test pads constructed for the COLDICE (Construfction Of Liners
Deployed [n Col'dY,En‘vironments)/CPAR (Construction Productivity Advancement
' Res:earch) project at a landfill near Milwaukee, Wisconsin. The test pads were
instrumented with thermistors and a weather station was used to record the soil
. temperature distribution, number of freeze-thaw cycles, depth of frost éenetration, and
climatic conditions throughout the winter. Hydraulic conductivities o;f the test pads
were measured before and after exposure to winter weather. | |
| Hydraulic conductivities of the test pads were assessed in the laboratory using
specimens collected by three sampling methods: large blocks, thin-wall sampling
tubes (Shelby tubes), and as cores, which were removed from the testf pads while the
soil was frozen. The large block specimens (diameter = 0.30 m) were taken before
and after the winter of 1992-93.  Thin-wall sampling tubes (diameter = 71 mm) were
used to remove specimens in June 1993, Frozen cores (diameter = 71 mm) were
collected in March 1993 and March 1994. |
- Increases in hydraulic conductivity of up to 4 orders of magnitude were
observed for the specimens removed from the soil s.ubjected to freeze-thaw. Erickson

et al. (1994)‘ state that the increase in hydraulic conductivity of the com@acted clayisa

result of the formation of cracks due to the formation of ice lenses and shrinkage of the
soil caused by redistribution of water. ' . '
2.2 BENTONITIC BARRIER MATERIALS 5
2.2.1 Sand-Bentonite Mixtures , .
Wong and Haug (1991) examined how freeze-thaw affected| the hydraulic
conductivity of sand-bentonite mixtures consisting of a sodium bentonite from western
Canada and Ottawa sand. Varying amounts of sodium bentonite were mixed with the
Ottawa sand and the mixtures were compacted according to ASTM D §698 (standard
Proctor).‘ The specimens were extruded and permeatéd in fixed- and flexible-wall
permeameters. After initial permeation was complete, the specimens wére exposed to
an uliimate temperature of -20°C for a minimum of 6 hours in a close:d system (no

5




external water supply). The specimens were then allowed to thaw at room
temperature. After thawing, their hydraulic conductnvuty was measured This
procedure was repeated until 5 freeze-thaw cycles were completed.

Figure 2.3 shows the results of their study. A decrease in hydrauhc conduc tivity
was observed in all specimens as a result of freeze-thaw. Wong and Haug (1991)
provided two possible explanations for the decrease in hydraulic conductlvnty (1)
freeze-thaw promotes hydration of the bentonite, lowering the hydraulic conductivity
towards long-term test values or (2) thaw consolidation compresses the bentomte into
gaps between the sand grains. .

Erickson et al. (1994) examined how freeze-thaw affected a 'sa'nd bentcnite
mixture in the field. A test pad with a sand- bentonite mixture was constructed for the
COLDICE project, adjacent to the two clay test pads described in Section 2.1. A large
box infiltrometer (1.3 m x 1.3 m) was constructed in the field to assess the in situ
hydraulic conductivity of the test pad after winter. Hydraulic conductivity was also
measured on specimens removed from the test pad as blocks, using thm wall tubes,
and as frozen cores. The hydraulic conductivity of the sand- bentomte test pad was 4 x

10-19 m/s before winter and 5 x 10-1° m/s after winter. , |
| Erickson et al. (1994) concluded that sand-bentonite mixtures that are mixed
properly with a large enough percentage of bentonite can be resistant to increases in

hydraulic conductnvuty caused by freeze-thaw. |
2.2.2 Geosynthetic Clay Liners (GCLs) t
Several studies have been performed to evaluate how freeze thaw affects the
'hydrauhc conductw:ty of geosynthetic clay liners (GCLs). Geoserwces (1989), Shan
(1990), and Chen-Northern (1988) studied how freeze-thaw. affects the hydraulic
conductivity of the GCL Claymax®. Geoservices (1989) measured an mmal hydraulic
conductivity of 4 x 10-12 m/s for Claymax®. The hydraulic conductivity tests were
conducted at an effective stress of 196 kPa and hydraulic gradient of approxnmately
1000. The hydraulic conducuwty of the specimens after 10 cycles of freeze-thaw was
1.5 x 1012 m/s. ' |
~_ Shan (1990) measured the hydraulic conductivity of Claymax® before and after
5 cycles of freeze-thaw. The samples were permeated using an effectlve stress of 14
kPa and a hydraulic gradient of 10. The initial hydraullc conductivity was 2.0 x 10-11
‘m/s. After 5 cycles of freeze-thaw the hydraulic conductivity was 2.2 x 10 -1 m/s.
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Figure 2.3. Hydraulic conductivity vs. number of freeze-thaw cycles for sand-
bentonite mixtures (after Wong and Haug 1991).
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~ Chen-Northern (1988) subjected specimens of Claymax® to 10 cycles of freeze-
thaw. The specimens were permeated after 0, 3, and 10 cycles of freeze-thaw using
proc‘edures similar to those used by Shan (1990). The initial hydraulic conductivity
was 1.0 x 10-11 m/s. After 3 freeze-thaw cycles the hydraulic conductrvxty was 2.3 x 10-
11 m/s, and after 10 freeze-thaw cycles, it was 2.2 x 10-11 m/s.

GeoSyntec (1991) studied how freeze-thaw affected the hydraulic conductivity
of the GCL Bentomat®. Initially and after each freeze-thaw cycle, thé specimen was
permeated with de-aired water at an effective stress of 34.5 kPa and hydrauhc gradient
of 30. Flexible-wall permeameters were used. The hydraulic conductlvrty of the
Bentomat® ﬂuctuated between 1 x 10-11 and 6 x 10 11 m/s for various cycles of freeze-
thaw, with no increasing or decreasing trends. berng observed. :

Freeze-thaw tests were also performed on Bentomat® by Robert L. Nelson and
Associates, Inc. (1993). Two sets of tests were performed. In the frrst set, several
specimens were permeated after undergomg a designated number of freeze-thaw
cycles (up to six cycles). In the second set, a single specimen was used that was
permeated after each freeze-thaw cycle (up to 10 freeze-thaw cycles) The hydraulic
conductrvrtles ranged between 1.1 x 10-11 m/s and 4.0 x 10-11 m/s for the first set of
tests, and 1.9 x 10-11 m/s and 3.3 x 10-1! m/s for the second set. Results of the tests

performed by Robert L. Nelson & Assocrates, Inc. (1993) are shown in Figure 2.4.

2.3 PAPER MILL SLUDGE | o

Because some pulp and paper mill sludges (wastes created in the paper
making process) have been shown to possess properties similar to clays, interest has
arisen in using them in construction of landfill liners and covers (NCASI 1989).
Nonetheless, information regarding the geotechnrcal properties of paper mill sludge is
scant (Genthe 1993). , ' | .

The National Council of the Paper Industry for All’ and Stream Improvement
(NCASI) performed hydraulic conductivity tests on 11 paper mill sludges of various

origins (NCASI 1989). Tests were performed on specimens cohwpacted using .

standard Proctor procedures (ASTM D 698), except only 10 blows were applied per
lift. The specimens were compacted at their as-received water conteni which ranged

~ from 120 to 409%. Their ‘hydraulic conductivity ranged from 4.2 x 106 to 5.8'x 10-10

m/s. The variability in the hydraulic conductivity test results was probably caused by
the vanablhty in molding water content and sludge type. |
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Zimmie et al. (1994) examlned the geotechmcal propertles of a paper mill
sludge from Erving Paper Co. in Massachusetts. Compactlon hydraullc conductivity,
consolidation, and shear strength tests were performed. The effects that freeze-thaw

and effectlve stress have on the hydraulic conductivity of sludge were also examined.

Zimmie et al. (1994) report that the compaction curve for the sludge was
- developed by gradually drying the sludge from its high as-received water content and

| compacting specimens at various water contents using standard Proctor compagction
effort (ASTM D 698). The maximum dry unit weight and optimum water content were
determined, and the curve was similar to curves for compacted clays However, the
maximum dry unit weight (8.1 kN/m3) was much lower than that for most clays
whereas optimum water content (49%) was much higher. !

The compacted specnmens were permeated in flexible-wall permeameters to
determine the hydraulic conductnvnty -water content relationship. The hydraulic
conductivity was found to be much lower for spemmens compacted at lwater contents
wet of optimum, relative to the hydraulic conductivity of specimens compacted at water
contents near or dry of optimum. This behavior is similar to that of compacted clays
(Mitchell et al. 1965, Benson and Daniel 1990, Daniel and Benson 1990) However,
~ the lowest hydraulic conductivities were obtained for specimens compacted 50% wet
of optimum water content, where for clays the lowest hydraulic conductlvmes are
generally obtamed 1-3% wet of optimum. For sludge specimens compacted greater
than 50% wet of optlmum hydraulic conductivities less than 1 x 109 m/s were
obtained. , :

Zimmie et al. (1994) also performed hydraulic conductivity tests on specnmens
removed from a landfill cover constructed wnth the same paper mlll sludge. The
specimens were removed using thin-wall samplmg tubes (diameter = 71 mm) and
permeated in flexible-wall permeameters using a confining stress of 34 5 kPa and
hydraulic gradient of 21. Eleven of the 14 specimens taken from the landflll had
hydraulic conductivities < 1 x 10 m/s. The three remaining specimens were all
collected immediately after construction and had hydraulic conductlvmes in the 10-9
m/s range. All of the specimens removed from the landfill at least 3 months after
construction had hydraulnc conductivity < 1 x 10-® m/s. The hydraulic conductnvnty of
the sludge apparently decreased with time as a result of consolidation. ,

The effect that freeze-thaw has on the hydraulic conductivity of the paper mill
sludg!e was also examined by Zimmie et al. (1994). Specimens were compacted at a
water content of 170% in a 76 mm- dlameter mold using standard Proctor effort. After

10




compaction, the specimens were wrapped in plastic to prevent desiccation and frozen
one-dimensionally. After the desired number of freeze-thaw cycles :the specimens
were placed in flexible-wall permeameters and permeated at effective stresses of 34.5,
69, and 138 kPa using a hydraulic gradient of 21. :

Results of the freeze-thaw tests showed that the paper mill sludge was affected
by freeze-thaw (Figure 2.5). .The hydraulic conductivity of the sludge increased
approxrmately one order of magnitude after 10 freeze-thaw cycles. Similar increases
in hydraulic conductivity occurred at each effective stress. However! increasing the
effective stress from 34. 5 kPa to 138 kPa decreased the hydraulic conductlwty of the
sludge approximately one order of magnitude at each freeze-thaw cycle (Fig. 2.5).-

Maltby and Eppstein (1994) describe a field study in which paper mill sludges -

were used in landfill cover test cells. The field study was undertaken to compare the
performance of paper mill sludge and compacted clay when used as hydraulic
barriers. The comparison was based on water balance computations (e.g., runoff and
percolatlon) One of the two test cells containing. paper mill sludge was constructed
with a combined (primary and secondary treatment) sludge and the other was
constructed with a primary sludge. Construc‘uon of the test cells was completed in
November 1987. l

Maltby and Eppstein (1994) observed after 5 years that: (1) the test cells
constructed with sludge consolidated more than those constructed with clays, (2) the
cells containing sludge had greater amounts of runoff than the cells constructed with
clay, (3) percolation was lower for the cells containing paper mill sludge and (4) the
average field hydraulic conductivities for the cells containing sludge were lower than
those containing compacted clay (9.6 x 10-1 m/s and 4.4 x 10-9 m/s for the cells
~ containing sludge; 1 4 x 108 m/s and 1.5 x 10-8 m/s for the cells contamlng compacted
clay).

11
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SECTION 3
MATERIALS

3.1 CLAYS | §
3.1.1 Index Properties ,
| - Two élays were used in the testing program: Parkview clay and \:/auey Trail clay.
Parkview clay is a low plasticity glacial till, whereas Valley Trail clay is a moderately
plastic glacio-lacustrine clay. Both clays have been used in the construction of landfill
liner and cover systems and were used to construct test pads for the C@OLDICE project
(Sec. 2.1). Bulk samples of both clays used in this project were obtained from the
COLDICE test pads. |
Parkview clay is from a glacial deposit in Germantown, Wisccé)nsin. It has a

liquid limit of 30, plastic limit of 15, and plasticity index of 15 (ASTM D 4318). The
location of Parkview clay on the plasticity chart is showh in Fig. 31 Particle size
~analyses of the clay (Fig. 3.2) showed that it is composed of 0.5% gravel, 11.5% sand,
and 88.0% fines (particle sizes < 0.075 mm) based on definitions in the Unified Soil
Classification System (USCS) (ASTM D 421). Clay content (particles finer than 2 um)
‘was found to be 36.5% by hydrometer analysis (ASTM D 422). Speci:‘fic gravity tests
on Parkview day showed the clay has a spécific gravity of 2.81 (ASTM D 854).
Parkview clay is classified as CL.in the USCS (ASTM D 2487). |

~ Valley Trail clay is from a lacustrine deposit in Berlin, Wisconsin. It has a liquid
limit of 45, plastic limit of 19, and plasticity index of 26. The location of Valley Trail clay
on the plasticity chart is shown in Fig. 3.1. Particle size analyses of thé clay (Fig. 3.2)
showed that it is composed of 0.6% gravel, 3.8% sand, and 95.6% fines based on
- definitions in the USCS. Clay content was found to be 51.2% by hydrometer analysis.
Specific gravity tests on Valley Trail clay showed the clay has a specific igravity of 2.77.
Valley Trail clay is classified as CL-CH in the USCS. : '

3.1.2 Compaction , :

- Compaction tests were conducted on the two clays to c;ietermine the
relationships between dry unit weight, water content, and compactive effort. Two
compactive efforts were used: standard Proctor (ASTM D 698) and mbdiﬁed Proctor
(ASTM D 1557), |
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Prior to compaction, the soil was air dried and crushed to pass ’rhe No. 4 sieve -
(particle size < 4.75 mm). The soil was then uniformly mixed with iap water from
Madison, Wisconsin to a pre- -determined water content. The moistened clay was
sealed in a plastic bag or bucket and allowed to hydrate for at least 24 hours prior to
compaction. ; ‘ '

‘ Compaction curves are shown in Figs. 3.3 and 3.4. For Parkvievf/ clay, optimum

water contents of 14.1 and 9.6% were obtained for standard and modmed Proctor
compactive efforts, respectively. The maximum dry unit wexghts correspondmg to
these water contents are 18.8 and 21.1 kN/m3. For Valley Trail clay, p,ptlmum water
contents of 17.9 and 14.2% were obtained for standard and mddified Proctor
compactive efforts, respectively. The maximum dry unit weights corresponqu to
these water contents are 17 3 and 19.1 kKN/m3, i

. 3.2 BENTONITIC BARRIER, MATERIALS
'~ 3.2.1 Sand-Bentonite Mixture
3.2.1.1 Index Properties

One sand-bentonite mixture was used in the testmg program The sand-
bentonite mixture was obtained from one of the COLDICE test pads (Sec 2.2.1). The
sand-bentonite mixture was prepared in the field using a pugmill prior to construction
of the test pad (Erickson et al. 1994). The sand component is a clean mortar sand,
which was purchased from a concrete supplier near the landfill site. The sand is a
poorly graded clean, medium to fine sand and is classified as SP in the USCS. More
than 90% of the sand passed the No. 30 sieve and less than 5% passed the No. 200
sieve (Fig. 3.5). The bentonite component is a granular sodium bentomte (American
Colloid CG-50) with no polymer additives.

. The sand-bentonite mixture has a liquid limit of 42, plastic linﬁit of 29, and f
plasticity index of 13. Methylene blue titration tests were performed t0 measure the |
bentonite content of the sand-bentonite. Measurements were made on, grab samples
of the mixture from a drum stored in_the laboratory. The .average bentonlte content
was 12% by weight. Specific gravity tests showed that the sand- bentomte mixture has

~a specific gravity of 2. 70

- 16
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1

3.2.1.2 Compaction | - E .

Compaction tests were conducted to determine the retatsonshlps between dry
unit weight, water content, and compactive effort. Two compactive efforts were used:
standard Proctor and modified Proctor. ,

Prior to compaction, the sand- bentonlte was air dried and crushed to pass the
No. 4 sieve. The sand-bentonite was then uniformly mixed with ftap water from
Madison, Wisconsin to a pre-determined water content. The monstened mixture was
sealed in a plastic bag or bucket and allowed to temper for at least 24 hours prior to
compaction. |

Compaction curves for the sand- bentonite mixture are shown in Fig. 3.6.
Optimum water contents of 16.5 and 12.3% were obtained for standard and modlified
Proctor compactive efforts, respectively. The maximum dry unit wetghts correspondmg
to these water contents are 17.4 and 18.8 kN/m3. i

3.2, 2 Geosynthetlc Clay Liners (GCLs)

Geosynthetic clay liners (GCLs) are commercially manufactured products that
consist of highly swelling bentonitic clay either sandwiched between two geotextiles or
glued to a geomembrane. Three geosynthetic clay liners were used in this study:
Bentofix®, Bentomat®, and Claymax®. Two of the GCLs (Bentomat® and Claymax®)
were used as liners for test ponds and test pans in the COLDICE prOJect (Erickson et
al. 1994), :
| Two rolls of each GCL were shipped to the University of Wlscoﬁsnn Madison by
their manufacturers The rolls were wrapped in plastic to prevent absorption of water
and stored in the Envnronmental Geotechnlcs Laboratory at the University of
Wisconsin-Madison.

Bentofix® is manufactured by the National Seal Company (NSC) by needle-
punchmg loose granular bentonite between two geotextiles (Fig. 3.7). For this project,
a Bentofix® GCL with a 140 g/m2 upper, woven polypropylene geotextlle and a 270
9/m2 lower, non-woven polypropylene geotextile was used. The mass per unit area of
the Bentofix® GCL was 6.8 kN/m2 (ASTM D 5261). Free swell tests performed on the
bentonite from Bentofix® using GRI GCL-1showed that the average free swell was
18.1 mm. Results of the mass per unit area and free swell tests are shown in Table
3.1. : j :
Bentomat® is manufactured by the Collond Environmental Technologles
Company (CETCO) by needle- -punching granular Volclay® bentomte between two .
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Table 3.1.  Results of GCL mass per unit area and free swelil tests.

Mass per Unit Area Free Swell
Specimen Number (kg/m?2) ' (mnﬁ)
__ Bentofix-1 74 | 12.3
Bentofix-2 6.5 v 9.5
Bentofix-3 | 6.4 | 7.1
Bentomat-1 6.1 ‘ 16.5
_Bentomat-2 6.1 18.0
Bentomat-3 , no test ' 19.8
Claymax-1 65 5.6
Claymax-2 6.4 6.6
Claymax-3 6.4 | 7.9
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geotextiles (Fig. 3.7) (Daniel and Estornell 1990). For this project, Bentomat® "CS"
with a 140 g/m2 upper, woven polypropylene geotextile and a 140 a/m2 lower, non-
woven polypropylene geotextile was used. The mass per unit area offthe Bentomat®
was 6.1 kN/m2. Free swell tests performed on bentonite from Bentomat® showed that
the average free swell was 9.6 mm (Table 3.1). | |

Claymax® is manufactured by the James Clem Corporation in Arlington
Heights, lllinois. It is comprised of amended sodium bentonite sandwiched between
two woven, polypropylene geotextiles (Fig. 3.7). The bentonite is adh:ered to the two
geotextiles using a non-toxic, water soluble adhesive (Daniel and Est'orhell 1990).

For this project, ‘Claymax® 200R with a 140 g/m2 upper Epolypropylene
geotextile and 25 g/m2 lower polyester, open-weave geotextile was used. The mass
per unit area of the Claymax® used was 6.4 KN/m2, Free swell test$ performed on
bentonite from Claymax® showed that the average free swell was 6.7 mm (Table 3.1 ).

3.3 PAPER MILL SLUDGES
3.3.1 Index Tests ' 5

- Three paper industry sludges were used in the testing program, and are
referred to as sludges A, B, and C. Sludge A is a combined sludge; the sludge is
composed of primary sludge from the clarification of raw wastewater 'and biological
sludge from an activated sludge treatment plant. Sludge A is from a %non-integrated
mill. which produces specialty grades and coated and uncoated book grf‘ades. Sludge
B is a primary paper mill sludge from a non-integrated mill which prodjuces specialty
coated, lightweight coated, coated bég, and pressure sensitive paper. ?Sludge Cisa
combined (primary and biological) sludge from a de-inking mill which produces
disposable garments and napkin and tissue paper. Sludges A and B dre from paper
mills in Michigan, whereas Sludge C is from a paper mill in Massachusetté. Bulk
samples of the sludges were supplied by the National Council of the Paper Industry for
Air and Stream Improvement (NCASI) office in Kalamazoo, Michigan. |

Attempts were made to determine the liquid and plastic limits of the three

sludges. However, difficulties were encountered when performing the Atterberg limits
tests. The fibrous nature of the sludge prevents changes in the behavior of the sluclge

B with changes in water content. Therefore, measurements of the liguid and plastic

limits were not possible. Similar difficulties with Atterberg limit testi‘s' have been
' reported by NCASI (1989) and Genthe (1993). |
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~ Sludge A contains 58.9% fines as determined by wash sieving the sludge past
the No. 200 sieve. The ash content of Sludge A is 56.0% (ASTM D 2974).
Fractionation of Sludge A by wet screening was found to be 78.5% (TAPPI T 261).
The welghted average fiber length of Sludge A is 0.24 mm (TAPPI T 233)
- Sludge B contains 75.8% fines as determined by wash sieving the sludge past
the No. 200 sieve. The ash content was found to be 53.1%. Fractionation of Sludge B
by wet screening was found to be 85.5%. The weighted average _fnber length of
Sludge B is 0.12 mm. | |
Sludge C contams 79.8% fines as determined by wash sieving past the No. 200
sieve. The ash content of Sludge C is 44.4%. Fractionation of Sludge C by wet
screening is 76.5%, whereas the weighted average fiber length of Sludge Cis 0.29
mm. i

3.3.2 Compaction .

Compaction tests were conducted on the three sludges to 1determme the
relationship between dry umt weight and water content. Standard Proctor compactive
effort was used. : .

Prior to compaction, the sludge was allowed‘ to air dry from its "as-received"
water content. At various times, a grab sample was taken, sealed in a plastic bag or
bucket, and allowed to equilibrate at least 24 hours prior to compaction. This method
was used because previous research has shown that re- wetting completely air-dried
sludge results in a loss of plasticity (NCASI 1989, Zimmie et al. 1994).

Compaction curves for the three sludges are shown in Figs. 3.8-3.10. For
Sludge A, the optimum water content is 40% and the maximum dry umt weight is 8.7
kN/m3. For Sludge B, optimum water content is 97% and the maximum dry unit weight
is 6.0 kN/m3. For Sludge C, the optimum water content is 72%, whereas the maximum
dry unit weight is 6.4 KN/m3. :

- Results of the compaction tests indicate that sludges have compaction
plopertles similar to those of clays. However, the optimum water contents determined
- for the sludges are hxgher in comparison to typical optimum water conients for clays
(~10-30%) and the maximum dry unit weights are lower than those for: clays (~15-19
kN/m3). -
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SECTION 4
METHODS

4.1 CLAYS
4.1.1 Field Methods
4.1.1.1 COLDICE Test Pads ’

The tests performed on clay in this study were conducted for companson to field
data collected from tests on large-scale test pads constructed for the COLDICE project.
" The COLDICE project was conducted by CH2M Hill, Inc., the U. S. Army Cold Regions
Research and Engineering Laboratory (CRREL), and a suite of mdustrlal partners at a
" landfill near Milwaukee, Wisconsin (Erickson et al. 1994) as a Construction
Productivity Advancement Research (CPAR) project. Assistance was also provided by
the University of Wisconsin-Madison. The objective of the COLDICE project was to
evaluate how freeze- thaw affects the hydraulic conductivity of compacted clays and
- geos ynthetlc clay liners (GCLs) at field-scale. \

Four test pads in the COLDICE project were constructed with compacted clay.
Two of the pads were constructed with Parkview clay and two were constructed with
Valley Trail clay.” The test pads were labeled: PV-2, PV-3, VT 4, and VT-5
(Chamberlain et al. 1995). Each test pad was 9 m by 21 m. Two test pads had
thicknesses of 0.6 m (PV-2 and VT-5), and two had thicknesses of 0.9 m (PV-3 and VT-
4). Two thicknesses were used such that the effects of fully- or parttally penetrating
frost could be examined (Erickson et al. 1994). -

A layer of high-density polyethylene (HDPE) geomembrane was piaced above
a prepared subgrade and a geocomposite drain (non-woven geotextlle on each side
of a geonet) was placed above the HDPE geomembrane (Erickson et al 1994). Clay
was placed in 0.15 m loose lifts and the lifts were compacted with a Claterplllar 825C
- tamping foot compactor at water contents 2-5% wet of standard Proctor opnmum
Relative compaction exceeding 95% of standard Proctor maximum dry unlt weight was-
obtained for each test pad (Benson et al. 1994). All of the measurements of molding
_ water content and dry unit weight made during construction fell wet of the line of
optimums (Benson et al. 1994) (Fig. 4.1). Construction of the test pads was completed
in October 1992 (Erickson et al. 1994). |

The 0.6 m-thick pads (PV-2 and VT-5) were covered with a O 15 mm thick
- polyethylene sheet and 0.1 m of sand to minimize desiccation. Test pad PV-3 was
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covered with a neédle-punched non-woven geotextile and 0.3 m of gfavel. Test pad
VT-4 was covered with 0.3 m of well-graded sand. o

~ An array of thermistors was placed within the test pads andf an automated
weather station was installed at the COLDICE field site (Ericksoh et al. 1994).
Measurements of frost depth and climatic conditioris were recorded every five minutes
using a Campbell Scientific datalogger. Hourly averages were fcomputed and
transferred to a computer at the CRREL laboratory in Hanover, New Hampshire via a
cellular phone and computer modem (Erickson et al. 1994). Figure 4.2 is diégram of
the COLDICE project field test layout. ' !

4.1.1.2 In Situ Box Infiltrometers ‘ _ ‘ g
Erickson et al. (1994) installed box infiltrometers to measure?the field-scale
hydraulic c‘onductivity of the test pads. The infiltrometers were designed to measure
hydraulic conductivity before and after exposure to freeze-thaw without disturbing the
structure of the soil. Infiltrometers were placed in test pads PV-2 énd PV-3. No
“infiltrometers were installed in either of the Valley Trial test pads. . o ,
Figure 4.3 is a schematic of the box infiltrometers. Immediately following
construction of the test pads, trenches were excavated to leave a 1 3m t;)y 1.3m
block of undisturbed soil. An HDPE box with an open top and bottdm was placed
around the block of soil and seamed to the underlying HDPE geomembrane. Pipes
and filters were connected to the geocomposite drain to carry any infiltraftion to a sump
- for measurement. The annular space between the block of clay and t?he HDPE was
filled with"a bentonite grout to prevent sidewall leakage. | ‘

. A non-woven geotextile was placed on top of the block of soilland was then
covered with a layer of washed gravel. An'HDPE lid was seamed to the walls of the
box which contained a riser pipe for adding water to the system and }for measuting
inflow. The infiltrometers were Covered'with 0.6 m of sand to prevent ublift of the lids.
The sand layer was reduced to a thickness of 0.1 m (level with the surrounding
overburden) during winter months to allow penetration of the freezing fplane into the
compacted clay. | '

4.1.1.3 Laboratory Assessment of Field-Scale Hydraulic Conductivity !

' “Hydraulic conductivity tests were performed in the laboratory cEJn specimens
removed from the test pads to assess field-scale hydraulic conductivity.: Specimens

were removed from the field by three methods: as large -blocks (diameter = 0.4 my);
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usmg thin-wall sampling tubes (Shelby tubes drameter =71 mm), and as frozen cores
- (diameter = 71 mm). The specimens removed as blocks and with thin- wall tubes were
collected by personnel from the Unuversnty of Wisconsin-Madison. l?ersonnel from
CRREL and CH2M Hill, Inc. obtained the frozen cores.

Large block specimens were removed before freezing in December 1992 and
after thawing in June 1993. Thin-wall samplmg tubes were used in ‘June 1993. A
frozen core barrel sampler developed at CRREL was used to remove frozen
specrmens in March 1993. The frozen core barrel sampler is designed to remove a
soil specimen while the soil is frozen. Removmg specimens while frozen prevents
disturbance and preserves the soil and ice structure (Benson et al. 1994) Flexible-
wall permeameters were used to measure the hydraulic conductivity of all specimens .
- removed from the COLDICE test pads (Flgs 4.4 and 4.5). 1 :

The large block specimens were removed using a procedure developed at the
Umversxty of Wisconsin-Madison. Othman et al. (1994) describe the procedure in
detall The following is a bnef summary of the sampling procedure

1. A location for sampling is chosen and marked and the surface is
cleaned and leveled. For this project, cleaning consisted of removing
0.1 t6 0.3 m of gravel or sand (and underlying geosynthetlcs)
overlying the clay.

2. Trenches are excavated around the marked area usmg a shovel The
specrmen is tnmmed from the remalnmg block of soxl |

- 3. APVC rmg (ms:de diameter = 0.40 m, helght =0.30 m) is placed on
the surface of the block of soil. The ring has a vertical cut that is used
to expand the ring during removal of the specimen in the Iaboratory
Excess soil around the rmg is gently trimmed away and the ring is
slowly pushed by hand over the block of soil in a manner snmllar to
trimming a specimen for consolidation testlng (Fig. 4.6). Tnmm_mg of
excess soil is continued until the ring is pushed to full depth (~0.30
m). . |

4. The specimen is separated from the underlylng soil by pressmg a flatl

| spade into the underlying soil around the perimeter of the rmg or by
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Figure 4.6. Trimming of block specimen (a) and separating block specnmen from
underlymg soil usmg a wire saw (b).
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. using a wire saw (Fig 4. 6). " Once the specrmen is separated from the
underlying soil, excess sorl is tnmmed away and it is piaced on a
pallet. |

5. The specimen IS sealed with two layers of plastrc wrap to prevent
desiccation during transport to Madrson where it is placed in; a humid
room until testrng

Block specimens were taken along one cont‘inuous profile at three depths (0-0.3
m, 0.3-0.6 m, and 0.6-0.9 m) from the 0.9 m-thick test pads (PV-3 and VT-4) Three

specrmens were removed from the test pad before winter (December 1992) and four

- specimens were removed after one winter (June 1993). A second specrmen was
obtained in June 1993 from a depth of 0-0.3 m to obtain an additional measurement of
the surficial hydraulic conductivity. ;

Before being placed in permeameters, the PVC ring was removed from the
specimens and excess or disturbed soil was trimmed away until the specrmens had a
diameter of 0.3 m and a height of 0.15 to 0. 20 m. The block specimens were placed in
large flexible-wall permeameters and permeated at an average effective stress of 10.5
kPa, hydraulic gradients of 4 to 5, and a backpressure of 413 kPa. Tap water from
Madison, Wisconsin was used as the permeant. The specimens were permeated until
the hydraulic conductivity measurement was steady (no upward or downward trend
~over time) and the ratio of outflow to inflow was between 0.75 and 1.25.

Specimens were also removed from the COLDICE test pads usrng thrn wall
sampling tubes (diameter = 71 mm) Specrmens were removed from the test pads in
June 1993, after one winter of exposure. The sampling tubes were sealed in the field
and t,hrpped to the University of Wrsconsrn Madison. In the laboratory, the specimens
were extruded from the sampling tubes, sealed in plastic wrap, and stored in a high
humidity room prior to hydraulic conductivity testing. : :

- The specimens collected in thin-wall tubes were permeated in flexible-wall ’
permeameters at an average effective stress of 7 kPa and hydraulic gradrents ranging
from 2 to 5. A backpressure of 280 kPa was used. Tap water from ‘Madison,
Wisconsin was used as the permeant. Specrmens were permeated untrl hydraulic
conductivity was steady and the ratio of outflow to inflow was between 0. 75 and 1.25

~ The core barrel sampler developed at CRREL was used to remove specimens
from the COLDICE test pads in March 1993 while the soil was frozen (Enckson et al.

!
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1994, Benson et al. 1994). The core barrel sampler removes a specrmen havmg a
diameter of 71 mm and length up to 0.9 m (Fig 4.7). A power auger was used to slowly
advance the core barrel so as not to melt the frozen soil. The barrel was then retracted
and the frozen specimen was removed from the barrel. The specrmens were then
wrapped in plastic and packaged in an insulated box with ice pack's for overnight
shipping to CRREL. All of the specimens ‘obtained with the core barrel were removed
by personnel from CH2M Hill, Inc. or CRREL as part of the COLDICE prOJect
Storage and placement of the core barrel specimens m flexible-wall
permeameters was conducted in a cold room at CRREL by CRREL staff (Chamberlain
et al. 1995). The frozen core specimens were allowed to thaw and consolidate at an
average effective stress of 7 kPa. Hydraulic conducttvrty tests were then performed at
the same average effective stress using hydraulic gradrents ranging from 2to5. A
backpressure of 380 kPa was used and tap water from Hanover, New Hampshure was
used as the permeant (Chamberlain et al. 1995).

4.1.2 Laboratory Methods
4.1.2.1 Hydraulic Conductivity-Water Content Relationships

Specimens of the Parkview and Valley Trail clays that were: compacted to
determine compaction curves corresponding to standard and modified Proctor efforts
(Sec 3.1.2) were also used to determine the corresponding hydraullc conductivity-
water content relationships. After compactron the specimens were extruded from the
compaction molds sealed in plastic wrap to prevent desiccation, and stored until
permeation. :

The specnmens were placed in flexible- wall permeameters for saturatron and
measurement of hydrauhc conductivity. The falling head- nsmg tartwater method was
used (ASTM D 5084-Method D). An average effective stress of 7 kPa, ~hydraulic
gradient of 12, and backpressure of 128 kPa were used. Tap water from Madison,
Wisconsin was used as the permeant. ’

Each test was terminated when the hydraulic conductrvrty was steady (change <
* 25% and no increasing or decreasing trend) and the ratio of outﬁow to inflow was
between 0.75 and 1.25 for four consecutive readings. The hydraulic conductrvrty was
reported as the arithmetic mean of the last four measurements

35




4.1.2.2 Standard Freeze-Thaw Tests

Three specimens each of Parkview clay and Valley Trarl clay were compacted
at standard Proctor effort at water contents sjmilar to the water content used in
construction of the COLDICE test pads. These water contents also yielded the lowest
hydraulic conductivities determined in Sec 4.1.2.1. Each specimen was extruded from
its compaction mold sealed in plastic wrap to prevent desiccation, and stored until
permeation. !

 The clay specimens were placed in ﬂexrble wall permeameters to determine
their initial hydraulic conductivity (before exposure to freeze-thaw) Test conditions
identical to those described in Sec. 4.1.2. 1 were employed. After the: ‘initial hydraulic
conductivity tests were complete, the specimens were carefully rernoved from the
permeameters. They were then sealed in plastic wrap and duct tfape to prevent
desiccation and placed in a laboratory freezer for cooling. Extreme%care was used
when handling the specimens to avoid disturbing the soil structure. '

The free-standing procedure described by Othman et al. (1994) was used to
freeze the specimens in a closed system (no external supply of water). They were
cooled to an ultimate temperature of -20°C at a freezing rate of ap‘proximately 52
mm/hr. The free-standing procedure results in three-dimensional freezing as opposed
" to one-dimensional freezing which occurs in the field. Othman and Benson (1993b)
and Zimmie and LaPlante (1990) have shown, however, that the dlmensronahty of
fleezlng does not affect the change in hydraulic oonductrvrty even though it does
result in somewhat different ice and crack structures.

‘ The specimens were left in the freezer for at least 24 hours at WhICh pornt they
were removed and allowed to thaw at room temperature (25°C). After 24 hours of
thawing, the specimens were placed back in the freezer. Data collected from control
specimens instrumented with thermocouples showed that the 24 hour period was
more than adequate to ensure that complete freezing or thawing occUrred (Fig. 4.8). |

~This procedure was repeated until the desired number of freeze- thaw cycles was
attained. ‘ , :

- The hydraulic conductivity of each specimen was measured iin flexible-wall
permeameters after 1, 3, and 5 freeze-thaw cycles. To minimize disturbance, frozen
specimens were removed from the freezer and placed in flexible-wall permeameters to
thaw. The cell pressure and hydraulic gradient were applied immediatfely. The falling
head-constant tailwater method for measuring hydraulic conductivity was used (ASTM
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_D5084-Method C). An average effective stress of 10 kPa and hydraulic gradient of 12
was used. Termination criteria identical to those described in Sec. 4.1‘.;2.1 were used.
’ |
4.1.2.3 One-Dimensional Freeze-Thaw Tests i
- Compacted specimens of Parkview and Valley Trail clay were subjected to one-
“dimensional freeze-thaw to replicate freezing processes that occur m the field. The
hydraullc conductivity of these specimens was then measured to , compare with
hydrauhc conductlvmes of specimens removed from the COLDICE test pads. The
compacted speCImens were subjected to the same number of freeze thaw cycles
observed in the COLDICE test pads. , g .
. Three specimens each of Parkview and Valley Trail clay were compacted at.
standard Proctor effort at water contents similar to the water contents used for
construction of the COLDICE test pads. The specimens were removed from their
compactlon molds and sealed in plastic wrap. '
The specrmens were mstrumented with thermocouples at the top, middle,
bottom, and along their side. They were then wrapped in 0.1 m thick R 11 fiberglass
building insulation and placed on a sheet of expanded polystyrene. A circular heating
element (diameter = 0.15 m) was placed beneath the polystyrene sheet.! The top of the
specimen was left exposed to the ambient temperature of the freezer (‘ 20°C). Figure
‘4.9 is a diagram of the one-dimensional freezing set-up; a similar method to one-
dimensionally freeze compacted specimens was used by Othman and Benson
(1993b). Frgure 4.10 contains photographs of the equipment used to induce and
momtor one-dimensional freezing. ‘ :
Temperatures within the specimens were recorded whrle freezmg (Fig. 4.11).
The specimens were removed from the freezer when no further decrease in
temperature was occumng The spec:mens were allowed to thaw at room temperature
(25°C) for at least 24 hours. ‘
- Three specimens of each clay were subjected to three dtfferent freezmg rates
(one freezing rate per specimen). The freezing rates were varied by changing the
thickness of the polystyrene between the specimen and. heating element After
freezing and thawing, the hydraulic conductrvrty of each specimen was measured in a
~ flexible-wall permeameter. An average effective stress of 10 kPa | and hydraulic
gradient of 12 was used. No backpressure was applied. Tests were termmated when
the hydraulic conductrvnty was steady and the ratio of outflow to mflow was between
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Figure 4.9. One-dimens_ional freezing set-up.

Flgum 4.10. Freezer and data acqunsmon system used for one- dlmensmnal freezing
of compacted clay spec:mens
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0.75 and 1.25 for four consecutive readings. The hydraulic conductivity was reported
as the arithmetic mean of the last four hydraulic conductivity measurements.

4.2 SAND-BENTON!I_TE MIXTURE ‘ v

4.2.1 Field Methods : |

4.2.1.1 COLDICE Test Pads v '

A test pad consisting of a sand- bentomte mixture was also constructed in the
COLDICE project, adjacent to the four clay test pads described in Sec 4.1.1.1. The
sand-bentonite test pad, labeled SB-1, was 9 m by 21 m and had a th:ckness of 0.6 m
(Erickson et al. 1994) (Fig. 4.2). It was constructed with similar procedures as the test
pads constructed with clay, except that it was compacted using a smooth vibrating
wheel compactor. The test pad was covered with a 0.15 mm-thick polyethylene sheet
and 0.1 m of sand to minimize desiccation. Construction of the sand bentonite. test
pad was completed in October 1992. All of the measurements of | ‘molding water
content and dry unit welght made during construction of the test pad fell wet of the line
of optamums (Fig. 4.12). Like the clay test pads, the sand- bentomte test pad was
mstrumented with thermistors to record temperature at different depths
4.2.1.2 In Situ Box Infiltrometers ‘ !

A box infiltrometer was also installed in the sand- bentonite test pad to measure
hydraulic conductlvnty in the field (Fig 4.3). The infiltrometer was the same
as those described in Sec. 4.1.1. 2, and was installed using similar methods (Erickson
et al. 1994)

4.2.1.3 Laboratory Assessment of Field-Scale Hydraullc Conductivity _

Hydraullc conductlwty tests were performed in the laboratory | on specimens
removed from the sand-bentonite test pad to assess the field- scale hydraulic
conductivity. Specimens were removed from the field by three methods as large
blocks, using thnn-wall samphng tubes (Shelby tubes), and as frozen cores. Sampling
of the sand-bentonite test pad was performed concurrently with sampllng from the clay
test pads and similar sampling methods were employed. The samplmg methods and
schedule are described in Sec. 4.1.1.3. Flexible-wall permeameters, were used to
measure the hydraulic conductivity of specimens removed from the sand bentonite test
pcld ;
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. Three block specimens were removed from the sand bentonlte test pad in

December 1992 (before freezing) and in June 1993 (after freezmg) Because the
sand-bentonite pad was only 0.6 m thick, only two specimens were removed along
one: continuous vertical profile (0-0.3 m and 0.3-0.6 m). The third| . specimen was
removed from a location adjacent to the first two specimens at an intermediate depth of
0.15-045m. . !

' Before being placed in permeameters the PVC ring was removed from the
specimens and excess or disturbed soil was trimmed away until the specimen had a
diameter of 0.3 m and a height of 0.15 to 0.20 m. The block specimens were
permeated at an average effective stress of 10.5 kPa, hydraulic gradients of 4t0 5, and
using a backpressure of 413 kPa. One specimen (before winter, 0.15-0.45 m) was
tested at a higher hydraulic gradient (8.0) to reduce the time requrred to reach
equilibrium. The hydraulic gradient was increased by reducing the effluent pore water
pressure to 406 kPa. Increasing the hydraulic gradient also mcreased the average
effective stress to 14 kPa. Tap water from Madrson Wisconsin was used as the
permeant. The specimens were permeated until the hydraulic conductrvrty was steady
(no upward or downward trend over trme) and the ratio of outﬂow* to inflow was
between 0.75 and 1.25. The latter criterion was not met by the specrmen collected
before winter from a depth of 0. 15 0.45 m, which was permeated for 55 days without
reaching equal inflow and outflow. |

Specimens were also removed from the sand- bentomte test pad with thin-wall
sampling tubes (Shelby tubes) in June 1993, after one winter of exposure. The
sampling tubes were sealed in the field and shxpped to the University, of Wisconsin-
Madison. The specimens were extruded from the samphng tubes, sealed in plastic
wrap, and stored in a hrgh "humidity room to await hydraulic conductivity ; testmg ‘

- The specimens removed in thin-wall tubes were permeated in flexible-wall
permeameters at an average effective stress of 28 kPa using a hydraulrc gradient of
25. No backpressure was used. Tap water from Madison, Wisconsin was used as the
permeant. The specimens were permeated until hydraulic conductivity was steady
and the ratio of outflow to inflow was between 0.75 and 1.25 ;

Specrmens were also removed from the sand-bentonite test pad in March 1993-
while the soil was frozen. Personnel from CH2M Hill, Inc. and CRREL collected the
specimens using the core barrel described in Sec. 4.1.1.3 (Enckson et al. 1994).
Storage and hydraulic conductnvnty testing were performed at CRREL. Hydraulic
conductivity of thefrozen cores was measured in flexible-wall permeameters. The
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frozen core specimens were allowed to thaw and consolidate under an average
effective stress of 7 kPa. Hydraulic conductivity tests were then performed at that
average effective stress using hydraulic gradients ranging from 2 to 5. A backpressure
of 380 kPa was used. Tap water from Hanover, New Hampshire was used as the
permeant.

- 4.2.2 Laboratory Methods : -
4.2.2.1 Hydraulic Conductivity-Water Content Relationship :

Specimens of sand-bentonite that were compacted to determine compactlon
curves corresponding to standard and modified Proctor efforts (Sec 3. 2 1 2) were also
used to determine the hydraulic conductnvnty -water content relationships. The
'specimens were extruded from the compactlon molds, sealed in plastlc wrap, and

stored until permeation. ' |

The specimens were placed in flexible- wall permeameters for sgturation and to
measure their hydraulic conductivity, which was measured while the specimens were
saturating. The falling head- -rising tailwater method was used. An average effective -

stress of 21 kPa and hydraulic gradient of 30 were used. A baokpressure of 345 kPa
was applied. Tap water from Madison, Wisconsin was used as the permeant fluid.

Each test was terminated when the hydraulic conductivity was steady (change <
+25% and no increasing or decreasing trend) and the ratio of outﬂow to inflow was
between 0.75 and 1.25 for four consecutive readings or when the . ‘test time had
reached 30 days. For specimens which had reached steady condmons the hydraulic
conductivity was reported as the arithmetic mean of the last four meastrements. For -
- specimens which did not reach steady conditions in 30 days, the hydrauhc conductivity -
was reported as the last measurement. For all of the specimens Wthh had not
reached steady conditions in 30 days, the hydraulic conductnvnty was steady and the
ratio of outflow to inflow was approaching 1. O '

- 4.2.2.2 Standard Freeze-Thaw Tests |
. Three specimens of the sand-bentonite mlxture were compacted at a water
content similar to the water content used for construction of the sand- bentomte test pad
(Sec. 4.2.1.1). Each specimen was extruded from the compactlon mold and sealed in
plastic wrap to prevent desiccation and stored until permeation. The sand bentonite
specimens were placed in flexible-wall permeameters to determine their initial
|

b
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hydl aulic conductivity. Condltrons and termination criteria identical to those descnbed
in Sec. 4.2.2.1 were employed. ‘

After the initial hydraulic conductrvrty tests were complete, the specimens were
carefully removed from the permeameters. Extreme care was used to avoid disturbing
the structure of the specimens. They were then sealed in plastic wrap to prevent
desiccation and placed in a laboratory freezer for cooling. The free- -standing
procedure was used to freeze the sand-bentonite specimens (Sec.:4.1.2.2). The
specimens were left in the freezer for at least 24 hours, at which point they were
‘removed and allowed to thaw at room temperature (25°C). After 24 hours of thawing,
the specimens were placed back in the freezer. This procedure was repeated until the
desired number of freeze-thaw cycles was attamed o !

The hydraulic conductivity of each specimen was measured after 1, 3, and 5
freeze-thaw cycles. To minimize disturbance, the frozen specimens were removed
from the freezer and directly placed in flexible-wall permeameters for! thawmg The

“cell pressure and hydraulic gradient were applred immediately. An average effective

stress of 21 kPa and hydraullc gradient of 30 were applred A backpressure of 345
kPa was used. -

4.3 GEOSYNTHETIC CLAY LINERS (GCLs)
4.3.1 Fleld Methods

4.3.1.1 COLDICE Test Ponds and Pans-Field Measurement of Hydraullc Conduct/wty
' Large-scale GCL test ponds were constructed in October 1992 and large-scale
test pans were constructed in ‘September 1993 by personnel from CH2M Hill, Inc. as
“part of the COLDICE project (Fig. 4.2). The ponds and pans were usedito assess the
impact that freeze-thaw had on the hydraulic conductivity of GCLs (Enckson et al.
1994). The test pans were constructed because of difficulties enoountered the
previous year (1992) with the seepage collection system in the GCL test ponds
(Erickson et al. 1994). Consequently, the only successful hydraulic conductrvuty tests
were performed using the GCL test pans. Tests were performed on three GCLs:
Bentomat®, Claymax®, and Gundseal®. | -
Nine rectangular test pans were construc:ted in three groups (one group for
each GCL) Each group of test pans contained one large test pan (surface area = 1.8
m2) and two smaller test pans (surface area = O 7 m2). The large test pans and one of
the two small test pans contained GCLs with seams that were mstalled m accordance
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~ with the manufacturers' specifications. The thlrd pan in each group contained a
seamless GCL specimen (Erickson et al. 1994). ‘

The large test pans were constructed by welding pleces of HDPE
qeomembrane plate stock together. The smaller test pans were manufactured storage
bins constructed of HDPE. Each test pan contained a seepage collectlon system with
drains. A GCL specimen was placed over a thin layer of pea gravel to act as a support
and drain for the GCL. The GCL was covered with a 0. 25 m-thick layer of pea gravel.
The test pans were then surrounded by pea gravel to the same level of the gravel
within the pans (Fig. 4.13) (Erickson et al. 1994). |

Water was initially added to a depth of 30 mm in the test pans to allow the-
bentonite to hydrate. After one week, the water level was increased to 0.25 m. The
bentonite was allowed to hydrate in this condition for one month. After one month,
‘seepage data were recorded. The water level was kept constant dunng the duration of
the tests, and the water was not drained prior to winter. The hydraulic gradlent ranged
from 5 to 15 and averaged 10. Hydraulic conductivity of the GCLs was determined by
measuring outflow. Measurements of before-winter hydraulic conductrvrty were made
through December 1993. Measurements after winter began in April 1994 (Erickson et
al 1994). -

4.3.1.2 Laboratory Assessment of Field-Scale Hydraulic Conductivity : o

During decommnss:onmg of the COLDICE GCL test ponds and pans in June
1994, four specimens of Bentomat® and Claymax® (two specrmens of each GCL)
were removed from the test ponds by personnel from the Unrvers:ty of Wisconsin-
Madison. The GCLs in the test ponds had been exposed to two wmters and two
freeze-thaw cycles. Specimens, approximately 0.8 m by 0.8 m, were cuit using a razor
knlfe,, placed on stiff sheets of 10 mm-thick HDPE plate stock, and sealed with plastic

“wrap for shlppmg Extreme care was taken to prevent disturbance of the hydrated

bentonite when cutting, sealmg, and transporting the speormens The specnmens were
stored prior to permeation in a hlgh humldlty room at the Unlversrty of Wisconsin-
Madison. ;

Large flexlble wall permeameters were used to measure the hydraulic
conductivity of the GCL specimens. The protocol described in Geosynthetlc Research
Institute (GRI) test method GCL-2 was employed, which is an adaptatlon of ASTM D
5084 specifically for use with GCLs. Circular specimens were cut from the 0.8 m by
0.8 m sections with a razor kmfe to a dlameter of 0.45 m. ‘A bentonlte paste was
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apphed to the edge of the specrmens to prevent sidewall ieakage between the
specimen and the membrane. The falling head-constant tarlwater method was
employed for permeation. An effectlve stress of 28 kPa and hydrauhc gradient of 75
were used. No backpressure was applied. The hydraulic conductrvnty tests were run
until the hydraullo conductivity was steady and outflow equaled mflow for four
consecutive measurements. '

The two Bentomat® specimens had very high flow rates. Dye vsias injected into
the influent and the permeameter was then disassembled to attempt to; locate the high
seepage zones. It was found that srdewall leakage between the specrmen and the
membrane was the cause of the high flow rates for both Bentomat® specnmens The
Bentomat® specimens were removed from the permeameter and trimmed to a
diameter of 0.3 m and placed in another flexible wall permeameter. Bentomte paste
was applied around the edges of the specimen to alleviate the srdewall leakage
problem. Similar testing conditions and termination criteria were used when re-testing
the Bentomat® specimens. Sidewall leakage continued to be a problem for one of the
smaller Bentomat® specimens, and additional measures were not successful in
correcting the problem.

4.3.2 Laboratory Methods ,
- Laboratory tests were conducted on Bentofrx® Bentomat®, and Claymax® (Fig.
3.7). Tests were not conducted on Gundseal® because freeze- thaw is unlikely to
affect the hydraulic performance of the geomembrane component of the Gundseal®
GCL. Also, the GCL Bentofix® was only used in the laboratory freeze- thaw tests and
was not evaluated in the field. ' . ;, ‘
4.3.2.1 Laboratory Measurement of Hydraullc Conduct/wty
‘Specimens for hydraulic conductivity testing were selected by unrolling the
GCLs on the laboratory floor and locating a point away from the edge of the roll where
the specimens were likely to have uniform bentomte content. A piece of plywood was
placed underneath the GCL and a razor knife was used to carefully cut out circular
specrmens (diameter = 0.15 m). Efforts were made to keep loose bentonute in the
GCLs from spilling out of the edges. This procedure was used to make three
specimens each of Bentofix® and Bentomat® and four specnmens of Claymax® (Fig.
4.14). The specrmens were weighed and their diameter and thlckness were measured
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using calipers. A bentonlte paste was then applied to the edges of each specimen to
prevent short circuiting during permeation. :

The specimens were placed in flexible-wall permeameters for saturation and to
define therr initial hydraulic conductivity. The hydraulic conductivity was measured
while the specrmens were saturating. The protocol described in GRI test method GCL-
‘2 was employed. An average effective stress of 7 kPa and hydraulrc gradient of 75
~were applied, and no backpressure was used Tap water from Madlson Wrsconsrn

was used as the permeant. ‘ ‘ |

The tests were terminated when the hydraulic conductivity was steady (change
smaller than + 25% and no increasing or decreasing trend) and the ratro of outflow to
inflow was between 0.75 and 1.25 for four consecutive readings. The hydraulic
conductrvnty was reported as the arlthmetlc mean of the last four measurements

4.3.2.2 Standard Freeze-Thaw Tests

After the initial hydraullc conductrvrty tests were complete the GCL specimens
were carefully removed from the permeameters by sliding them onto sheets of
expanded polystyrene. Extreme care was used to avoid disturbing the structure of the -
hydrated bentonite. Calipers were used to measure their dimensions. They were then
sealed in plastlc freezer bags to prevent desiccation and placed in a laboratory freezer
for cooling. An identical procedure was used after each freeze-thaw- permeate cycle.

The free-standing procedure (Othman et al. 1994) was used to freeze the
. specrmens in a closed system. They were cooled to an ultimate temperature of -20°C
at a freezing rate of approximately 12 mm/hr. This procedure results in three-
dimensional freezing as opposed to one-dimensional freezing Wthh occurs in the
- field. Nevertheless, because the GCL specimens are thin and wrde relative to
specrmens of compacted clay, freezing was approximately one- drmensronal (Fig.
4.15). : ‘
The specrmens were left in the freezer for at least 24 hours at Wthh point they
~ were removed and allowed to thaw at room temperature (25°C). After 24 hours of
thawing, the specimens were placed back in the freezer. Data collected from control
specimens instrumented with thermocouples (Fig. 4.15) showed that 24 hours was
more than adequate to ensure that complete freezing or thawing occurred This
procedure was repeated until the desired number of freeze- thaw cycles was attained.

The hydraulic conductivity of each specimen was measured after 1 3,5,and 20
freeze-thaw cycles To minimize drsturbance frozen specrmens were removed from
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the freezer and directly placed into flexible-wall permeameters in the frozen state. The
cell pressure and hydraulic gradient were applied nmmedxateiy Hydrauhc conductivity
was measured during and subsequent to thawmg Test parameters and termination
criteria ldentrcal to those described in Sec. 4.3. 2.1 were used.

4.4 PAPER MILL SLUDGES
- 4.4.1 Field Methods
4.4.1.1 Compaction of Plpe Specimens . .

Large - specimens of compacted paper mlll sludge were constructed by
compacting paper mill sludge in a poly vinyl chloride (PVC) pipe (d|ameter = 0.35 m,
length = 0.6 m) (Fig. 4. 16). Two specimens were constructed for each sludge.. One
specimen of each sludge was used to determlne the initial hydrauhc conductivity
(herein referred to as the “control" specimen). The other specimen was instrumented
with thermocouples and buried in the ground outside the Environmental Geotechnics
Laboratory at the University of Wisconsin-Madison (herein referred to as the "field"
‘specimen). The field specrmens were buried in the ground in early December 1993
and allowed to freeze one- dlmensmna!ly The specimens were removed from the
ground in March 1994 and were permeated to determine the hydrauhc conductivity
after exposure to freeze-thaw. Benson and Othman (1993) conducted similar small--
scale field tests on a pipe specimen of compacted clay. f

A PVC plate was used at the bottom of the pipe to confine the spec:men A

geonet and non-woven geotextile were placed at the bottom of the specrmen prior to
compaction to provide for filtration and drainage during permeation. The specimens A
were compacted directly in the ‘pipe using a compaction energy equal to standard
Proctor energy and molding water contents which yield the Iowest hydraulic
concluctivities for the three sludges (see Sec. 4.4.2.1). The specnmens were
compacted in six 0.1-m-thick lifts. Compaction was performed by droppmg a 11.8 kg
cylindrical weight wrth a diameter of 100 mm 120 times on each lift from a height of 0.3
m (Fig. 4. 17). A flexible PVC geomembrane was placed on top of the compacted
paper mill sludge in the field specimens and sealed to the inside of the PVC pipe to
prevent desiccation. '
4.4.1.2 Instrumentat/on and Burial of Pipe Spec:mens

Thermocouples were placed in the field specimens at the center of the pipe
between each lift so the temperature within the specimen could be measured with
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Figure 4.17. Compaction of paper mill slUdge pipe specimer?w.’
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depth. Teflon® coated Type-T thermocouples were used. Five thernﬁocouple's were
placed in each pipe specimen. Temperatures within the pipe seecimens were
recorded by a Campbell Scientific CR10 Datalogger every hour Ebetween mid-
December 1993 and late March 1994. Air temperature and relative humidity were also
recorded every hour by the datalogger. A graph of air temperature vs. time is located
in Appendix B. Figure 4.18 is a photograph of the data acquisition set-ufp.

The field speeimens were buried in the ground in early Decembér 1993, before
any ground freezing had occurred. A large trench was excavated and the three field
specimens were placed next to each other in the trench (Fig 4. 19). The trench was
then backfilled level with the top of the compacted sludge in the pipe specimens. The
top of the sludge, overlain by the PVC geomembrane was exposed to the ambient air
temperature.

4.4.1.3 Permeation of Pipe Specvmens
The pipe specimens were designed to be used as large rigid-wall
permeameters. The control specimens were permeated ‘while the field specimens
were buried in the ground, whereas the field specimens were permeated after
exposure to one winter. Brass fittings were'placed in the top and botto:m plates of the
pipe specimens to allow for inflow and outflow of water. The constant headwater-
constant tailwater method was used to measure the hydraulic conductitxity of the pipe
“specimens in accordance with methods described in the ASTM draft standard for rigid-
wall hydraulic conductivity tests. Mariotte bottles were used to apply a constant head.
Tests were performed at a hydrauhc gradient of 3. |
The tests were terminated when the hydrauhc conductuv:ty was steady and the
ratio of outflow to inflow was between 0.75 and 1.25 for four- consecutnve readlngs
The hydraulic conductivity of the SpeCImens is reported as the anthmetlc mean of the
last four hydraulic conductivity measurements.

- High initial values of the outflow to inflow ratlo were observed for all pipe
specimens during testing. It was determlned that excessive gas build-up was taking
place within the specimens. This gas build up was preventing inflow and increasing
outflow as a result of increased pore pressures in the specimens. To correct this
problem, venting pipes were installed in the top plates. After the venting pipes were
installed, accurate readings of outflow and inflow were possible.
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F1gure419 Burial of pipe specimens in the ground outside the Envuronmental
Geotechnics Laboratory at the University of Wisconsin- Madlson
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4.4.1.4 Measurement of Hydrau/if: Conductivity in Flexible-Wall Permeameters

Following permeation, the pipe specimens were sliced into heri}.ontal Sections
that were subsequently permeated to investigate how depth mﬂuenced hydraulic
conductxvuty Benson and Othman (1993) showed that the hydraulic conductmty of the
compacted clay varied with depth for their pipe specimen. :

- A circular saw was used to slice the pipe into honzontal sections.j The sections
were then separated from each other by slicing through the-compacied paperv mill
sludge with a carpenter's saw. Vertical cuts were made in the pipe around the sludge
sections and the remaining pieces of PVC were carefully removed to prevent
disturbance (Fig 4.20). The sections of compacted paper mill sludge were trimmed to
a diameter of 0.3 m and heights ranging from 0.1 t0 0.2 m. The specnmens were then
placed in large flexible-wall permeameters (Flg. 4.5). An average effectlye stress of 18
kPa was applied to the specimens. Hydraulic gradients ranged fromi 8 to 16. No
backpressure was used Termination criteria descnbed ln Sec’uon 4.4.1.3 were
followed.

4.4.2 Laboratory Methods
- 4. 4 2 1 Hydraulic Conductivity-Water Content Relationships

Specimens that were compacted to determine the compactlon curves for the

three paper mill sludges (Sec. 3.3. 2) were used to determine the hydraulic -

conduc’uvnty -water content relationships. The specimens were placed in rigid-wall
| compaction mold permeameters for saturation and to measure their hydraulic
conductivity. The rigid-wall permeameters contained a double ring in the base plate to
provide a check for sidewall leakage. The constant head-constant tallyvater method
was used in accordance with methods described in the ASTM draft etafn_dard for rigid
- wall hydraulic conductivity tests. A lead weight was placed on the: specimen to
simulate an overburden stress of 7 kPa during hydraulic condudtivity testing.
Hydraulic gradients ranging from 6 to 12 were applied, and tap water from Madison,
Wisconsin was used as the permeant. ,

Each test was terminated when the hydraullc conductivity was steady (change <
+25% and no increasing or decreasmg trend) and the ratio of outflow ‘to inflow was
' between 0.75 and 1.25 for four consecutive readings. The hydraulic conductlwty was
reported as the arithmetic mean of the last four measurements. !

- Difficulties were encountered when permeating the paper mill sludge in the
ngld -wall permeameters Gases produced as a result of blologucal actlwty wnthln the

i
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paplar mill sludge blocked inflow and increased outflow as a result of lncreased pore
pressures within the specimens. A venting tube, similar to those used when
permeating the pipe specimens (Sec. 4.4.1.3), was placed in the top plate of the
permeameter (Fig 4.21). Use of the venting tube alleviated the problern and reduced
testing time. P

4.4.2 2 Standard Freeze- Thaw Tests o : l ,

Four specimens of sludge A and three specrmens of sludges B and C were
compacted at standard Proctor effort at water contents yielding the lowest hydraulic
conductivities determined in Sec 4.4.2. 1 (herein referred to as "low-K" water contents)
and at water contents at which they were received at the Umversnty of Wisconsin-
‘Madison (herein referred to as "as-received" water contents). Each specrmen was
compacted, sealed in its compaction mold using plastic wrap to prevent desiccation,
and stored until permeation. l '

The sludge specimens were placed in rigid- wall compactlon mold
permeameters to determine their initial hydraulic conductivity (before exposure to -
freeze-thaw). Test conditions and termination criteria similar to those described in
~ Sec. 4.4.2.1 were employed for the initial hydraulic conductivity tests. After the initial
hydraulic conductivity tests were complete, the excess water was dréined from the
permeameters and the entire permeameter was placed in the laboratory freezer.

The free-standing procedure (Othman et al. 1994) was used to freeze the
specimens in a closed system. They were cooled to an ultimate temperature of -20°C.
The specimens were left in the freezer for at least 24 hours, at which pomt they were
removed and allowed to thaw at room ‘temperature (25°C). After 24 hours of thawing,
the specimens were placed back in the freezer. This procedure was repeated until the
desired number of freeze-thaw cycles was attained. The hydraulic conductnvrty of each
specimen was measured after a various number of freeze-thaw cycles (up to 5 cycles). .

Sldewall leakage was a problem for the specimens exposed to freeze-thaw.
Volume change of the specimen due to freezmg and subsequent thawmg resulted in a
gap between the specimen and the wall of the compaction mold. To'eliminate this
problem, the specimens were extruded from their compaction molds and placed in
- flexible-wall permeameters for hydraulic conductivity testing. ‘Th,eéfalllng head-
constant tailwater method for measuring hydraulic conductivity vl/as used for
specimens which had been subjected to freeze-thaw. An average effectlve stress of
10 kPa and hydraullc gradient of 12 were used. No backpressure was applied.
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Figure 4.20. Photograph of sliced sludge speCimen for hydraulic conductuvnty testing
in flexible-wall permeameter.

Figure 4.21. Test set-up for hydraulic conduc’uvnty testing of. compacted paper mill
sludge specimens.
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Hydraulic conductivity was measured subsequent to thawing. Termmatlon crlterra
similar to those described in Sec. 4.4.2.1 were used. -

4.4.2.3 Effective Stress Tests |

Tests were performed to determine the relationship between hydraulic
conductivity and effective stress for the three paper mill sludges. One specimen of
each sludge was compacted at standard Proctor effort at the moldlng water content
that yields the lowest hydraulic conductivity for that sludge (low-K water content, Sec.
.4.4.2.2). Hydraulic conductivity tests were performed in flexible-wall permeameters at
effective stresses of 7, 35, 46, and 81 kPa and hydraulic gradients randing from6to 9
were used. Termination criteria similar to those described in Sec. 4.4. 2.1 were used.
Following the completion of a test, the effective stress was increased by increasing the
cell pressure in the permeameter and the specimen was allowed to consolidate for
about 7 days after which, the hydraulic gradient was applied. Hydrauhc conductivity
was measured by monitoring outflow from the specimens.
4.4.2.4 Long -Term Hydraulic Conduct/wty Tests |
Biological activity in compacted paper mill sludges has been reported in other

experiments (NCASI 1989, Maltby and Eppstein 1994) and was observed for the three
sludges tested in this project. Therefore, hydraulic conductivity tests were performed
on two specimens of each sludge to determine if the hydraulrc conductuvnty of the three
sludges is affected by time. ‘

- Specimens were compacted at standard Proctor effort. One speC|men of each
sludc;e was compacted at the water content yielding the lowest hydrauhc conductivity
| (low-K water content, Sec. 4.4.2.2) and the other specimen was compacted at the as-
received water content (Sec. 4.4.2. 2) Double-ring compaction-mold permeameters
were used to measure hydraulic conductivity of the specimens. A Iead weight was
placed on the specimens during permeation to simulate an overburden pressure
equal to 7 kPa. A venting tube was attached to the top plate of the! permeameter,
~ which was used to allow gases produced by biological activity in the sludge to escape.
A hydraulic gradient of 7 was applied across the specimens and termlnatlon criteria
similar to those described in Sec. 4 4.2.1 were used
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'SECTION 5

- RESULTS
CLAYS

5.1 FIELD TESTS | R
5.1.1 Freeze-Thaw Monitoring 1
- Temperatures wete monitored by CRREL personnel throughout the winter of
1992-93 in the Parkview and Valley Trail test pads constructed for{the COLDICE
project. Freezing of the test pads began in November 1992 and was stéady in mid- to
late December 1992. In mid- to late March 1993, thawing became steady. Complete
thaw of the test pads occurred by the first week in April 1993: The test pads remained
frozen for about 3.5 months (Erickson et al. 1994). j
- Figures 5.1 and 5.2 show frost zones in the test pads over time. Freezi'ng
- records show that once steady freezing was established, freeze- thaw cycling only
occurred in the overburden material and not in the compacted clay. It was determined
that the Parkview and Valley Trail test pads were subjected to one freeze-thaw cycle
during the winter of 1992-93 (Figs. 5.1 and 5.2). The maximum depthé of frost
penetration in the Parkview and Valley Trail test pads were 0.70 and 0.55 m,
respectively. An average freezing rate of 0.03 mm/hr was measured for each test pad.

" 5.1.2 In Situ Box Infiltrometers :

~In situ box infiltrometers were installed in the two test pads constructed with
Parkview clay to measure the hydraulic conductivity of the test pads after expOsure to
freeze-thaw. Installation of the infiltrometers and measurement of hydraulic
conductivity were performed by personnel from CH2M Hill, Inc. No box infiltrometers
were installed in either of the Valley Trail test pads (Enckson et al. 1994)

Erickson et al. (1994) made attempts to measure the hydraulic conduc’uvnty of
the Parkview test pad in spring 1993 by filling the PVC riser pipe in-the top of the
infiltrometers with water and measuring the water level within the plpe Any water
which was added to the riser pipe lmmedxately drained such that no measurement of
the water level could be made. The high flow rates were either the result of increased

-hydraulic conductivity due to freeze-thaw or a leak in the infiltrometers. The exact

- cause of the high flow rates could not be determined (Erickson et al. 1994).

. Lo
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Figure 5.1.

Figure 5.2.
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Sand covering one of the infiltrometers Was removed and the top of the
infiltrometer was cut open by personnel from CH2M Hill, Inc. and tne University of
Wisconsin-Madison. Shovels were used to excavate and examine the compacted
clay. Figure 5.3 is'a photograph of the soil at the surface of the Parkvrew test pad from
within one of the box infiltrometers. The soil appeared blocky, contammg “numerous
horizontal and vertical cracks. This type of structure has been observed in other
experiments examining the effect of freeze-thaw on the hydrau'!ic integrity of
compacted clays at field-scale (Benson and Othman 1993, Enckson et al. 1994,
- Benson et al. 1995, Chamberlain et al. 1995).

5.1.3 Laboratory Assessment of Field-Scale Hydraulic Concjuctivity
Hydraulic conductivity tests were performed on specimens removed from the
Parkview and Valley Trail test pads as blocks, with thin-wall samplrng tubes (Shelby
 tubes), and as frozen cores. A summary of the results of the hydrauhc conductivity
tests are shown in Fig. 5.4. '

5.1.8.1 Block Specimens

Hydraulic- conductivity of the block specimens removed in June 1993 from
COLDICE test pads PV-3 and VT-4 was measured in flexible-wall permeameters at the
University of Wisconsin-Madison. Table 5.1 is a summary of; the hydraulic
conductivities for specimens removed from the Parkview test pad. All of the specimens
removed before winter had hydraulic conductivities less than 1 x 10-° m/s whereas the
specimens removed from the test pad after winter above the maximum: frost depth had

‘ hydraullc conductivities greater than 1 x 10-7 m/s. The specimen remo\/ed after winter
from below the maximum frost depth had a hydraulic conductrvnty of 2 5 x 1010 m/s
(Fig. 5.4). _

Similar results were obtalned for block specimens removed from the Valley Trail
test pad (Table 5.2). The specimens removed from the test pad before winter and the
specimen removed from the teSt pad after winter below the maximum frost depth all
had hydraulic conductivities less than 1 x 10-° m/s. The hydraulic conductivities for all
of the specimens removed from the Valley Trail pad after winter above the maximum
frost depth were greater than 1 x 107 m/s (Fig 5.4).

After permeatlon the block specimens were cut open to examine thelr structure
The specimens were opened by pushing a screwdrrver into the soil and prying until

60




V-
P

Figure 5.3. Photograpﬁ of soil inside box infiltrometer-Parkview tést pad.
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Table 5.1. = Results of hydraulic conductivity tests on biock spec;mens removed from
: the Parkvnew test pad.

| | Sample Depth Hydraulic Conductivity
Specimen! “(m) (mys)

__PV-Block-Before-1 . 0-0.3 1.9 x,10-10
PV-Block-Before-2 0.3-0.6 - 2.2 x,10-10
PV-Block-Before-3 0.6-0.9 4.5 10710
PV-Block-After-1 0-0.3 : 2.7 x108
PV-Block-After-1-R2 0-0.3 1.1 x 106
PV-Block-After-2 0.3-0.6 4.4 X 107
PV-Block-After-3 0.6-0.9 25 x §1 0-10

Notes:

- 1. PV = Parkview clay; Block = Block specimen; Before Sampled before winter; After = Sampled after
winter; -1,-2, -3 = Specnmen number. P
2. R= Rephcate specimen from depth of 0-0.3 m. j

i

Table 5.2.  Results of hydraulic conductivity tests on block specnmens removed from
the Valley Trail test pad.

- Sample Depth Hydrauhc Conductuv:ty
_Speciment (m) (m/s)
_ VT-Block-Before-1 | 0-0.3 9.8 x 10-11
VT-Block-Before-2 0.3-0.6 1.6 x 1010
VT-Block-Before-3 0.6-0.9 1.5x 1 0-10
VT-Block-After-1 - 0-0.3 ' 3.3x107
VT-Block-After-1-R2 003 1.8 X107
VT-Block-After-2 0306 2.6 x,107
VT-Block-Affer—S 0.6-0.9 2.2 X ?10-10 ‘

Motes:

1. VT = Valley Trail clay; Block = Block specimen; Before.= Sampled before wmter After_SampIecl after
winter; -1, -2, -3 = Specnmen number.

2. R= Re_phcafe specimen from depth of 0-0.3 m.




the soil cracked. This method prevents smearing of the soil, whrch can mask the
internal structure. : |

Figure 5.5 contains photographs of specimens from the Parkview and Valley
Trail test pads removed before exposure to freeze-thaw. The photogréphs in Fig. 5.5
are characteristic of the soil structure existing in both test pads before winter. The soil
is dense and homogeneous and no cracks are evident. This struotune is consistent
with the low hydraulic conductivity that was measured. | | |

In contrast, Fig. 5.6 contains photographs of the internal structure of specimens
removed from a depth of 0-0.3 m in the Parkview and Valley Trail test pads after
exposure to freeze-thaw. The speoimens appear blocky and contain numerous
horizontal and vertical cracks. Horizontal cracks were most likely the result of the
~ formation of ice lenses within the soil. Vertical cracks were most likely caused by
desiccation incurred by migration of water during freezing of the soil The high
hydraulic conductivity of the specrmens is attributed to the exnstence of these
horizontal and vertical cracks. - ,

Figure 5.7 contams photographs of the Parkview and Valley Trall specimens
removed from the test pads from a depth of 0.6-0.9 m. These speormens were
collected from below the maximum depth of frost penetration, and thus were never
- frozen. None of the cracks that were present in the shallow specimens exist in these
specimens. The soil is a dense, homogeneous mass that appears similfcxr to the soil as
it existed prior to freezing (Fig 5.5). The absence of cracks and the horriogeneity of the
soil structure is consistent with the low hydraulic conductivity of these specimens.

-5.1.3.2 Specimens Collected in Thin-Wall Tubes :

~ Hydraulic conductivity was also measured on specimens removed in June 1993
from test pads PV-3 and VT-4 using thin-wall sampling tubes (Shelby tubes). The
hydraulic conductivity tests were performed at the University of Wisconsin Madison.
Results of the tests are summarized in Fig. 5.4 and Table 5.3. Al of the specimens
" removed in thin-wall tubes had hydraulic conductivities less than 1 x 10~ 9 m/s.

" Hydraulic conductivities measured on specimens removed dsmg thin-wall
sampling tubes after winter were similar to the hydraulic conddctivities measured on
- block specimens removed before winter, but much lower than ‘the hydraulic
conductivities of block specimens removed after winter above the fnaximum frost
depth. The low hydraulic conductivities of these specimens were most {Iikely the result
of disturbance of the specimens during sampling and extrusion whieh masked the

A
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Figure 5.5. Interior of block specimens removed before winter from the Parkview
(depth = 0 0.3 m) (a) and Valley Trail (depth = 0.6-0.9 m) (b) test pads.

Figure 5.6. Interior of block specimens removed after winter from a depth of 0-0.3 m
from the Parkview (a) and Valley Trail (b) test pads. i
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Figureé 5.7. Interior of block specimens removed after winter frbm a debth of 0.6-0.9

m from the Parkview (a) and Valley Trail (b) test pads.
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Table 5.3. Results of hydraulic conductivity tests on thin-wall tube specimens

removed from the COLDICE test pads. i

, Sample Depth Hydraulic éonduciivity
Specimen! (m) . (m?s)

_ PV-TW-1 0.10 . 1.0 X 109
PV-TW-2 0.15 ~ 1.0x109
PV-TW-3 0.25 ‘ 4.5 x 10-10
PV-TW-4 0.45 1.6 x/10-10
PV-TW-5 0.52 1.6 x 1010
VT-TW-1 | 0.07 4.0 x 10-10
VT-TW-2 0.15 1.5 1010
VT-TW-3 | 0.25 1.5 x 10-10
VT-TW-4 0.45 1.5 x[10-19
VT-TW-5 10.52 1.5 x 1010

Note: '
“1. PV = Parkview; VT = Valley Trail; TW = Thin-wall tube specnmen -1,-2,-3,-4,-5= Spemmen number.
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_ effects of freeze-thaw. Figure 5.8 shows photographs of specimens removed from the

Parkview and Valley Trail test pads after exposure to freeze-thaw. Nelther specimen

contains a crack network similar to those observed in the block specrmens The

absence of cracks is consistent with the low hydraulic conductivity of these specimens.
, ‘ i o

5.1.3.3 Frozen Core Specimens | |

Hydraulic conductivity tests were performed on specimens removed from the
Parkview and Valley Trail test pads in March 1993 while they were frozen The tests
were performed at the CRREL laboratory by CRREL personnel Four spemmens were
removed from the Parkview test pad at depths of 0.05, 0.1, 0.15, and 0.2 m and three
were removed from the Valley Trail test pad at depths of 0.15, 0. 25 and 0.35 m
(Chamberlarn et al. 1995). Results of the hydraulic conductivity tests are summarized

in Fig. 5.4 and Table 5.4. o A
' ~ The hydraulic conductivities of the frozen core speormens are similar to the
. hydraulic conductivities measured on the block specimens, and much! ‘higher than the
hydraulic conductivities measured on specimens removed using thlh wall sampling
tubes havmg the same diameter (71 mm). .

- Figure 5.9 is a photograph of a frozen specrmen removed from the Parkview test
pad using the CRREL core barrel. The speolmen contains cracks | ‘and ice lenses
typically observed in compacted clays subjected to freezmg The presence of cracks is
c:onslstent with the high hydraulic conductrvntles of these specimens.

5.1.3.4 Structure of Compacted Clay Subjected to Freeze- Thaw

~ The increase in hydraullc conductavrty for the Parkview and Valley Trail clays
'exposed to freeze-thaw is related to the soil structure in the test specimens. Test pits
excavated in June 1993 revealed a structure similar to the structure dbserved in the
'box infiltrometers. The soil appeared blocky and contained numerous orthogonal
cracks (Fig. 5.10). Soil within the test pits could be broken apart into chunks and was
no longer a plastic, homogeneous mass as it was before winter. The honzontal cracks
were spaced approximately 5-10 mm-apart near the surface of the test pad and
increased with depth. Vertical cracks were spaced approximately 20-30 mm apart.
The increase in hydraulic conductivity observed in block specimens and frozen cores
(Tables 5.1, 5.2, and 5.4) is a direct result of the existence of these horizontal and
vertical cracks. ‘
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Valley Trail

Figure 5.8. Specimens removed after winter from the Parkview and Va:llley Trail test
pads using a thin-wall tube (a) and their internal structure (b).
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Table 5.4. . Results of hydraulic conductivity tests on specimens removed from the
COLDICE test pads with CRREL frozen core barrel (from Chamberlain
1994, personal communication).

l
H

, o Sample Depth Hydraulic Conductivity
Specimen! - (m) (m/s)
PV-CB-1 0.05 8.5 x!10-8
PV-CB-2 0.1 1.3 x,106
PV-CB-3 | | 0.15 . 17x107
PV-CB-4 0.2 | 5.4 x107
VT-CB-1_ 0.15 _8.0x'107
VT-CB-2 | 0.25 1.2 x10-8
VT-CB-3 . 0.35 | 8.5 x,109

Note: ) ' ' o ' . i
1. PV = Parkview; VT = Valley Trail; CB = CRREL core barrel specimen; -1, -2, -3, -4 =:Specimen number.
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Figure 5.9. Specimen removed from Parkview test pad while frozen Eusing CRREL
core barrel (from Erickson 1994, personal communication).

Figure 5.10. Test pit excavated in Valley Trail test pad showing blocky 'soil structure
caused by freeze-thaw. o » : :

P
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§.2 LABORATORY TESTS
§.2.1. Hydraulic Conductivity-Water Content Relationships ,
Hydraulic conductivity was measured on specimens of Parkaiew and Valley
Trail clay compacted to determine compaction curves corresponding to standard and -
modified Proctor effort (Sec. 3.1.2). Results of the hydraulic condu'c’uvxty tests are
- shown in Figs. 5.11 and 5.12 and are summarized in Appendix A. l
The hydraulic conductivity of the specimens decreases as the molding water (_
content or compactive effort increases (Figs. 5.11 and 5. 12). The lowest hydraulic
conductivities occur at molding water contents slightly wet of optlmum molding water
content for both compactive efforts (see Figs. 3.3 and 3.4). These results are typical for
compacted clays (Mitchell et al. 1965, Benson and Daniel 1990, Damel and Benson
1990).

5.2.2 Standard Freeze-Thaw Tests ‘ :

Three specimens of each clay were ‘compacted using standard F’roctor effort at
the moldlng water content at which the Parkview and Valley Trail test pads were
constructed (=16 and 21%, respectively). The specsmens were subJected to freeze-
thaw using the free-standing procedure (Sec. 4.1.2.2). The hydraulic conductivity of
each specimen was measured after 0, 1, 3, and 5 freeze-thaw cycles., Results of the
standard freeze-thaw tests are summarized in Figure 5.13 and Table 5. 5.

The hydraulic conductivity of both clays increased when subjected to freeze-
thaw (Fig. 5.13). The average initial hydraulic conductnvnty and average hydraulic
conductivity after five freeze-thaw cycles for the Parkview specimens were 1.9 x 10-10
and 2.5 x 10-8 m/s, respectively. That is, the average hydraulic conductivity of the

Parkview specimens increased by more than two orders of magmtude after exposure ,. -

to five freeze-thaw cycles. ;

The average initial hydraulic conductlv:ty and average hydraulic conductmty
after five freeze-thaw cycles for the Valley Trail specimens were 1.3 x i1 0-10 and 6.4 x
109 m/s, respectlvely,‘whnch corresponds to increase in hydraulic conductivity by a
factor of 50 as a result of freeze-thaw. These reSuits are consistent with results
reported in other studies (Chamberlain et al. 1990, Zimmie and LaPlante 1990, Klm
and Daniel 1992, Othman and Benson 1993 Bowders and McCIelland 1994)
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Table 5.5.

Results of freeze-thaw tests on specimens of Parkview and Valley Trail

clay compacted in the laboratory.- !
Initial Hydraulic Conductivity After n Freeze- |
- Hydraulic Thaw Cycles, Kp
Conductivity (m/s)
Sample Ko - Ks @
Number! (m/s) Ky K3 Ks Ko
_ PV-3D-1 | 24x101° | 1.0x108 | 24x108 | 26x108 108
PV-3D-2 2.0 x 1010 7.4x10° |' 2.0x 108 2.6 x108 130
PV-3D-3 | 1.3x1010 | 6.1 x109 1.9x108 | 2.2x10¢8 169
'VT-3D-1 22x101%0 | 22x10° 8.3x10° 3.4x10° 15
VT-3D-2 | 7.6x1011 | 32x10° | 91x109 | 7.1x109 93
VT-3D-3. 8.3 x 1011 | 3.8x109 | 1.3x108 | 8.8x10° 106
Note: '

1.
2.

= Specimen Number.

Ks/Ko =

conductivity before exposure to freeze-thaw.
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PV = Parkview; VT Valley Trail; 3D = Specnmen was frozen and thawed three- dnmenswnally -1,-2,-3

Hydraulic conductivity of specimen after exposure to 5 freeze-thaw cycles dlwded by hydraulic




5.2.3 One-Dimensional Freeze-Thaw Tests ] ,

To determine if differences in freezing rate affect the increase in hydraulic
conductivity caused by freeze-thaw, the relationship between hydrauflic conductivity
and freezing rate was determined for three specimens of each clay. Methods
described in Sec. 4.1.2.3 were used. The specimens were subjectedito one freeze-
thaw cycle so that they could be compared with the field data. i

Figures 5.14 and 5.15 show the relationship between hydraulic oonductrvrty and
freezing rate for each clay. Laboratory data from the standard freeze-thaw tests and
field data from the COLDICE project are also presented. The hydrauhc conductivities
for the standard freeze-thaw tests are the averages of three specrmens No trend
between hydraulic conductivity and freezing rate is evident.

5.3 COMPARISON OF FIELD AND LABORATORY TEST RESULTS

~Summaries of results from the hydrauhc conductrvrty tests performed in the field
‘and in the laboratory on clays is shown in Tables 5.6. and 5.7. An increase in
hydraulic conductivity occurred as a result of freeze-thaw for both clays regardless of
whether freeze-thaw occurred in the field or was simulated one or three-
dimensionally in laboratory tests. | o

Increases in hydraulic conductivity up to 4 orders of magnitude were observed
for specnmens removed from the COLDICE test pads as large biocks Similar
hydraullc conductivities were measured for specimens removed from the test pads as
frozen cores. However, an increase in hydraulic conductivity was not opsewed for the
specimens collected in sampling tubes. Othman et al. (1994) and Benson.et al. (1995)
report that sampling as block specimens or frozen cores preserves the structure of
compacted clay subjected to freeze-thaw, whereas sampling with thin-wall tubes
disturbs the soil structure which results in a specimen that is not representative of the
field condition. The findings of this study are consistent with those of Othman et al.
(1994) and Benson et al. (1995). » | o

: Hydrauhc conductivities of the Parkview and Valley Trail specimens frozen

using the standard three-dimensional freeze-thaw method increased by factors of 130
and 50, respectively, after five cycles of freeze-thaw. The specrmens frozen and
thawed using the one-dimensional method increased in hydraulic oonductrvrty by
factors of 62 to 140, respectively, after one freeze-thaw cycle. In oontrast the hydraulic
conductivity of the block specimens (which are assumed to reﬂeot freld condrtlons)
increased in hydraullc conductrvrty more than three orders of magnrtude in a smgle
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 Table 5.6.

Summary of hydraulic conductivit
laboratory specimens.

y tests performed on 'Pé;rkview field and

Initial Final j
Hydraulic Hydraulic
3 Sample Depth | Conductivity(® | Conductivity@ | . K@
Specimen(1) - (m) (m/s) (m/s) K|
PV-Block 0-0.3 1.9x101° |  1.9x106 10,000
PV-Block 0.3-0.6 2.2 x 10-10 4.4 x 107 2,000
PV-Block 0.6-0.9 4.5 x 10-10 2.5 x 10-10 0.56
PV-TW-1 0.10 2.9 x10-10(4) 1.0 x 10-9 0.35
PV-TW-2 0.15 2.9x10°10(4) | 1.0x109 . 0.35
PV-TW-3 0.25 29x1019¢4) | 45x1010 | . 1.6
PV-TW-4 0.45 2.9x1010(4 | 1.6x1010 ' 0.55
PV-TW-5 0.52 29x10104 | 16x1010 | ' 055
PV-CB-1 0.05 2.9 x 10-10 (4) 85x108 | ' 290
PV-CB-2 0.1 2.9 x 10-10 (4) 1.3 x 106 | 4,500
PV-CB-3 0.15 2.9x1010@) | 1.7x107 590
PV-CB-4 0.2 2.9'x 1010 (4) 5.4 x 107 1,800
_PV-Lab 3-D N/A 1.9x1071° | 25x1086) | ' 130
 PV-Lab 1-D N/A 1.9x10106) | 12x108M | | 62

Notes:
1.

PV = Parkview; Block =

Block specimen(s); TW = Thin-wall tube specimen; CB = CRREL core barrel

specimen; Lab 3-D = Laboratory compacted specimens frozen three-dimensionally; Lab 1-D =
Laboratory compacted specimens frozen one-dimensionally; -1, -2, -3, -4, -5 = Specimen number.
Hydraulic conductivities are reported as averages for specimens removed from the test pad from a
depth of 0-0.3 m after winter (2 specimens) and for 3D and 1D laboratory compacted specimens (3
specimens). ,

- Change in hydraulic conductivity (K¢K;) is defined as the final hydraulic conductivity divided by the

initial hydraulic conductivity. _
No specimens collected before winter in thin wall tubes or as frozen cores, thus.average hydraulic

‘conductivity is reported as the average hydraulic conductivity for the block specimens collected

before winter. , ,

Average hydraulic conductivity after 5 freeze-thaw cycles. , i

Initial hydraulic conductivity tests were not performed on specimens frozen one-dimensionally. The
initial value is assumed to be similar to the average initial hydraulic conductivity. of the specimens
frozen three-dimensionally because they were compacted under identical conditions (compactive
effort and molding water content). ‘ !
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Table 5.7.

and laboratory specimens. -

Summary of hydraulic conductivity tests performed on Valley Trail field

i

Initial Final
| Hydraulic Hydraulic L
Sample Depth | Conductivity® | Conductivity@ | ' K@
Specimen(1) (m) (m/s) | (m/s) . K
VT-Block 0-0.3 9.8 x 10-11 2.6 x 107 2,600
VT-Block 0.3-0.6 1.6 x 10-10 2.6 x 107 1,600
VT-Block 0.6-0.9 1.5x1010 | 22x1010 1.5
VT-TW-1 0.07 1.4x10104) |  4.0x 1010 08
VT-TW-2 0.15 1.4 %1010 |  1.5x.1010 1.1
VT-TW-3 0.25 1.4x101064) | 1.5x 1010 1.1
VT-TW-4 0.45 1.4x1010@4) |  1.5x 1010 ER
VT-TW-5 0.52 1.4x10104 |  1.5x1010 RN
VT-CB-1 0.15 1.4x1010(4) | 1.2x 10 86
 VT-CB-2 0.25 1.4x1010@ |  8.0x107 ' 5,700
VT-CB-3 0.35 1.4x10104) |  85x 109 61
VT-Lab 3-D N/A 1.3x101° | 6.4x1096) | 50
‘VT-Lab 1-D N/A 1.3x10190) | 1.8x108(M | = 140
Notes: ‘

1. VT = Valley Trail; Block = Block specimen(s); TW = Thin-wall tube épecimen; CB = CRREL core barrel .
specimen; Lab 3-D = Laboratory compacted specimens frozen and thawed three-dimensionally; Lab

1-D = Laboratory compacted specimens frozen one-dimensionally; -1, -2, -3, -4, -5 = Specimen

number.

. 2. Hydraulic conductivities are repdrled as averages for specimens removed from the test pad from a

depth of 0-0.3 m after winter (2 specimens) and for 3D and 1D laboratory compagcted specimens (3

specimens).

3. Change in hydraulic conductivity (K¢/K;)

initial hydraulic conductivity.

4. No specimens collected before winter in thin wall tubes or as frozen cores, thus:average hydraulic

conductivity is reported as the average hydraulic conductivity for the block sp;ecimens collected

before winter.

5. Average hydraulic conductivity after 5 freeze-thaw cycles.

6. Initial hydraulic conductivity tests were not performed on specimens frozen one-dimensionally. The
: initial value is assumed to be similar to the average initial hydraulic conductivity of the specimens
frozen three-dimensionally because they were com

effort and molding water content).
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cycle of freeze-thaw. Thus, for these soils the increase in hydraulic donductivity that
occurs in the field is an order of magnitude larger than the increaée in hydraulic
conductivity measured in the laboratory using one-dimensional. or thr:ee-dimensional
freezing methods. Benson and Othman (1993) repohed a similar difference in their
field and laboratory tests. , | ’

The cause of this difference is not clear. However, the cracks occurring in the
field were more widely spaced and had larger aperture than those 'that occurred in
specimens frozen and thawed in the laboratory (Figs. 5.7 and 5.10 vs. Fig. 5.16).
Furthermore, the ice lenses observed in the core specimens (Fig. 5.9) were more
randomly oriented than those observed in the specimens frozen and thawed in the
laboratory (Fig. 5.16). However, without a more detailed study of chandes in soil fabric
and' structure, the mechanism responsible for the difference in t‘:h,e increase in
hydraulic conductivity occurring in the laboratory and field cannot be éfjetermined with
certainty. 5
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Figure 5.16. Interior of Parkview épecimeﬁ ffozen and thawed in the |éboratory.

. P
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SECTION 6

RESULTS |
SAND-BENTONITE MIXTURE

6.1 FIELD TESTS
6.1.1 Freeze-Thaw Monitoring , :
Temperatures were monitored by CRREL personnel in the sand bentonlte test
pad constructed for the COLDICE project throughout the winter of 1992 93. Freezing
of the test pad began in November 1992 and was steady in mid- to Iate December
1992. In mid- to late March 1993, thawmg became steady. Complete thaw of the test
pad had occurred by the first week in April 1993. The test pad remamed frozen for
about 3.5 months (Erickson et al. 1994).
Figure 6.1 shows a profile of frost penetration over time. Freezing records show
that once steady freezing was established, freeze-thaw cycling only occurred in the
“overburden material and not in the sand-bentonite mixture. Figure 6.1 shows that frost
had fully penetrated the test pad. It was determined that the sand-bentonite mixture
as subjected to one freeze-thaw cycle during the winter of 1982-93 (Flg 6.1).

'
I

6.1.2 In Situ Box Infiltrometers

~ In situ hydraulic conductivity of the sand- bentonite test pad was measured by
(per‘sonnel from CH2M Hill, Inc. after the test pad had been exposed to two winters. A
box infiltrometer (Sec. 4.1.1.2) was used. A hydraulic conductivity of 5 x 10-10 m/s was
measured in June and July 1994 (Erickson et al. 1994). No measurement of field
~hydraulic conductivity was made before the test pad had frozen. =Therefore, no
Comparison of hydraulio conductivity before and after winter could be made. However,
visual examination of the soil during disassembly of the infiltrometer revealed that the
mixture was soft and contained none of the crack structures typically seen in
compacted clays exposed to freeze-thaw. Similar structure was ooserved prior to
“winter when the first set of block specimens was collected. Thus, it appeared that the
sand-bentonite mixture had not been affected by freeze-thaw.

Water content .of the sand- bentonite mixture was measured at three depths
within the box infiltrometer by personnel from the University of Wisconsin-Madison.
Samples were taken at depths of 0. 07 m, 0.14 m, and 0.2 m. The water contents were
42.1, 20.4, and 18.2%, respectively. These water contents were all ’hlgher than the
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water content at which the test pad was compacted (=17%). The high water contents
near the surface of the test pad were probably the result of hydration ?and swelling of
the bentonite. Also, the pr’esence of high water contents in the upper surface of the
test pad indicates that the sand- bentomte mixture was able to retam water after
exposure to freeze thaw. '

6.1.3 Laboratory Assessment of Field-Scale Hydraulic Conductivity

Hydraulic conductivity tests were performed at the University of Wiscorisin-
Madison on block specimens removed from the sand-bentonite test pad. Tests were
performed on three specimens removed before winter and three specfmens removed
after one winter of e'xpo,sure, Results of the hydraulic conductivity tests are
summarized in Table 6.1. ' ‘

Two of the specimens removed before winter (depths = 0-0.3 m| and 0.3-0.6 m)
had high hydraulic conductivity (> 1.0 x 10-8 m/s), whereas the third specimen (depth =
0.15-0.45 m) had very low hydraulic conductivity (3.1 x 10-11 m/s). éThe specimen
having low hydraulic conductivity (intermediate depth (0.15-0.45 m) was permeated for
55 days before the test was terminated. The specimen never met the outflow/inflow
criterion, but the hydraulic conductivity was steady for most of the testmg period. The
final outflow/inflow ratio was approximately 0.2. ' .

The high hydraulic conductivity of the other two specimens was caused by loss
of bentonite (i.e., "piping" of bentonite). The effluent burettes for these speolmens were
clouded with bentonite soon after testing was initiated. :

P|pmg of bentonite also occurred in all three specimens removed from the
sand-bentonite test pad after winter. Bentonite was also present in the effluent

: burettes of all three specimens soon after the hydrauhc conductnvnty testmg began

Hydraulic conductivity tests were also performed at the Umversrty of Wisconsin-
Madison on specimens removed from the sand-bentonite test pad in June 1994 using
a thin-wall sampling tube (drameter =71 mm). Results of the tests are!' summarized in
Table 6.2. The specimens were removed from a depth of 0-0.6 m. The average
hydraulic conductivity for the four sand-bentonite specimens was 1.1 x 10 -10m/s.

Hydraulic conductivity tests were also performed at CRREL_on specimens
removed from the test pad as 71 mm-diameter frozen cores. All of the specimens
exhibited piping of bentonite. Therefore, no laboratory assessmentl of post—winter'
hydrauhc conductivity could be made from the specimens removed as frozen cores or
those removed as blocks ‘
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Table 6.1. Results of hydrauhc conductivity tests on block specnmens removed from
- the sand-bentonite test pad ! -

Sample Depth Hydraulic CbndUctivity
Specimen() -~ (m) (m/s)
SB-Block-Before-1 0-0.3 1.2 x 1077
_SB-Block-Before-2 0.3-0.6 3.1 x 101
SB-Block-Before-3 ~0.6-0.9 2.4 x 108
SB-BIock—After-1 . , 0-0.3 , 6.6 x 107
__SB-Block-After-2 0.3-0.6 | 2.4 x 10”7
' SB-Block-After-3 0.6-09 5.7 x 108

Notes: 5
1. SB = Sand-bentonite; Block = Block specimen; Before = Sampled before wmter After = Sampled

- after winter; -1, -2, -3 = Specimen number. ‘ I

|

Table 6.2. Results of hydraulic conductlwty tests on thin-wall tube specimens
removed from the sand bentonite test pad.

Sample Depth Hydraulic Conductivity

Specimen(1) (m) (m/s)
SB-TW-1 | 0.15 1.3 x 10-10
SB-TW-2 0.25 1.8 x 10-10
SB-TW-3 . 0.35 8.7 x 10-11
SB-TW-4 , 0.45 3.0 x 1011
Note: - ]
1. SB = Sand-bentonite; TW = Specimen sampled using a thin-wall tube; -1, -2, -3, -4 = Specimen
‘number. ‘ v o %
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6.2 LABORATORY TESTS ;
6.2.1 Hydraulic Conductivity- Water Content Relatlonsh:ps |

Hydraulic conductivity was measured for four specimens cpmpaoted with
standard Proctor effort and four compacted with modified Proctor effort (Fig. 6.2).
Results of the hydraulic conductuvnty tests are tabulated in Appendlx A.

Examination of Fig. 6.2 reveals that the hydraulic conductuvnty of the sand-
bentomte mixture is less sensitive to mo!dlng water content than the hydraulic
c‘onductlwty of compacted clays (e d. Sec. 5.2. 1). The results also show that the
hydraulic conductivity of the sand- bentonite mixture is not sensmves to compactive
effort for. molding water contents dry of optimum, which is in direct ioontrast to the
behavior of most compacted clays. . |

One specimen (modified Proctor compactive effort, molding water content =
- 7.3%) showed anomalously high hydraulic conductivity. Bentonite was noticed in the
effluent burette during permeation. Examination of the specimen after it was removed
from the permeameter showed a thin zone devoid of bentonite along the entire side of
the specimen (i.e., "piping" of the bentonite had occurred). This piping ‘explains the
bentonite seen in the effluent and the high hydraulic conductivity that was measured.
Other than the thin zone low in bentonite, the specnmen appeared to be a dense,
,homlogeneous low-conductivity mass. ‘ ) i

- 6.2.2 Standard Freeze-Thaw Tests
Three specimens were compacted at standard Proctor effort at the water content
at which the sand-bentonite test pad was compacted for the COLDICE project (=17%,
- see Fig. 4.12). The hydraulic conductivity of each specimen was measured after 0, 1,
3, and 5 freeze-thaw cycles. All of the specimens were permeated for a/minimum of 30
days. The hydraulic conductivity for each specimen was steady whve:n the test was
terminated. However, the outflow/inflow criterion was not met for any of the specimens
after any number of freeze-thaw cycles. Results of the freeze-thaw tests conducted on
the sand-bentonite mixture are summarized in Fig. 6.3 and Table 6.3. ,

. All'three specimens exhibited piping of bentonite after three freeze thaw cycles

- and one specimen exhibited piping of bentonite after five freeze thaw cycles.
Specimens that exhibited piping of bentonite were removed from their permeameters
and examined. A thin zone (=5 mm wide) appearing low in bentonite was observed
‘along the side of each specimen, which was continuous from one end of the specimen
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|
to the other. To correct the piping problem, a bentonite paste consistihg of powdered
bentonite mixed with tap water was app!red to these zones. The specrmens were
placed in their permeameters and permeated again. Addition of the bentonite paste
alleviated the piping problem. One specimen piped again after 5 freeze-thaw cycles.
The same procedure was used to correct the problem with that specimen

Because zones low in bentonite were only observed on the sides of the . :

~ specimens, piping of bentonite is likely a result of partrole movement under a high
hydraulic gradrent (~30) while thawing and not a direct result of freeze- thaw. '

6.3 COMPARISON OF FIELD AND LABORATORY TEST RESULTS

A summary of the results of the field and laboratory hydraulic conductlwty tests
is shown in Table 6.4. A quantrtatrve comparison of field- and laboratory -scale
hydraulic conductivities for the sand-bentonite is difficult because the quantity of field
data is sparse. All but one of the block specimens removed from the test pad before
winter piped and all of the block specimens removed from the test pad after winter
piped. Nevertheless, a qualitative comparison between the effect of Efreeze-thaw on

sand-bentonite at field- and laboratory-scales is possible. '

Visual examination of the soil within the box infiltrometer revealed that the
hydraulic integrity: of the sand-bentonite mixture was not deleteriously affected by
exposure to freeze-thaw. The top of the sand-bentonite within the box infiltrometer
was soft and saturated, whereas soil within the box infiltrometer {nstalled in the
Parkview clay test pad was cracked and did not prevent the flow of Water (Sec. 5.1.2).
The high water contents which decreased with depth (Sec. 6.1.2), occurred because
the sand-bentonite mixture restricted infiltration and allowed the bentomte to swell.
These conditions are consistent with the low hydraulic oonductrvrty that was measured
by Erickson et al. (1994) after two winters of exposure and two freeze thaw cycles
(Table 6.4). |

The block specimens removed before and after winter exposure were examined
following permeation to observe their structure. The specimens Aw?ere opened by
prying them apart with a long screwdriver. This method prevents smearing of the
specimen, which occurs with a saw or blade. Zones rich in bentonite were found when
the specimens were cut open (Fig 6.4), which are believed to be the result of poor
mixing of the sand and bentonite during preparation. The high hydraolic conductivity
of the block specimens was most likely the result of insufficient mixing of the sand and
bentonite and not freeze-thaw, because high hydraulic conductivities were measured
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- Table 6.3. Results of freeze-thaw tests on sand-bentonite specimens compacied in

the laboratory.

Hydraulic Conductivity After n Freeze- |
Initial Thaw Cycles, Kn ]
Hydraulic (m/s) ' -
Conductivity | : )
| ) | Ks
Specimen()| - (m/s) Ky Ks Ks Ko
SB-3D-1 1.5x10" | 22x 1017 | 1.9x 1077 | 51 x 10-11 3.4
SB-3D-2 1.4 x 10-11 1.7 x 10-11 1.6 x 1011 | 3.0x 1011 2.1
SB-3D-3 1.6x10-1 | 32x 1017 | 1.8x 1017 | 2.1 x 10-11 1.3

' Notes:
1.

SB = Sand-bentonite; 3D = Specimen was frozen and thawed three-dimensionally; -1, -2, -3 =
Specimen number. ‘

Ks/Ko = Hydraulic conductivity of specimen after 5 freeze-thaw cycles divided by the hydraulic
conductivity before exposure to freeze-thaw. S

Table 6.4. Summary of freeze-thawrtest results for sand-bentonite mixture.

' Hydraulic Conductivity, K, by Sampling Method
(m/s) 5
Laboratory
Box Block ~ Thin-Walled Compacted
Infiltrometers(1) | Specimens(?) Tubes® Specimens(4)
Before E
Freeze-Thaw __N/A®G) 3.1 x 10-11 N/A 1.5 x 10-11
After ‘ : :
Freeze-Thaw <5x10-10 N/A 1 1.1x1010 3.4 x 10-11
K o v
%B © N/A N/A N/A 23
Notes: P ‘
1., Hydraulic conductivity was only measured after winter using a box infiltrometer (Erickson et al. 1994).
2. Before freeze-thaw value is for one specimen (depth = 0.15-0.45 m). All of the specimens removed
after winter piped. !
3. Specimens were only collected in thin-wall sampling tubes after winter. :
4. Values are averages for three specimens. After freeze-thaw value is the average hydraulic
conductivity of three specimens after 5 cycles of freeze-thaw. o
5. N/A = not available.
6.

Ka/Kp is defined as the ratio of average‘béfore freeze-thaw hydraulic conductivify to average after
freeze-thaw hydraulic conductivity. : -‘




for specimens removed from the test pads before and after winter. Examrna’rron of the
block specimens also showed that exposure to freeze-thaw did not result in cracking of
the sand-bentonite (Fig. 6.4) as was observed for the Parkvrew and Valley Trail clays -
(Sec. 5.1.3.4). . - |
The freeze-thaw tests performed on the specimens prepared in the laboratory
also showed that freeze-thaw did not affect the hydraulic conductrvuty of the sand-
bentonite mixture (Fig. 6.3). A two-tailed t-test was performed to compare the mean
hydraulic conductivity after five freeze-thaw cycles and the mean: initial hydraulic
conductivity. A confidence interval of 0.05 was used, which corresponds to a critical t-
score (tor) of 2.13. A t-statistic of 1.89 was calculated, which is less than ter. Therefore,
freeze-thaw had no statistically significant effect on the hydraulic conducttvrty of the
sand-bentonite mixture. Furthermore, the internal structure of the sand-bentonite

| specimens showed no signs of cracking in the frozen or thawed states (Frg 6.5).
The specimens collected in thin-wall tubes also had low hydraulic conductivity.
One of the specimens was opened to reveal the soil structure after exposure to freeze-

thaw. Figure 6.6 is a photograph of the opened specimen. A homogeneous soil mass

is evident; none of the crack structures typically seen in compacted clays subjected to
freeze-thaw exist. Thus, based on similar structures existing in the box infiltrometer,
block specimens, thin-wall tube specimens, and laboratory compacted specrmen and
the low hydraulic conductivity measured in both the field (box rnfrltrometer) and
laboratory (laboratory compacted specimens), it is inferred that freeze thaw does not
affect thrs sand-bentonite mixture. !
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Sand-Bentonite
Laboratory Compacted
Specimen
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Figure 6.5. Photograph of internal structure of sand-bentonite specnmen compacted
in the iaboratory and subjected to freeze thaw.
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Figure 6.6. Photograph of the internal structure of sand-bentonite specimen removed
from the COLDICE test pad after winter using a thin-wall tube.
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SECTION 7

RESULTS
GEOSYNTHETIC CLAY LINERS (GCLs)

7.1 FIELD TESTS
7.1.1 GCL Test Ponds and Pans :

Temperatures beneath the GCLs were monitored by CRREL personnel during
the winters of 1992-93 and 1993-94 in the test ponds and over the winter of 1993-94 in
the test pans (Fig. 7.1). From the temperature data, it was determined:! that the GCLs in
the test ponds underwent 2 freeze-thaw cycles (one each winter) and the GCLs in the
test pans underwent 1 freeze-thaw cycle. Hydraulic conductivity of the GCLs was
measured in the GCL test pans before and after the winter of 1993- 94 by monitoring
outflow. Hydraulic conductivity of the test ponds was not measured because of
problems caused by leaks (Erickson et al. 1894). Results of the hydrauhc conduc’uwty'
tests are summanzed in Table 7.1. '

Seepage was collected before winter from all but one of the test pans (Erickson
et al. 1994). The GCL test pan from which no seepage was collected apparently was
still hydrating when seepage monitoring was terminated. Analysns of the seepage data
showed that all of the GCLs had low hydraulic conductivity (=1.0 x 10,10 to 2.8 x 10-10
m/s). ,
~ All of the GCL test pans had measurable amounts of seepage aﬁer winter. The
average post-winter hydraulic conductivities of the Bentomat® and Claymax® GCL test
pans were 1.4 x 10-10and 2.9 x 10-10 m/s, respectively (Erickson et al. 1994).

‘The effect of freeze-thaw on the hydraulic integrity of seamed GCLs can be
examined by comparing the average ‘post- -winter hydraulic conductmty of specimens
containing seams with the post-winter hydraulic conductivity of the specnmen without a
~seam for each GCL type. The average hydraulic conductivity of the seamed Bentomat®
- specimens after exposure to freeze-thaw was 1.7 x 10-10 m/s, which is slightly higher
than the post-winter hydraulic conduc’uvnty of the unseamed Bentomat® specnmen (1.0x
10-10 m/s). The two seamed Claymax® specimens had an average post-winter
hydraulic conduct:v;ty of 5.0 x 10-10 my/s, whereas the unseamed Claymax® specimen
had a post-winter hydrauhc conductivity of 2.8 x 10-10 m/s. Thus shghtly higher post-
winter hydraulic conductivities were measured for the seamed specimens for both GCL
types. Nevertheless, the change in hydraulic conductlwty is so small that it is safe to
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Figure‘ 7.4. Temperature vs. time beneath the GCLs in the COLDICEEtest ponds for
the winters of 1992-93 (a) and 1993-94 (b) (from Chamberlain 1994,
personal communication). :
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Table 7.1.  Summary of hydraulic conductivity test results for the GCL test pans used
in the COLDICE project (from Erickson 1994, personal communication).

Before-Winter | After-Winter
Hydraulic Hydraulic Ky (1)
Conductivity Conductivity Ky
Specimen Seam? (m/s) (m/s)

Bentomat®, 1.8 m2 | Yes | 1.5x10-10 1.9 x 1010 1.3
Bentomat®, 0.7 m2 Yes - 1.0 x 10-10 1.4 x 10-10 14
Bentomat®, 0.7 m2 No no outflow 1.0 x 10-10 _ N/AR)
Claymax®, 1.8 m2 Yes 2.8 x 10-10 7.0 x 10-10 25.0 .
Claymax®, 0.7 m2. | Yes 2.0 x 10-10 3.0 x 10-10 1.5
Claymax®, 0.7 m2 No 2.4 x 10-10 2.8 x 1010 1.2

Note:

1. Ka/Kp is defined as ‘the ratio of after-winter h

conductivity.
2. N/A = Not Applicable

94

ydraulic conductivity to beforé-winter hydrautic




conclude that the hydrauhc integrity of these GCLs was not affected by exposure to
freeze-thaw. ‘

7.1.2 Laboratory Assessment of Field- Scale Hydraulic Conductnv:ty
Hydraulic conductivity was measured on GCL specimens removed from the
COLDICE GCL test ponds after exposure to-two winters (i.e., two freeze—thaw cycles).
‘Methods described in Sec. 4.3.1.2 were followed. The hydraulic conductlwty tests
required less than one week to meet the termrnatron criteria. Results of the tests are
summarized in Table 7.2. ]

Hydraulic conductivity was measured on two 0.45 m- drameter specimens of
Claymax® and two 0.30 m-diameter specimens of Bentomat®. Ongmally, the
Bentomat® specimens had a diameter of 0.45 m. However, very hlgh flow rates were
meatsured when they were permeated. To determine the cause of the high hydraulic
c.onductrvrty, rhodamine dye was added to the influent water to stain'the flow paths.
Examination of the specimens after the pérmeameter was disassembled showed that
sidewall leakage occurred because of short- -circuiting through geotextiles near the edge
of each specimen.  To eliminate this problem, the Bentomat® specrmens were trimmed
to a diameter of 0.30 m and re-tested.

The hydraulic conductivities of the Bentomat® specimens were 2. 5 x 108 and 1.7
x 10- 19 m/s, whereas the Claymax® specimens had hydraulic conductivities of 3.5 x 10-
10 and 6.3 x 10-19 m/s (Table 7.2).” The high hydraulic conductivity for the one 0.30 m-

- diameter Bentomat® specrmen (BMT-PND-1) was measured after attempts were made
1o prevent sidewall leakage. The high hydraulic conductivity of specrmen BMT-PND-1 is
attributed to either sidewall leakage that could not be corrected or dlsturbance during

hancllmg, but not freeze-thaw.
' ~ Figure 7.2 is a photograph of the two Bentomat® specimens after hydraulic
conductivity testing. The bentonite component of the Bentomat® specrmen BMT-PND- 1
shows no structural changes often attributed to freeze-thaw (e.g., cracks), and appears
similar to the bentonite component of the Bentomat® specimen havmg low hydrauitc
conductrvrty (BMT-PND 2) ; '
7.2 .ABORATORY TESTS
7.2.1 Laboratory-Scale Hydraulic Conduptrwty Tests

- Hydraulic conductivity tests were performed on three 0.15-m- drameter specimens

of Bentof|x® and Bentomat® and four 0.15-m- -diameter specimens of Claymax® Initial

05




Table 7.2.  Results of hydraulic conductivity tests on GCL specxmens removed from

the COLDICE test ponds
Diameter Hydraulic Conductivity
Speciment (m) - (m[s)
BMT-PND-1 | 0.30 © 2.5x10®
BMT-PND-2 0.30 1.7 x 10-10
CMX-PND-1 0.45 3.5x 10-10
CMX-PND-2 0.45 6.3 1’0-10

Note:

1. BMT = Bentomat®; CMX = Claymax® PND = Specnmen removed from test pond 1 -2 = Specimen
number .

[
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Figure 7.2.

Bontnmay
D, Sppc"_m’n
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Photograph of the two Bentomat® specimens removed from the GCL test
ponds at the COLDICE field site.
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saturatlon of the specimens requrred 3to4 weeks Dunng this penod the hydraulic
conductivity decreased and the ratio of outflow to inflow increased, both slowly, as the
bentonite hydrated. Hydraulic conductivity tests conducted after freeze thaw required
about 1 to 2 weeks before the termination criteria were met. In contrast to the tests
performed before freezing, the hydrauhc conductivity was essentially steady from the
onset for the GCLs exposed to freeze-thaw and the outflow/mflow ratio fell between 0.75
and 1.25 immediately followmg initiation of the tests . |
Results of the hydraulic conductivity tests are summarized in Figs. 7.3-7.5 and '
Table 7.3. All of the hydraulic conductivities are low, ranging between 29 x 101t m/s
and 4.9 x 10-11 m/s for the initial condition and 1.7 x 10-1! m/s and 3.3 x 10-11 m/s for the
specimens exposed to 20 cycles of freeze-thaw. In the initial condition athe Bentomat®
GCLs had slightly lower hydraulic conductivity (3.0 x 10- -11 m/s) on average relative to ’
the Bentofix® (4.5 x 10-1" m/s) and Claymax® (4.0 x 1011 m/s) GCLs. After 20 cycles of
freeze-thaw, the Bentomat® GCLs still had shghtly lower hydraulic conductrvrty (1.8 x
10-11 m/s), relative to the Bentofix® (2.6 x 10-1! m/s) and Claymax® (2 8 x 1011 m/s)
GCLs.. Furthermore for all three GCLs a small decrease in hydraulic conductxvrty
apparently occurred as a consequence of freeze-thaw (Figs. 7.3-7. 5). Thrs decrease in
hydraulic conductivity is likely the result of thaw consohdatron (Chamberlam and Gow
1979) or rearrangement of the bentonite particles. ‘ ; ’
| The slight decrease in hydraulic conductivity that occurs is‘evidfent in the ratio
K20/Ko, which is defined as the hydraulic conductivity of a specimen after 20 cycles of
freeze-thaw divided by its initial hydraulic conduCtivity (Table 7.2). The ratio varies
between 0.55 to 0.66 for the Bentomat® GCLs, 0.45 to 1.10 for the Bentofix® GCLs, and
0.57 to 0.89 for the Claymax® GCLs. That is, for all but one of the GCL specimens, a
slight decrease in hydraulic conductivity occurred after 20 cycles of freéze thaw. The

one specimen that. exhibited an increase in hydraulic conductivity after 20 freeze thaw

cycles (Bentofix®-1) showed a decrease in hydraulic conductivity after 1,3, and 5
freeze-thaw cycles, relative to its initial hydraulic conductivity. :

‘ To determine if the apparent decrease in hydraulic conductivity was statistically
S|gnmcant at-test was conducted to compare the mean initial hydrauhc conductivity and
the mean hydraulic conductrvnty after 20 cycles of freeze-thaw for each GCL. The
comparison was made at a significance level of 0.05, with a cvorrespondlng critical t (i¢r)
of 1.96. Results of the test indicate that the reduction in hydraulic conductivity is
significant for each GCL, with t-statistics of 14.7 (Bentomat®), 3.2 (‘Bentfofix®), and 2.2
(Claymax®); i.e., t > ts for each GCL. '
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7.2.2 Structure of Frozen Specimens

The structure of the GCLs was examrned to determine why the hydraulic
conductivity of GCLs does not change when they are frozen and thawed, whereas an

increase in hydraulic conductivity is generally observed for compacted clays subjected
to freeze-thaw. The increase in hydraulic conductivity occurring in compacted clays is

attributed primarily to cracking (e. g., Fig. 5.10) that occurs durlng freezmg (Chamberlain _

et al. 1990, 1994, Othman and Benson 1993).

A band saw was used to cut open hydrated specimens of each GCL ‘while they
were frozen. Two cuts were made; the first cut was made along the diameter of the
specimen to obtain a vertical cross-section, the second cut was made parallel to the
geosynthetic layers to obtain a horizontal cross-section. A razor blade was used to
remove smeared soil that formed during sawing. The exposed frozen faces were
examined and photographed. |

Small ice crystals in a random orientation existed in the face of each specimen
(Fig. 7.6). However, large ice lenses and dlstmct cracks, such as those observed in
frozen compacted clays by Othman and Benson (1993) and Chamberlam et al. (1990,

1994), did not exist in the GCLs. The lack of such cracks is consrstent with the low
hydraulic conductivity measured after thawing. ‘ ‘

Figure 7.7 is a photograph of two hydrated GCL spec:mens One of the

specimens has been exposed to 20 cycles of freeze-thaw and the other has never been

exposed to any freeze- thaw (initial saturation condition). Both specimens in Fig. 7.7
have similar structure.  Their nearly identical structure, which is devoid of cracks, is
consistent with the similarity of their hydraulic conductivities. Apparently, the voids
containing ice lenses collapse as the bentonite returns to its soft, highly plastlc condltlon
dunng thawmg v ‘ -

7.2.3 Bentonite in Effluent , = ‘
Bentonite was observed in the graduated cylinders used to collect effluent durlng

hydraulic conductivity testing. Bentonite appeared from the Bentofix® specrmens after 3 7

freeze-thaw cycles, from the Bentomat® specimens after 5 freeze-thaw cycles and from
the Claymax® specimens after 20 freeze- thaw cycles. Migration of bentonite from
Claymax® and Bentomat® GCLs has also been reported by Estorneli and Daniel (1992)
in large bench-scale tests. In this study, mlgratlon of the bentonite probably occurred as
a consequence of particle movement that ‘occutred during freezing and thawmg




Figure 7.6. 7 Photograph of section of frozen Claymax® GCL
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Figure 7.7. Photograph of hydrated Bentoma{® 'specimené béforé and after freeze-
thaw. !

P

103




The presence of the bentonite in the effluent was a concerﬁ, because if a
sufficient quantity of bentonite was lost, an increase in hydraulic cohductivity could
result. HoWever the quantity of expelled bentonite was small (about 0 E4% of the mass
of the effluent, <0.01% of the mass of the GCL specimen) and had no rnﬂuence on the
overall hydraulic integrity of the GCLs (Flgs 7.3-7.5). -

7.3 COMPARISON OF FIELD AND‘ LABORATORY TEST RESULTS * l ,
In general, the hydrauhc conductivities measured in the field (or i m the Iaboratory :
with specimens removed from the field) were greater than those measured in the
laboratory, regardless of whether the tests were conducted before or after freezing. The
higher hydraulic conductivities observed in the field were likely the resulf of different test
conditions. For example, the effective stress and hydraulic gradient were lower in the
- field, which has been shown to result in higher hydraullc conductivity of GCLs (Estornell
and Daniel 1992). These conditions are difficult to simulate in flexible-wall
permeameters. More important, however, is that no significant increase in hydraulic
conductivity was observed in the field or laboratory tests. The Iack of change in
hydraulic conductivity is consistent with the lack of change in structure observed in the
field and laboratory specimens (Figs. 7. 2and 7. 7). Thatis, no cracks were present in

| ~ any of the GCLs that had been subjected to freeze-thaw.

The GCL specimens tested in the field that contained seams had shghtly hrgher
hydraulic conductivities than the GCLs without seams, both before and after freeze-
thaw. The higher hydraulic conductivity of the seamed specrmens may have been
caused by the construction methods that were used or freeze-thaw. Addmonal research
o regardmg how freeze-thaw aﬁects GCL seams should be conducted
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SECTION 8

RESULTS |
'PAPER MILL SLUDGES

8.1 FIELD TESTS
8.1.1 Compaction of Pipe Specimens
"~ Pipe specimens were constructed by compactmg paper mill sludge in large

PVC pipes (diameter = 0.35 m, length = 0.6 m). Six specimens were constructed (two
specimens per. sludge) using a compactive energy equal to standard Proctor effort
(692.5 kd/m3). Molding water contents of 90, 120, and 130% were used for sludges A,
B, and C, respectively. These water contents correspond to the Water contents
yielding the lowest hydraulic conductivities for specimens used to: determme the
hydraulic conductivity-water content relationship for each sludge (see Sec. 8.2. 1).

Ensunng uniform water content within each specimen was difficult. The paper
mill sludges were dried to the molding water contents from their as- recelved water
contents in a large, forced-air walk-in oven in the Structures and Materlals Testing
Laboratory at the University of Wisconsin- Madison. The oven temperature was
approximately 70°C. Approxnmately 100 kg of each sludge was dned at one t{ime
using large pans. Mixing of the sludge to ensure uniform drying was dlfflcult because
of the volume of sludge being dried. To alleviate this problem, the . partially dried
sludge was homogenized in sealed high density polyehtylene (HDPE) drums for 48
hours prior to compaction. This ‘ensured a more uniform distribution of water in the
sludge; however, the water content still varied within each specimen by up to 20%.
" Nonetheless, the water content of each lift was greater than the target water content
corresponding to low hydraulic conductivity of the laboratory- compacted specimens
(see Sec. 8.2.1), whrch also results in low hydrauhc conductlvrty (< 1 X 10 9 m/s).
8.1.2 Freeze- Thaw Monitoring of Field Speclmens

. The field specimens were buried in the ground outside the Envnronmental
Geotechmcs Laboratory at the University of Wisconsin- Madison on Deceémber 1, 1993.
Air temperature, relative . humldrty, and temperatures within the specamens were
recorded every hour throughout the winter of 1993-94 using a Campbell Scientific
CR10 Datalogger. A photograph of the momtonng system rs shown in Frg 4.18. The
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other three specimens (control specimens) were permeated in the Iaboratory using the
procedure described in Sec. 4.4.1.3. :

" Freezing began in mid-December 1993 and was steady later that same month.
Thawing began in early February 1994 and complete thaw of the lspecrmens had
occurred by mid-March 1994. Figures 8.1-8.3 show the temperatur:e distribution in
each of the sludge specimens over time. One freeze-thaw cycle occurred in each
specimen, and frost penetrated the entire thickness of each specrmen (Figs. 8.1-8.3).
- The pipe specimens were removed from the ground immediately after thaw was

| complete in spring 1994. '

 8.1.3 Hydraullc Conductrvrty of Prpe Specimens
’ Two methods were used to measure the hydraulic conductrvrty of each pipe
speumen (field and control specimens). First, the specimens were permeated in the
“PVC pipes, as if the pipes were rigid-wall permeameters. Permeatrqn of the control
specimens was conducted immediately following compaction, whereas permeation of
the field specimens was conducted soon after they were removed from the ground.
Second, after permeation, specimens were removed from the prpes in slices and
.permeated in flexible-wall permeameters. Details of the testing procedures are
‘described i in Sec. 4.4.1.3. Results of hydraulrc conductivity tests performed on the plpe
specimens are summarlzed in Table 8.1. : : -

8.1. 3 1 Hydraulic Conductivity Measured in Pipes

For each sludge, higher hydraulic conductivities were measured for the control
specimens than for the specimens exposed to freeze-thaw. The control specimens
had hydraulic conductivities ranging from 1.2 x 10-9 to 8.2 x 10-9 ‘m/s, whereas the field
specimens exposed to one cycle of freeze- thaw had hydraulic conductrvrtres rangmg
from 3.0 x 10-10t0 4.1 x 10-19 m/s. That is, the hydraulic conductrvrty of each sludge
decreased by at least one-half order of magmtude after exposure to freeze-thaw.
These results suggest that the hydraulic integrity of these Ppaper mlll sludges is not
deleteriously affected by freeze-thaw.

8.1.3.2 Hydraulic Cohductivity Measured in Flexible-Wall Permeameters
After permeation, each pipe specimen was sliced horizontally so that two
specimens were obtained for hydraulic conductivity testing in flexible-wall

A
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permeameters. The specimens were either 0.30 m or 0.15 m in dlameter (Table 8.2).
Details of the testing procedure are summarized in Sec. 4.4.1.4.

Results of the hydraulic conductivity tésts are summarized in Table 8.2. The
hydraulic conductivities varied widely, ranging from 7.3 x 10-11 m/s (sludge A, no
 exposure to freeze-thaw) to 6.2 x 10-9 m/s (sludge A, exposed to freeze-thaw).
Furthermore, the hydraulic conductivities of the spec:mens exposed to freeze-thaw are
‘higher than those for the correspondmg control specnmens which is |n direct contrast
to results of the hydraulic conductivity tests performed directly on the ipipe specimens
(Sec. 8.1.3.1)." Also, all of the control specimens tested in flexible- wall permeameters
have lower hydraulic conductivities than the hydraulic conductivities m_easured directly
in the pipes, whereas the hydraulic conductivities of the specimens exbosed to freeze-
thaw that were tested in flexible-wall per.meameters‘are higher than the hydraulic
conductivities measured directly in the pipes from which they were removed. The only
exception is sludge C, where the hydraulic conductivities are essentially the same.

Two hypotheses are provided for this behavior. First, disturbance may have
occurred when pipe specimens exposed to freeze-thaw were removed from the
‘ ground or sliced for testing in flexible-wall permeameters. That is, icracks or other
macroscopic defects may have been opened when the specimens V\:/ere transported
inside the laboratory or when specimens were removed from the pipes. Second, the
effective stress in the pipes (1 6 kPa) was lower than the effective‘i stresses in the
specimens tested in the flexnble wall permeameters (18 kPa). Thus, the pipe

specimens should have hlgher hydraulic conductivity (see Sec. 8.2. 3) However this
second hypothesis only explains the behavior of the control specimens.

As a result of these ambiguities, the results of the small- scale field tests are
inconclusive, in that exposure to freeze-thaw resulted in a decrease in hydraulic
~conductivity for the pipe speoimens and resulted in an i‘ncrease in' hydraulic’
conductivity for specimens tested in flexible-wall permeameters. The results of the
tests conducted directly in the plpes are probably more representatuve of the field
- condition. . Nonetheless, a larger field study is needed to adequately address how
freeze-thaw affects the in situ hydraulic conductivity of paper mill sludges.”
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Table 8.1.

Results of hydrauhc conductnvnty tests on paper mill sludge conducted in

the pipes.
f
: Change in
Hydraulic conductivity of | Hydraulic Conductivity of Hydraulic
Control Specimen Field Specimen Conductlvnty( )
(no exposure to (exposure to ; K
freeze-thaw), K¢ freeze-thaw), Ks K
Sludge (m/s) (m/s) ¢
- A 1.2x10° 3.5x 1010 . 0.29
B 8.2 x 109 3.0x 1010 - 0.037
C 1.2 x10-° 4.1 x 10-10 0.34
Note:

1. Change in hydraulic conductivity is defined as the hydraulic conductivity of the field specimen (Kj)
divided by the hydraulic conductivity of the control specimen (K¢).

Table 8.2.

i
t

Results of hydraulic conductivity tests on sludge spemmens tested in
flexible-wall permeameters

Hydraulic ‘
Hydraulic Conductivity of |
Specimen | Conductivity, Parent Pipe Kooy @
o Diameter Kilex Specimen, Kp Kex
Specimen(1) (m) (m/s) (m/s) P
SLA-Control-T 0.30 8.9 x 10-11 0.07
SLA-Control-B 0.30 7.3 x 1011 1.2x10° 0.06
SLB-Control-T 0.30 2.8 x 10-10 0.03
SLB-Control-B 0.30 3.1 x10-10 8.2 x 10-9 0.04
SLC-Control-T 0.30 1.0 x'10-10 0.08
SLC-Control-B 0.30 1.6 x 10-10 1.2 x10° 0.13
' SLA-Field-T 0.15 6.2 x 10-9 ‘ 18
SLA-Field-B 0.15 5.0 x 109 3.5 x 10-10 14
SLB-Field-T 0.30 1.1x 10° ‘ _ | 3.7
‘ SLB-Field-B 0.15 1.2 x 10 3.0x 1010 ‘ 4.0
: _ SLC-Field-T 0.30 5.5 x-10-10 ' 1.3
SLC-Field-B 0.30 1.8 x 10-10 4.1 x 10-10 0.4

Notes:

1. SLA = Sludge A; SLB = Sludge B; SLC = Sludge C; Control =

Specimen taken from control pipe

specimen {no freeze-thaw -exposure); Field = Specnmen taken from field pipe specimen (exposure to

‘freeze-thaw); T= Specnmen was taken from top of pipe specimen (depth < 0.3 m) B= Spemmen was

taken from bottom of pipe specimen (depth > 0.3 m).

2. Kilex/Kp = Hydraulic conductivity of specimen tested in flexible-wall permeameter dwaded by hydraulic
conductivity of parent pipe specimen (taken from Table 8.1) .
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8.2 LABORATORY TESTS
8.2.1 Hydraulic Conductivity-Water Content Relationships
Hydraulic conductivity tests were performed on the specxmens compacted to
obtain the compaction curves described in Sec. 3.3.2. Figures 8. 4 8.6 show the
relationship between hydraulic conductivity and molding water content for sludges A,
B, and C, respectively. Individual results of the hydraulic conductivity tests are
tabulated in Appendix A. The tests required up to 45 days to reach steady conditions.
The hydraulic conductivity of each sludge is sensitive to molding water content
(Figs. 8.4-8.6); i.e., the specimens com'pacted at molding water contents dry of
Optimum have high hydraulic conductivities, whereas specimens cotnpacted wet of
optimum have low hydraulic conductivities. Furthermore, wet of optimum water
content, hydraulic conductivities less than 1 x 10-° m/s were obtained for each sludge
- This behavior was also observed for the two clays used in this study (Sec. 5.2.1) and is
characteristic of most clayey soils. The high percentage of fines in paper mill sludge
(Sec. 3.3.1) is likely responsible for the similarity in hydraulic behaviior of paper mill
sludge and compacted clay. : '

8.2.2 Standard Freeze-Thaw Tests ' ‘ i

Hydraulic conductivity tests were performed on six specimens of sludge A and
five specimens of sludges B and C after a various number of freeze-thaw cycles.
Specimens of each sludge were compacted using standard Proctor effort at water
contents yielding the lowest hydraulic conductivities ("low-K" water content) and at the
water contents at which the sludges were received at the Universit)f/ ‘of Wisconsin-
Madison ("as-received" water contents). Four specimens of sludge A and three
specimens of sludges B and c were compacted at their low-K water contents and two
‘specimens of each sludge were compacted at their as-received water contents.
Results of the hydraulic conductivity tests on these speCImens are.summanzed in
Table 8 3 and Figs. 8.7- 8 9. |

8221 Low-K Moldlng Water Contents

Some of the low-K specimens of sludge A showed an increase in hydrauhc
conductivity after exposure to freeze-thaw, whereas others did not (Fsg 8.7). The two
low-K specimens of sludge A frozen and thawed five times without permeation after
each freeze-thaw cycle showed an increase in average hydraulic conductivity
hydraulic conductivity (27 times), whereas the two identical specimens permeated
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| after each freeze-thaw cycle showed a slight decrease in average hydraulic
r‘onductrvrty after exposure to freeze-thaw. ‘ !

~ All of the low-K specimens of sludge B showed an increase in hydraulic
conductivity of approximately 2 orders of magnitude after being exposed to freeze-
thaw (Fig. 8.8). One of the low-K specimens was frozen and thawed five times without
intermediary permeation. The hydraulic conductivity of this specimen also increased
- approximately two orders of magnitude. = Similar results were obtarned for the other
two low-K specimens of sludge B that were permeated after 0,1,2, 3 and 5 freeze-
thaw cycles.

All of the low-K specimens of sludge C showed an mcrease in hydrauhc
conductivity after exposure to freeze-thaw (Frg 8.9). All of the low K sludge C
specimens were permeated after each freeze-thaw cycle, up to five,. except for one
specimen which was not permeated after its third cycle. The average hydraulic
conductivity of the three low-K sludge specrmens mcreased approxrmately one order-
of magnitude as a result of freeze- thaw '

8.2.2.2 As-Received Mold/ng Water Contents !

One of the specimens of sludge A compacted at its as- recelved water content
showed a decrease in hydraulic conductivity after exposure to freeze-thaw. This
specimen was permeated after each freeze-thaw cycle. The other specrmen of sludge
A was permeated after 0, 1, and 5 freeze-thaw cycles and showed a shght (1.6 trmes)
increase in hydraulic conductivity as a result of freeze-thaw. :

The two specimens of sludge B compacted at the as- received water content
were permeated after each freeze-thaw 'cycle These specrmens had a higher
average initial hydrauhc conductivity than the low-K specimens, but had a srmriar,
hydraulic conductrvrty (=4.0 x 108 m/s) after five freeze-thaw cycles. | :

Both of the specimens of sludge C compacted at the as-received water content
‘ were permeated after each freeze- thaw cycle. The initial hydraulic conductrvrty and
the hydraulic conductivity after five freeze-thaw cycles was essentrally the same.
However, at an intermediate number of freeze-thaw cycles (1, 2, 3, and 4) the
hydraulic conductivities of the specimens varied; i.e., one specrmen showed an
increase in hydraulic conductrvrty after two freeze-thaw cycles and no increase after
: subsequent cycles, whereas the other specrmen showed a steady mcrease in
hydrauhc conductrvrty with each freeze-thaw cycle (Fig. 8.9).
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.2.3 Effective Stress Tests ; ‘
Hydraulic conductivity were performed on one specimen of each sludge
compacted with standard proctor effort at the low-K water content (Sec 8.2.1). The
specimens were placed in flexible-wall permeameters and permeated at effective
stresses of 7, 35, 46, and 81 kPa. Approximately one week of consolldatlon occurred

‘between each stage of permeation. Results of the effective stress  tests are' .

summarized in Fig. 8. 10, ‘ |

The hydraullc conductlwty of all three sludges decreased as a result of
increasing the effective stress. However, after an effective stress of 46 kPa, the
subsequent decrease in hydraulic conductivity was small (Fig. 8. 10) Srmllar behavior
{decreasing hydraulic conductivity with increasing effective stress) was observed fora
paper mill sludge tested by Zimmie et al. (1994). - ,

The hydraulic conductivities of sludges A and C were essentrally the same at
~ each effective stress, whereas the hydraulic conductivity of sludge B was slightly
hig her. The hydraulic conductivity of each sludge was less than 1 x 10 9 m/s at every
effective stress tested, except for the specimen of sludge B permeated at an effectlve
stress of 7 kPa

8.2.4 Long-Term Hydraullc Conductlvrty Tests . |
Hydraulic conductlvrty was measured on two specrmens of each papel mlll
sludge compacted at standard Proctor effort over a period of at least 90 days to
determine whether or not biological decay of the paper mill sludge would adversely
impact hydraulic conductrvrty ‘One specimen of each sludge was compacted at the
low-K water content and the other was compacted at the as- recelved water content.
‘(Sec 4.4.2.2). Results of the long-term hydraulrc conductivity tests are shown in Figs.
1 8.11-8.13. B : » : ,
The two specimens of sludge B had higher hydraulic condubtlvlty than the
‘specimens of sludges A and C compacted at their respective low-K and as-received
water contents. Examination of Figs. 8.11-8.13 shows that the hydraulic conductivity of
each specimen decreased slightly over the time interval during whrch the tests were
performed. Thus, biological decay appears to have no adverse rmpact on hydraulic
<‘onductrvrty, at least for the test period used in this study.
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~ Hydraulic conductivity tests performed on specimens compacted in compaction
molds to construct the compaction curves for each sludge indicate that low hydraulic
conductivities (< 1 x 109 m/s) can be achieved for each sludge. | Based on this
behavior, paper mill sludge could be used as an alternative to compacted clays for use
in landfill final covers. However, results of the hydraulic conductivity Ftests performed
7 ‘on the specimens compacted and frozen in the Iaboratory indicate that the hydraulic
conductivity of some paper mill sludges (e g., sludges B and C) can be affected by
exposure to freeze-thaw. Nevertheless, it appears that some sIudgesr(e.g., sludge A)
may be frost resistant, depending on the hydrologic conditions to twhich they are
-exposed. For example, the hydraulic conductivity of sludge A depends on whether or
not it is permeated after each freeze-thaw cycle. That'is, a decrease in hydraulic
conductivity occurs when the specimen is permeated, whereas :an increase in
“hydraulic conductivity occurs if it is not permeated. | !

Effective stress tests performed on the three paper mill sludges mdrcate that the
hydraulic conductivity of the sludges decreases with increasing effectNe stress up to a
certain effective stress, after which no significant decrease in hydraulrc conductlvrty
occurs. Hydraulic conductrvrtres as low as 1 x 10-10 m/s were observed for specrmens
of sludges A and C at effective stresses greater than 46 kPa. Thus, extra overburden
placed to protect paper mill sludge from frost penetratron used in final covers may also
reduce the hydraulic conductivity of the sludge substantrally :

Long- term hydraullc conductlvrty tests performed on the' three sludges
compacted at two different water contents indicate that the hydrauhc conductivity
slightly decreased over the test period. The decrease in hydraulic conductrvrty is likely
the result of consolidation under the 7 kPa overburden stress induced by the lead
weight. Maltby and Eppstein (1994) observed consolidation and:a decrease in

hydraulic conductrvrty over time in their large-scale field study. Based on the results

obtained in this project and the experiments of others, paper mill sIudges are likely to
. perform well for a long period of time provided they are protected agalnst detnmental
~ stresses such as freeze-thaw.

8.3 COMPARISON OF FIELD AND LABORATORY TEST RESULTS
Because the results of the hydrauhc conductivity tests performed on the pipe

specimens and the specimens removed from the pipes were lnconclusrve no direct

comparison between field and laboratory test results can be made. However, the
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results of the field and laboratory tests performed on the paper mlll sludges warrant -
discussion.’ |
The structure of the sludge within the pipe specimens was noted during slicing
and trimming of the specimens for hydraulic conductivity testmg in flexible-wall
permeameters. All of the sludges that were exposed to freeze-thaw (field specimens)
were less homogeneous and had a more gravel-like structure than the sludges that
had not been exposed to freeze-thaw (control specumens) The. spec:mens would fall
apart when being trimmed for flexible-wall tests. Thus, based on visual observation,
freeze-thaw had affected the structure of the compacted paper mill sludges However,
given the results of the hydraulic conductivity tests performed in the pipes after freeze-
thaw, it is not clear whether these structural changes, which were ‘observed during
lnmmlng, had adversely affected hydraulic conductivity. Thus, to ascertaln the true
impact of freeze-thaw on the field hydraulic conductivity of paper mlll sludges, field
tests similar to the one described by Maltby and Eppstein (1994) need {0 be
conducted
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SECTION 9

' SUMMARY AND CONCLUSIONS
The objective of this study was to evaluate and compare the effect that freezing =
_and thawing has on the hydraulic conductivity of two clays and three alternative barrier
materials (a sand-bentonite mixture, three geosynthet:c clay liners (GCLs) and three
paper industry sludges) under field and laboratory conditions. A battery of hydraulic
conductivity tests was performed on specimens prepared in the laboratory under
conditions which yield low hydraulic conductivity. The hydraulic conductivity of each
| specimen was measured before and after exposure to a number of freeze-thaw cycles.
Results from the laboratory tests on the clays, sand-bentonite mixture, 'and GCLs were
then compared to hydraulic conductivities measured during the COLDICE/CPAR
project, a recent large-scale field study conducted by the U. S. Army Corps of
| Engineers Cold Regions Research and Engineering Laboratory (CRREL) CH2M Hill,
Inc. and a suite of industrial partners Results of hydraulic conductivity tests performed
on the paper mill sludges were compared to results obtained from a small -scale field
study performed as part of this project.

9.1 COMPACTED CLAYS . . ; v

Increases in hydraulic conductivity of two orders of magnitude were observed
for clay specimens compacted and frozen and thawed in the Iaboratory, whereas
increases in hydraulic conductivity up to four orders of magnitude were observed for
' specimens removed from the COLDICE test pads after winter. The observed increase '
in hydraulic conductivity of the field and laboratory specimens was; attributed to a
macroscopic network of cracks caused by the formation of ice lenses and desiccation
induced by freezing. Extensive cracking of the soil was observed in the field and
Iaboratory experiments. In contrast, no increase in hyd_rauhc conduct:vnty was
observed for specimens removed from the tests pads after winter using thin-wall
sampling tubes. Apparently, disturbance during sampling and extrusron maskecl the
crack structure caused by freeze-thaw.

Two factors that potentially could have caused the increase in hydrauhc
- ~conductivity to be larger in the field than in the laboratory were: (1) the dimensionality
of freezing (e.g., one-dimensional vs. three-dimensional) and (2) that the in situ
freezing rate was smaller than that used in the standard (three-dimensi:onal) laboratory
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tests. Thus, specimens were frozen in the laboratory one-dimensionally at controlled
freezmg rates to assess whether dimensionality of freezing or freezing rate affected the
increase in hydraullc conductivity. Results of the tests showed that there was no
relationship between hydrauhc conductivity and freezing rate. Also, the freezing rates
occurring in the field were smaller than the lowest freezing rates: that could be
simulated in the laboratory, whereas the increase in hydraulic conductnvnty measured
in the field was two orders of magnitude greater than the increase in hydraulic
conductivity measured on specimens frozen in the laboratory. Thus, dlmenSlonallty of
freezing and freezing rate were probably not the cause of the dlscrepancy between the
laboratory- and field-measured hydraulic conductivities. Differences in soil structure
prior to freezing may have been responsible for the differences in the field and
laboratory behavior. However, sufficient data were not available to evaluate this
hypothesis. ' '

9.2 SAND-BENTONITE MIXTURE :

No increase in hydraulic conductivity was observed for the specimens of sand-
bentonite compacted and frozen three-dimensionally in the laboratory Low post-
winter hydraulic conductivities were also observed in the field and measured in the
laboratory for specimens removed from the test pad using thin-wall samplmg tubes.
The field hydraulic conduct;vrty and the hydraullc conductivities of the specimens
- collected in sampling tubes were slightly higher than the hydraulic conductrvnty of the
laboratory-compacted specimens. The difference in hydraulic conductlwty was

‘attributed to heterogenemes in the sand- bentonite mixture and, for the specimens .

collected in tubes, to disturbance dunng extrusion.

In contrast, high hydraulic conductivities were measured for ali but one of the
block specimens removed from the sand-bentonite test pad before wmter and on ali of
the block specimens removed after winter. Examination of the structure of the block
spedmens revealed bentonite-rich zones. Based on this observatlon the high
hydraulic conductivities of the block specimens were attributed to msufﬂcnent mixing
and not to environmental stresses, such as freeze-thaw. ;

- Examination of the soil within the box infiltrometer mstalled in the sand-
bentonite test pad showed that the soil had retained water and that a network of cracks
was non-existent. Similarly, examination of the internal structure ‘of specimens
removed from the test pad after winter using tubes and the laboratory compacted
specimens exposed to freeze-thaw revealed none of the cracks typlcally observed in

125




compacted clays exposed to freeze-thaw. The absence of cracks is consistent with the
low hydraulic conductivities measured for the sand-bentovnite specimens. v

9.3 GEOSYNTHETIC CLAY LINERS (GCLs) =
Laboratory tests performed on three GCLs (Bentofix®, Bentomat®, and
Claymax®) showed that their hydraulic conductivity was low (typrcally about 2 x 10-11
m/s) and that the hydraulic conductivity decreased slightly as a result of freeze-thaw.
Results of t-tests indicated that the slight decrease in hydrauhc conducttvrty was
tatrstlcally significant. ,
Low hydraulic conductivity was also measured on large undisturbed specimens
removed from the COLDICE GCL test ponds after exposure to two winters of freeze-
thaw. Hydraulic conductivities less than 1 x 10-° m/s were ‘measured for all but one
specimen. The high hydraulic conducttvrty of that specimen was attributed to
disturbance during handling. Similar results were reported by Erickson et al. (1994)
for the GCLs tested in the COLDICE test pans. For each of the COLDICE tests,
hydraullc conductivities less than 1 x 10-2 m/s were measured before and after
exposure to freeze-thaw. Erickson et al. (1994) did report, however, that the field
hydraulic conductivities of the seamed GCLs were slightly higher than those for the
unseamed GCLs. No seamed specimens were tested in this study. Addrtlonal study of
the hydraulic mtegnty of GCL seams exposed to freeze-thaw is recommended
9.4 PAPER MILL SLUDGES f
| Results of hydraulic conductrvrty tests performed on paper mrll sludges showed
that conductivities less than 1 x 10-® m/s can be achieved for each type iof sludge when
- compacted wet of optimum water content. Shghtly Iower hydrauhc conducttvmes were
. Obtained for sludges A and C (the two combmed sludges) relative to sludge B (a
primary sludge). The lower hydraulic conductivities of sludges A and C- were attnbuted
to the existence of additlonal biological material from secondary wastewater treatment
processes. ot ‘
‘ Freeze-thaw affected each sludge differently.  For specimens of sludge A
compacted at the low-K water content, no change in hydraulic conductivity was
observed for specimens permeated after each freeze-thaw cycle, whereas an increase .
in hydraulic conductivity was observed for specimens that were not permeated
between freeze-thaw cycles. Also, for specrmens of sludge A compacted at the as-




received water content, no increase in hydraulic conductlvnty was observed after
exposure to freeze-thaw. |

Increases in hydraulic conductivity of approxrmately one order of magnitude
were observed for all specrmens of sludge B, regardless of the molding water content
or whether the specimen was permeated between freeze-thaw cycles. This increase
in hydraulic conductivity is similar to the increase measured for the compacted clays
studied in this project. Similar behavior was observed for sludge C.

Results of the hydraulic conductivity tests conducted on the oipe specimens
- were mconclusrve a decrease in hydraulic conductivity after freeze thaw was
observed when the sludges were permeated in the pipes, whereas an increase in '
hydraulic conductivity was observed in the slices tested in flexible-wall permeameters.
Examination of the sludge in the pipes revealed that exposure to freezé thaw resulted
ina blocky structure that fell apart easily during trimming. Nevertheless it could not be
determined whether formation of the blocky structure had an adverse |mpaot on the
hydraulic conductavrty of the sludges. Large- scale field tests lncludlng morphological
investigations are recommended to fully assess the lmpact of freeze thaw on the
hydrauho oonductrvrty of paper mill sludges.

i
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APPENDIX A

RI'SULTS OF COMPACTION AND HYDRAULIC CONDUCTIVITY TESTS
' PERFORMED ON LABORATORY-COMPACTED SPECIMENS
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Table A.1. Results of compact:on and hydraulic conductivity tests performed on
Parkview clay .

Moldmg Water Dry Unit Hi/draulic

Content Weight . Conductivity
SpecumenU) (%) (kN/m3) (m/s)
PV-S-1 10.5 17.06 2.1 x 107
PV-S-2 106 17.30 7.6 x 107
PV-S-3 10.7 16.81 1.7 x 107
‘PV-S-4 1241 ' 17.37 2.1 x 107
PV-§-5 - 13.4 18.52 2.0x 108
PV-S-6 13.4 : . 18.69 2!1x108
PV-S-7 15.3 18.25 45x10°
PV-S-8 : 16.1 18.34 2.4 x 1010
PV-S-9 16.3 18.33 2.6 x 1019
PV-S-10 17.7 17.72 , 4.9 x 1010
PV-S-11 ' 19.6 17.07 1.1 x 10°
PV-S-12 20.1 17.01 : 3.9 x 1010
PV-M-1 4.1 ‘ “ 19.45 TNP()
PV-M-2 4.5 ' 19.27 : ' TNP
PV-M-3 ' 5.3 : 19.63 5.1 x 10°
PV-M-4 7.4 20.70 . TNP
PV-M-5 7.9 - 20.47 1.4 x 109
PV-M-6 10.9 - 20.63 5.7 x 10-11
PV-M-7 12.8 19.73 - TNP
PV-M-8 13.9 - 19.37 5.1 x 10-10
~ PV-M-9 ' 14.0 19.63 . TNP
PV-M-10 18.3 17.48 ' " TNP
PV-M-11 ' 19.1 - -17.34 3.‘1 X 10'10

Notes:
1. PV= Parkview clay; -S = Compacted at standard Proctor effort; -M = Compacted at modified Proctor -
~ effort; -1..-12 = Specimen number. , .

2. TNP = Test not performed. _ ‘ o i
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Table A.2. Results of compaction and hydraulic conductivity tests performed on
Valley Trail clay

Molding Water Dry Unit . Hydraulic
, Content Weight Conductivity
Specimen() (%) (kN/m3) . (m/s)
VT-S-1 10.4 16.18 15.6x 10-8
VT-S-2 12.9 15.77 9.5 x 108
"VT-S-3 14.4 16.37 ~ 3.4x108
VT-S-4 14.7 ‘ 16.66 6.9 x 108
VT-S-5 16.1 17.12 7.5 x 108
VT-S-6 16.1 16.71 . 1.4x108
VT-S-7 19.0 16.87 1.6 x 10-°
VT-S-8 19.3 16.82 . 1.8 x 10-°
VT-S-9 19.4 17.18 7.2 x 1011
VT-S-10 20.2 17.04 7.6 x 10-11
VT-S-11- 20.2 17.03 8.3 x 10-11
VT-S-12 20.7 16.54 1.2 x 1010
VT-S-13 20.8 16.68 2.2 x 1010
VT-S-14 22.7 16.13 2.5 x 1010
VT-8-15 . 233 15.85 . - 3.9x1010
VT-M-1 : 7.8 ' . 18.39 4.8 x 109
VT-M-2 11.3 18.63 2.6 x 10°
VT-M-3 11.4 18.69 - TNP(®)
VT-M-4 13.4 18.97 TNP
VT-M-5 13.5 - 19.01 : . TNP
VT-M-6 13.7 19.05 2.1 x 1010
VT-M-7 17.0 18.20 8.1 x 10-1"
VT-M-8 17.8 18.22 ~ TNP
VT-M-9 ‘ 18.9 17.86 . TNP

Notes: ‘ '

1. VT = Valley Trail clay; -S Compacted at standard Proctor effort; -M = Compacted at modified Proctor -
- effort; -1..-15 = Specimen number. ‘

2. TNP = Test not performed.
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Table A.3. Results of compaction and hydraulic conductuwty tests performed on
sand- bentomte ,

-Molding Water e f)ry Unit : Hydra‘ulic

o . Content - Weight ~ Conductivity
Specimen(1) (%) - (kN/m3) .(m/s)
SB-S-1 7.9 17.05 1.7 x 10- 10
SB-S-2 8.1 ~ 16.88 TNP(@)
SB-S-3 8.4 16.99 . TNP
SB-S-4 11.4 17.17 ' TNP
SB-S-5 12.7 17.06 . TNP
SB-S-6 13.9 17.26 1.7 x 1019
SB-S-7 15.1 17.23 . TNP
SB-S-8 15.9 17.09 ' TNP
SB-S-9 16.5 17.31 1.2 x 1010
SB-S-10 16.7 17.50 ' TNP
SB-S-11 16.7 17.26 . TNP
SB-S-12. 16.7 17.31 . TNP
SB-S-13 16.7 17.37 ' TNP
SB-S-14 16.7 - 17.47 "TNP
SB-S-15 16.7 17.28  TNP
SB-S-16 ‘ - 16.7 17.39 "TNP-
SB-S-17 16.7 17.50 . TNP
SB-S-18 19.3 16.81 1.0 x 1010
SB-S-19 . 19.7 16.70 . TNP
SB-S-20 - 20.3 16.62 - 'TNP
SB-M-1 7.1 18.01 'TNP
SB-M-2 71 18.71 'TNP
.SB-M-3 7.3 ~ 18.57 5.3x108
SB-M-4 .10.0 18.79 'TNP
SB-M-5 10.6 - 18.75 . ' 'TNP
SB-M-6 ‘ 10.7 - 18.63 ~ _B89x10M
SB-M-7 - 12.3 18.85 - TNP
SB-M-8 12.4 18.85 . TNP
SB-M-9 13.4 ' 18.68 : 5.9 x 10-11
~ SB-M-10 15.4 18.13 'TNP
SB-M-11 - 16.3 - 17.84 4.3 x 10-11
SB-M-12 16.5 18.09 "TNP .~
SB-M-13 . 17.9 17.36 : : TNP
___. SB-M-14 18.4 17.14 ' TNP

Notes:

1. 5B = Sand-bentonite; -S = Compacted at standard Proctor effort; -M = Compacted at modified Proctor
effort; -1..-20 = Specimen number. ‘ _

2. TNP = Test not performed.
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Table A.4. Results of compaction and hydrauhc conductuvuty tests performed on
paper mill sludge A.

Molding Water ~ Dry Unit Hydraulic
‘ ’ ‘ Content Weight Conductivity
Specimen(1) (%) (kN/m3) - (mfs)
SLA-S-1 17.0 : 8.32 6.6 x 106
SLA-8-2 31.4 8.68 3.7x10°
SLA-S-3 43.6 , 8.66 TNP(®)
SLA-S-4 47.2 8.54 ‘ 1.3x 106
SLA-S-5 58.7 8.41 1.0 x 109
SLA-S-6 72.4 ' 7.53 7.2x 10710
SLA-S-7 72.8 7.61 2.5x 10°
SLA-S-8 82.8 7.22 6.2 x10°10
SLA-S-9 85.6 7.25 5.5 x 10-10
. SLA-S8-10 88.3 6.73 ' TNP
SLA-S-11 89.0 6.68 TNP
SLA-S-12 89.6 6.67 . TNP
SLA-S-13 90.4 6.68 . TNP
SLA-S-14 91.2 6.62 _TNP
SLA-S-15 92.3 6.60 _TNP
SLA-S-16 93.1 6.56 ~_2.8x1010
SLA-S-17 _93.3 6.54 ~_7.0x1070
SLA-S-18 94.8 6.48 ' TNP
SLA-S-19 95.9 6.63 8.0 x 10-10
 SLA-8-20 97.4 6.41 3.3 x 1010
SLA-S-21 102.1 6.41 4.4 x 1010
SLA-S-22 122.1 , 5.61 1.2x10°
SLA-S8-23 : 149.2 4.78 ' 2.3x10°
SLA-8-24 ~150.0 4.78 4.0 x 1010
SLA-8-25 152.8 4.72 1 2.3x109%
SLA-S-26 185.1 3.98 " TNP
SLA-S-27 - 185.3 3.96 ., TNP

Notes: ' :
1. SLA = Paper mill sludge A; -S = Compacted at standard Proctor effort; -1..-27 = Spe0|men number.
2. TNP = Test not performed.
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Table A.5. Results of compaction and hydraulic conductivity tests performed on
paper mill sludge B.

Molding Water Dry Unit Hydraulic

o Content Weight Conductivity
Specimen(1) ' (%) (kN/m3) (m/s)
SLB-S8-1 : 13.3 5.60 1.9x105
SLB-S-2 57.3 ~ 5.83 1.5 x 105
SLB-S-3 86.7 5.91 v 1.0x 109
SLB-S-4 89.8 5.94 3.2x10°
SLB-S-5 115.9 .~ 5.77 TNP(2)
SLB-S-6 116.9 5.67 1.4 x 1010
SLB-S-7 117.7 5.74 ' TNP
SLB-S-8 119.0 ' 5.60 ‘ TNP_
SLB-S-9 121.1 5.56 TNP
SLB-S-10 121.7 : 5.58 TNP
~ SLB-S-11 123.7 | ~5.49 1.0x10°
SLB-S-12 123.9 5.47 9.6 x 1010
SLB-S-13 124.1 5.47 v TNP
SLB-S-14 124.5 5.49 TNP
SLB-3-15 124.7 5.52 3.0x 10°
SLB-S-16 126.8 : . 5.45 .TNP
~ SLB-8-17 ‘ 126.8 5.41 5.9 x 109
SLB-S-18 200.1 3.73 1.8 x 10-°
~_SLB-8-19 239.5 3.27 _TNP
SLB-S-20 _252.9 3.13 ~_4.1x10°3
_SLB-S-21 255.9 3.11 4.6 x 109
~SLB-S-22 256.0 3.16 5.0x 10-°
SLB-§-23 259.7 ‘ 3.10 | _TNP
SLB-S-24 259.9 3.11 TNP
SLB-S-25 -~ - 262.7 v 3.10 ;TNP

Notes:
1. SLB = Paper mill sludge B; -S = Compacted at standard Proctor effort -1..-25 = Specrmen number.
. 2. TNP Test not performed . .
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Table A.6. Results of compaction and hydraullc conductivity tests performed on
paper mill sludge C.

Molding Water Dry Unit ijdraulic

_ : Content Weight Conductivity
Specimen() (%) (kN/mS3) - (m/s)

- SLC-S-1 5.8 5.64 1.4 x 105
SLC-S8-2 33.9 ‘ 6.24 |~ 1.0x105
SLC-§-3 . 55.4 6.13 8.7x10°6

_SLC-S-4 97.3 5.31 7.0x 107
SLC-S-5 120.9 5.49 TNP{@)
SLC-S-6 121.0 5.47 _TNP

.~ _SLC-S-7 121.7 5.47 . TNP

. SLC-S-8 124.4 5.36 . TNP

- _SLC-S-9 126.4 5.30 . TNP
SLC-S-10 132.2 5.22 ' 4.6 x 10-10
SLC-S-11 135.2 5.00 8.9 x 10-10

~ SLC-S-12 ~_135.5 5.12 . TINP
SLC-S-13 135.9 5.11 _TNP
SLC-S-14 145.0 4.78 9.4 x10-10
SLC-8-15 156.0 4.51 8.9 x 1010
SLC-S-16 159.0 4.64 _1.2x10°

SLC-S-17 165.0 4.37 1.6 x 109
SLC-S-18 189.9 +3.84 _1.3x10°
SLC-8-19 191.6 3.77 9.8 x 10-10
SLC-S-20 207.5 3.54 NP
SLC-S-21 ~ 226.2 340 7.0x 1010
SLC-8-22 227.9 3.36 TNP .

Notes: :
1. SLC= Paper mill sludge C; -S = Compacted at standard Proctor effort; -1..-22 = Specimen number.
2. TNP = Test not performed. - '
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APPENDIX B

~ GRAPH OF,:AIR TEMPERATURE VS. TIME FOR THE WINTER OF
1993-94 FOR THE BURIED SMALL-SCALE FIELD PIPE SPECIMENS
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Figure B.1. Air temperature vs. time during freezing of buried smali- scale field pipe
specimens. L
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