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Abstract: This research investigated the nature of cracking behavior in
compacted clay liners used for nuclear waste disposal facilities. A litera-
ture review found that, in all documented in-place clay liner studies,
cracking occurred in the clay liner within 10 years, leading to failure of the
liner system. Further, all moisture-flow models studied failed to capture
clay cracking and the resultant high permeability associated with these
failed liner systems. A laboratory investigation was undertaken to define
the mechanics of the clay cracking process for a numerical model. Visual
and numerical observations of cracking during drying of a highly expan-
sive clay showed that crack formations are very diverse along the surface
layer and as they migrate downward. Shapes of cracks are neither uniform
nor symmetric, evolving from thin webs of microcracks to a select number
of wide primary cracks that, in turn, can seal off existing microcracks. A
finite element model of the soil shrinkage process was then developed,
which included crack formation. Stresses within intact soil are caused by
self weight (gravity stresses) and changes in water content, which induce
shrinkage as a result of suction-induced tensile stresses. Two numerical
simulations were run on a digital test bed similar to the laboratory study.
The simulations agreed well with laboratory experimental observations,
capturing all the relevant crack phenomena. The report concludes that a
change in the current design criteria for clay liner systems is necessary to
enable the clay to remain in a fixed, as-compacted state.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Executive Summary

This report investigates the nature of cracking behavior in compacted clay
liners. A thorough literature review on the current state of practice for
construction of compacted clay liners revealed that significant infiltration
of water into clay barriers occurs despite predictions of hydrologic models
that such infiltration should be minimized by the low permeability of the
clay. Numerous field studies have revealed that the cause of the high water
intrusion is a direct result of cracks occurring as a result of vertical water
vapor transport at the surface of the clay layer. These cracks will form, and
quickly, in compacted clay liners independently of current techniques to
mitigate cracking. Even composite caps that include clay liners overlain
with geomembranes fail to provide effective resistance to water vapor
transport because of defects that occur during the construction process.
The studied hydrologic models do not account for the crack formation
caused by drying, which induces a secondary porosity that greatly
increases the bulk permeability of the clay mass.

As a preliminary step to a numerical model to capture this secondary por-
osity observed in field studies, an experimental program was undertaken
to monitor and describe the phenomenology of crack formation and
propagation in a clay mass. A series of drying experiments were carried
out on a highly plastic clay, typical of clay liners, in a large area drying
box with L x W x H dimensions of 18 in. x 18 in. x 5in. (45.7 mm

x 45.7 mm x 12.7 mm) instrumented with pressure sensors and time-lapse
photography to capture quantitative and qualitative cracking response.
The test bed was designed to encourage cracking in one dimension to
optimize the readings obtained on lateral pressure sensors during the
experiment. Several important conclusions were drawn from the results:

e Crack formations are very diverse along the surface layer and as they
migrate downward. Shapes of cracks are neither uniform nor
symmetric—evolving from thin webs of microcracks to a select number
of wide primary cracks that, in turn, can seal off existing microcracks.

e The crack behavior was validated by pressure sensor readings exhi-
biting initially high compressive lateral stress that decreased to zero
after 4 hr during microcrack formation (full tension), followed by a
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rebound to a compressive stress state after 20 hr when the formation of
large primary cracks began to cause the small microcracks to close.

e Unbalanced stress loads from top to bottom of a horizontal crack
induce a curling effect on the clay surface. As the soil continues to dry
with depth and the boundary moisture conditions on the surfaces of
the horizontal crack become balanced, an uncurling effect is noted.

e Time-lapse photography showed that the coupling of soil curling with
primary crack formation leads to formation of “clay islands” that are
free to shift and move along interfaces between compacted lifts. The
exposed soil also allows drying to continue to deeper levels within the
clay mass.

e Any imperfections in compaction, including scoring between com-
pacted lifts, causes propagation of deep cracks, suggesting field defects
can expedite cracking.

Once the mechanics of the cracking process were better defined, numerical
parameters for shrink-swell models necessary for a quantitative model of
cracking were obtained. The model development is based on the hypothe-
sis that cracking in clay barriers is progressive and can extend to consider-
able depths despite the low permeability of the clay mass. Once an initial
crack is formed at the surface, increasing the width of the crack by addi-
tional shrinkage will drive the crack deeper into the soil mass, exposing
new surfaces to air, which enables further drying and cracking both hori-
zontally and vertically within the soil mass. The cracking model consists of
a finite element model of the soil shrinkage process that includes crack
formation. Stresses within the intact material are caused by self weight
(gravity stresses) and changes in water content, which induce shrinkage as
a result of suction induced tensile stresses. The cracks are assumed to
occur at the element boundaries, forcing the crack system to conform to
the geometry of the finite element system. This was assumed a satisfactory
approximation to capture the simple geometry of the experimental
program.

Two numerical simulations were run on a digital test bed designed as close
to the experimental drying box as possible, complete with constrained
sides—the first on a uniform soil mass and the second with a pre-crack
along the center of the specimen. The simulations agreed well with experi-
mental observations. The model was dominated by horizontal cracking,
not as a result of the influence of compaction lifts but because the soil is
confined in the horizontal direction, which favors vertical shrinkage
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strains resulting in horizontal cracks. Also, the size of the horizontal crack
openings is enhanced by the curling tendency that results from the varia-
tion in shrinkage strain across the layers. In the second pre-crack simula-
tion, little change was observed in the overall cracking response from the
first analysis. From an exaggerated view of the cracking pattern, vertical
cracks are evident at each element seam but with irregularly sized hori-
zontal cracking with depth. This is a phenomenon very similar to the
observed experimental behavior where primary crack locations varied with
layer position. The fact that the essential features of the cracking process
can be captured without appealing to arguments based on immeasurable
lift properties simplifies interpretation of the cracking experiments. There-
fore, the numerical model is able to capture the irregular cracking pattern
indicative of typical field response versus a symmetric, uniform crack
distribution.

The weight of the evidence from the published field studies, experiments,
and numerical simulation clearly documents the inevitability of cracking
in clay liners. The atmospheric suction potential, computed from relative
humidity, is sufficient to cause cracking, even in temperate climates. The
overburden stress is insufficient to offset the tensile stresses. It is con-
cluded that clay liners are generally not adequate as a long-term moisture
barrier. Change to the current design criteria for engineered barriers is
necessary to enable the clay surface environment to remain in a fixed,
as-compacted state.



ERDC TR-08-7

1

Introduction

Background

The Office of Nuclear Regulatory Research (RES) furthers the regulatory
mission of the U.S. Nuclear Regulatory Commission (NRC) by providing
technical advice, technical tools, and information for identifying and
resolving safety issues, making regulatory decisions, and promulgating
regulations and guidance. RES conducts independent experiments and
analyses, develops technical bases for supporting realistic safety decisions
by the agency, and prepares the agency for the future by evaluating safety
issues involving current and new designs and technologies. A portion of
the RES research program is devoted to radionuclide transport in the
environment. The radionuclide transport research program addresses the
effect on public health and safety and the environment from nuclear mate-
rial that enters the environment from NRC-licensed activities. The techni-
cal issues of concern (Office of Nuclear Regulatory Research 2002) include
the following:

e Source-term characterization,

e Effectiveness of engineered and natural containment systems sur-
rounding radioactive material,

e Multi-phase flow of water, including episodic infiltration, into and
through contaminated systems,

e Transport of radioactive material through the geosphere,

e Transport of radioactive material through the biosphere, and

e Exposures of members of the public to radiation from these materials.

The second technical issue—effectiveness of engineered and natural con-
tainment systems surrounding radioactive material—includes research on
engineered barrier systems at waste disposal facilities, e.g., shallow land
burial of low-level radioactive waste (LLW). These facilities are typically
constructed with an engineered cap or cover designed to eliminate or sig-
nificantly limit infiltration of water into the waste. Conventional landfill
covers are barrier-type systems that include a barrier layer among other
layers that maybe installed above the waste. Compacted clay is usually the
material of choice for the barrier layer. The primary purpose of an engi-
neered cover is to isolate the underlying waste. A key element to isolating
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the wastes from the environment is to prevent water from infiltrating into
the landfill and coming into contact with the waste.

Figures 1 and 2 show widely used cap designs. These are conventional
barrier-type caps that isolate waste and eliminate or significantly reduce
infiltration of water into waste. Figure 1 is a schematic of a Resource Con-
servation and Recovery Act (RCRA) Class C landfill cover design. This
design is in extensive use and meets the minimum requirements set forth
for RCRA Subtitle “C” regulated landfills (40 CFR 264). RCRA Subtitle C
regulations are commonly known as the hazardous waste regulations
promulgated by the U.S. Environmental Protection Agency.

Figure 1. Prescriptive RCRA Subtitle C cap design.

Cap Composiion
Detaif

0.5 Topsail

. Wegetative
Soil Layer

. Grarualar
Filter

g Biointrasion

Barrier
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2 Compacted
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Miaste ~ 54 - existivg Waste
qrad’e

SAAIAI A48

Figure 2. LLW disposal unit with cap detail.



ERDC TR-08-7

Figure 2 shows a typical LLW facility design. This design and ones similar
to it are often considered for shallow-land burial of LLW and is actually
global in application, e.g., see Ziehm (2003).

The defining characteristic of the barrier-type covers illustrated in Fig-
ures 1 and 2 is the compacted clay barrier layer. It is this layer that blocks
infiltration of water through the cover into the waste. The compacted clay
layer is frequently specified to have a saturated hydraulic conductivity of
107 cm/sec or less. If the layers above the barrier layer cannot store or
divert the infiltrating precipitation during an unusually large storm event,
the barrier layer must stop or significantly inhibit downward flow. Guides
to design and construction of barrier-type landfill caps are available in
Landreth et al. (1991) and Koerner and Daniel (1997).

Alternative cover designs that do not use compacted clay barriers have
recently been developed (Benson 1997; Hauser et al. 2001; Department
of Energy 2002). Climate is a primary determinant of the applicability of
these alternative cap designs. Arid and semi-arid climates are the most
favorable (Hauser et al. 2001). Barrier-less cap designs are not given
further consideration in this report.

The RES research program plan (Office of Nuclear Regulatory Research
2002) recognized long-term modeling of engineered barrier performance
as a research need. Piet et al. (2003a, 2003b) discussed this same need in
detail and pointed out that cap assessments treat the barrier layer struc-
ture as static throughout the lifetime of the cap. Current modeling
approaches used to assess the long-term performance of caps treat proba-
bly the most important property of the clay barrier, hydraulic conductivity,
as a fixed value over the life of the assessment. Piet et al. (2003a, 2003b)
argued that this static approach to barrier layer material properties is
unrealistic. Suter et al. (1993) reviewed and analyzed the likelihood of
barrier failure at landfills and concluded that long-term avoidance of fail-
ure requires perpetual maintenance. Long-term failure mechanisms iden-
tified by Suter et al. (1993) included flaws in barrier construction, shrink-
swell cycles, freeze-thaw cycles, erosion, subsidence, root intrusion, and
animal intrusion.

At many Department of Energy facilities, caps and barriers will play a
mayjor role in cleanup strategies and need to be designed with maximum
long-term integrity to minimize future risk. The longevity and
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effectiveness of the barrier-type caps are influenced primarily by the
ability of the clay layer to retain low-permeability characteristics. A key
technical issue that needs to be addressed for the barrier-type cover
system is the effective lifetime performance (hundreds of years) of the low-
permeability clay layer in disposal facility caps. For example, in the dis-
posal of LLW, the earthen cover over the wastes needs to be effective for
1000 years to the extent reasonably achievable and, in any case, for at least
200 years (40 CFR 40). In the case of near-surface disposal of LLW, the
integrity and structural stability of covers for disposal must be demon-
strated (10 CFR 61).

Objective

This research effort is designed to accomplish the following tasks:

e Conduct an extensive literature review documenting the state of
knowledge concerning engineering waste barriers and their associated
flaws.

e Develop and institute an experimental program designed to measure
and document clay cracking phenomena in highly plastic clay soils.

e Develop a numerical model to predict the extent of clay cracking for
varying soil properties calibrated from obtainable laboratory data.

e Recommend future studies to enable a transfer of the knowledge
obtained in this research to clay barrier design solutions in the field.

Scope

The purpose of this report is to review and evaluate the literature on com-
pacted clay barriers in landfill caps to identify the weaknesses inherent in
their current application. The literature is reviewed with special attention
to degradation mechanisms that affect the performance and effectiveness
of compacted clay barriers with focus on their influence on the hydraulic
conductivity of the clay. Results of this study guided the design of several
laboratory experiments to further define the mechanisms of cracking
phenomena and to clarify the certainty of cracking in clay barriers during
long-term performance. Drainage layers, vegetative soil covers, and geo-
membranes are not within the scope of this review except for how they
may affect the long-term performance of the compacted clay layer. Geo-
synthetic clay liners (GCLSs) are of interest only as the response of the GCL
to test conditions may be generally informative about clay barriers.
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Alternative cap designs, i.e., designs that do not include a compacted clay
layer, are also outside the scope of this review.

After completion of the experimental program, a thermodynamically
based numerical model to simulate the cracking response observed in
literature and experimentation will be developed and applied to the rele-
vant problems. This report provides a summary of the degradation mecha-
nisms present in clay barriers and the means to authoritatively state that,
without careful protection, these clay barriers will fail well before the regu-
latory time frame allows.
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2 Literature Review

Compacted clay barrier performance

The first engineered landfill caps were barrier-type caps, sometimes with
only a vegetated surface soil layer and a compacted clay layer. The low
saturated hydraulic conductivity of the clay layer was expected to encour-
age runoff and evapotranspiration and limit infiltration into the waste
compartment. When compacted clay barriers began to be used in landfill
covers and liners, it became standard practice to compact the clay layer on
the wet side of optimum with a shearing type compaction, i.e., sheepsfoot
roller. Mitchell et al. (1965) showed that the hydraulic conductivity of com-
pacted clay depends on the molding water content and method of compac-
tion. A shearing compaction effort coupled with compaction on the wet
side of optimum develops a dispersed soil fabric with minimal hydraulic
conductivity rather than the flocculated and more permeable soil fabric
achieved with compaction on the dry side of optimum.

Is there really a problem with compacted clay layers in landfill caps? The
early designers of engineered caps were concerned about construction
guality control, slope stability, and settlement of the waste pile, but con-
cern about the protectiveness of well-designed and properly constructed
clay barriers was virtually unheard of in the regulatory and consulting
engineer communities of the time. In the sections that follow, evidence of
performance degradation of compacted clay layers in caps is reviewed.
Laboratory studies have established, in principle, degradation by desicca-
tion and frost action, and field studies have shown that the performance of
compacted clay layers in landfill caps can be significantly degraded by
these processes.

Desiccation

Albrecht and Benson (2001) investigated the effects of wetting and drying
on eight natural clayey soils in laboratory studies. Each of the soils had
been used for construction of landfill liners and covers, and came from
natural deposits in the United States. Four of the eight soils formed cracks
when compacted on the wet side of optimum, and two of the soils cracked
regardless of the compaction water content. Volumetric shrinkage strains
occurring after the first (initial) cycle of drying tended to be constant,
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suggesting that the major changes in soil structure took place during the
initial drying. Mineralogy affected the tendency to crack, with more severe
cracking and volumetric change observed as clay activity increased. The
resultant cracking caused increases in hydraulic conductivity by as much
as 500 times. The largest increases in hydraulic conductivity occurred
after the first drying cycle. Two of the soils that cracked were permeated
for 350 days to evaluate the potential for healing. Although decreases in
hydraulic conductivity were observed, neither soil returned to its initial as-
compacted hydraulic conductivity, suggesting that permanent damage to
the integrity of the soil mass had occurred.

Paruvakat (2002) discussed and commented on the Albrecht and Benson
(2001) paper, indicating that he was hesitant to accept extension of the
laboratory results to the field. The main points made by Paruvakat (2002)
were as follows:

¢ In landfill covers, the clay barrier thickness is typically larger than the
shrinkage crack depths, and flow is therefore controlled by the lower
portion of the barrier with no cracks and lower hydraulic conductivity
than the cracked portion.

e The laboratory tests did not simulate the overburden effects on cracks,
in particular the potential for the cover soil to fill desiccation cracks.

e The lack of self-healing observed in the laboratory is in part an artifact.
Piping (displacement of fines) in the small samples tested would not be
expected in the field because the uncracked portion of the barrier
would impede flow, prevent piping, and allow self-healing.

In their response to comments, Albrecht and Benson (2002) cited and
discussed the field studies of Montgomery and Parsons (1989), Corser
and Cranston (1991), Melchior (1997), Benson and Khire (1995), Albrecht
(1996), Khire et al. (1997), and some unpublished case histories summa-
rized below. The field studies and case histories show that desiccation
cracking of compacted clay layers in caps can be a serious problem in all
climates, humid and semi-arid. The cracks typically penetrate the entire
compacted clay layer and do not self-heal.

Montgomery and Parsons (1989) found desiccation cracks in a cap 4 years
after construction that penetrated a 1.2-m-thick compacted clay layer
overlain by a vegetated soil cover. The study site was conducted in
Milwaukee, WI. Lysimeters installed beneath test sections showed that
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preferential flow through cracks allowed percolation completely through
the cap shortly after precipitation events.

Corser and Cranston (1991) examined two test sections constructed in
southern California several months after and 3 years after landfill con-
struction. Both test sections had a 0.9-m compacted clay layer. In one test
section, the clay layer was overlain by a geomembrane and a cover soil

0.6 m thick. The other test section was similar, but did not have the geo-
membrane. Several months after construction, the clay layer without the
geomembrane cover was extensively cracked. The clay layer with the geo-
membrane was unaffected. Inspection 3 years later showed that the cracks
in the clay layer without the geomembrane cover penetrated the entire
thickness of the clay layer. No significant cracking of the clay layer overlain
with the geomembrane was noted.

Benson and Khire (1995) reported extensive cracking of a clay barrier in
southern Wisconsin 5 years after construction. The clay barrier was
covered by 0.75 m of cover soil, but none of the cracks were filled with or
contained cover soil.

Albrecht (1996) excavated test pits in a barrier-type cap in central
Wisconsin. The clay layer was 0.6 m thick overlain by 0.15 m of vegetated
soil. The clay layer was described as hard and dry and had a blocky struc-
ture created by numerous cracks. The hydraulic conductivity of the blocky
material was 7.2 x 10-5> cm/sec (the as-constructed hydraulic conductivity
was 10-8 cm/sec).

Melchior (1997) obtained water balance data for several cap designs in
field tests at a landfill in Hamburg, Germany. The climatic conditions at
the site were described as wetter than Seattle, WA. Composite caps with a
geomembrane above the clay layer performed best. An extended capillary
barrier also performed well. Within 5 years, the performance of compacted
clay caps without geomembranes was severely degraded by desiccation
cracking, with about 50% of the water reaching the compacted clay layer
percolating through it.

Khire et al. (1997) reported hydrological data from a test section on a
landfill in central Washington. The cap consisted of a 0.6-m-thick com-
pacted clay layer overlain by a 0.15-m-thick vegetated surface cover.
Within 2 years after construction, an increase in percolation through the
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cap was observed, and pulses of percolation were observed after rainfall
events. This was attributed to desiccation cracks in the clay layer, and the
presence of desiccation cracks was confirmed by excavation and inspec-
tion. No filling of the cracks by cover material was noted.

Albrecht and Benson (2002) and Benson (2001) discussed data from a site
in southwestern Georgia. The cap consisted of a compacted clay layer

0.46 m thick overlain by a vegetated protective cover 0.15 m thick. For the
first 9 months after construction, percolation through the cap was very low
due to unseasonable dry conditions. During this period, the clay layer
apparently desiccated (Benson 2001). After the dry period, percolation
through the cap increased by an order of magnitude. Later, it was observed
that percolation followed precipitation events, indicating preferential flow,
most likely through cracks, given the low percolation observed prior to the
drying event (Benson 2001). An examination of the cap showed desicca-
tion cracks.

Albrecht and Benson (2002) described excavation of a 9-year-old cap in
the upper midwestern United States. The cap consisted of a 0.6-m-thick
layer of lean, compacted clay overlain by a 0.15-m-thick sand drainage
layer and a 0.46-m-thick vegetated layer. Numerous small cracks were
observed in the clay layer. Laboratory testing determined that cracked
samples taken from the clay barrier had a hydraulic conductivity of

2 x 10> cm/sec as opposed to 1 x 10-8 cm/sec in the uncracked samples, a
value nearer the as-constructed conditions.

Desiccation of compacted clay barriers can apparently happen quicker
than expected. Miller and Mishra (1989), Basnett and Bruner (1993), and
Hewitt and Philip (1999) observed development of desiccation cracks in
compacted clay liners during or shortly after construction. Hewitt and
Philip (1999) described the mechanism of desiccation at a landfill in
England as a temperature-driven process. The clay layer was overlain by a
flexible membrane liner (FML). Heating of the FML during the day
resulted in wrinkle formation and evaporation of water from the clay
barrier. Upon cooling at night, water vapor condensed and collected in the
wrinkles. On side slopes, this water drained away by gravity. Inspection

7 months after construction showed accumulation of water under the FML
at the base of slopes and desiccation cracks on the slopes up to 11 mm wide
and 220 mm deep. The clay layer was 1 m thick.
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While, ideally, geomembranes should perform well at preventing desicca-
tion of the confined clay layer, defects in construction can limit their use-
fulness over long-term applications. Giroud and Bonaparte (1989) found
that, statistically, at least two defects per constructed acre were typical of
geomembrane construction, and these defects ultimately would be the
points of eventual long-term failure of the liner. This was validated by a
study performed on the 14-year performance of a 1.5-mme-thick, high den-
sity polyethylene (HDPE) geomembrane composite layer system (Lake and
Rowe 2005). Failure within the geomembrane occurred within 6 years (the
extent of the Melchior study above) as increased percolation was evident

in the liner system originating at the defect points in construction. Later
studies by Benson et al. (2007) validated the eventual failure of geomem-
branes over long-term exposure to overlying soil. Plant roots were effective
at penetrating completely through the plastic liner, even at locations where
no construction defect was evident. Once root-bound, the moisture with-
drawal from plants will induce desiccation that can ultimately fail the com-
pacted clay liner.

In summary, desiccation cracking of clay layers in landfill caps has been
reported by several investigators. These studies have shown that desicca-
tion cracks can form quickly, as most of these studies involved cover
systems from 3 to 8 years old. The cracks do not self-heal, can penetrate
the entire thickness of the clay layer, and are not filled by soil from over-
lying layers. Composite caps composed of a compacted clay layer overlain
by a geomembrane performed well in short-term studies, but did not per-
form well in long-term evaluations. Further, there are reports of
temperature-driven desiccation cracking of clay liners covered by FMLs.

Benson (2000, 2001) reviewed the technologies, strategies, and perform-
ance of liners and covers for land disposal of wastes and discussed the
performance of barrier-type landfill covers. Compacted clay landfill liners
usually perform as designed (Benson et al. 1999; Benson 2000, 2001), but
clay barriers in caps without a protective geomembrane perform poorly
due to the effects of desiccation. Geomembranes such as HDPE are good
short-term barriers to water vapor transport but are difficult to effectively
place during construction, as minor imperfections in its placement typi-
cally result in vapor transport avenues through the membrane, reducing
its effectiveness (Giroud and Bonaparte 1989). As will be discussed in later
sections, desiccation of clay barriers in caps may be due to water vapor
transport in the unsaturated soils above the clay barrier.
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Frost action

Several studies have shown that frost can degrade the effectiveness of
compacted clay as a hydraulic barrier (Wong and Haug 1991; Kim and
Daniel 1992; Benson and Othman 1993; Benson et al. 1995; Khire et al.
1997; McBrayer et al. 1997). Desiccation is induced by the formation of ice
lenses (Benson and Othman 1993). Hydraulic gradients drive water into
the lenses, which results in desiccation of the clay. However, with ade-
quate protection, this type of damage can be minimized (Benson 2000,
2001).

Smith and Rager (2002) describe a design procedure for determining the
minimum thickness of a protective soil cover over a barrier layer in a
landfill cap. The procedure uses site-specific daily maximum-minimum
temperature data compiled for a minimum of 30 years to compute frost
depths. The computations are based on the modified Berggren equation
(Aldrich and Paynter 1953) and are implemented on a personal computer
version of the solution provided by Aitken and Berg (1968). Smith and
Rager (2002) provide a design example for their procedure using a ura-
nium mill tailings landfill constructed in Monticello, UT. In this case,

40 CFR Part 192 requires a design life of 1000 years where reasonably
achievable and in no case less than 200 years. The predicted extreme frost
depth for a 200-year recurrence interval was 1.14 m. Smith and Rager
(2002) cautioned that the proposed method should be used only as an
estimate. Further comparisons of predicted versus measured frost depths
are required to validate the method.

Geosynthetic clay liners

GCLs are commercially manufactured and consist of a thin layer of ben-
tonite sandwiched between two geotextiles or a geomembrane with ben-
tonite attached to it. GCLs are typically about 1 cm thick. GCLs are said to
be more cost-effective and resilient to settlement than compacted clay
liners.

Boardman and Daniel (1996) investigated the performance of GCLs under
one cycle of wetting and drying in large tanks (2.4 m x 1.4 m x 0.9 m).
Drying caused desiccation of the bentonite, but the bentonite rehydrated
and resealed the GCL when again permeated with water. Hydraulic con-
ductivities of the GCLs were about the same at the end of test as the
undesiccated GCL. In his discussion of the paper by Boardman and Daniel
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(1996), Day (1997) presented some of his work on a sand-montmorillonite
mixture and a natural clay containing montmorillonite. The cracks in both
materials caused by freeze-thaw cycling and wetting-drying cycles sealed
during testing for hydraulic conductivity, indicating that montmorillonites
are not susceptible to permanent changes in hydraulic conductivity.

Kraus et al. (1997) investigated the effects of freeze-thaw cycling on GCLs
in laboratory and field tests. Three GCLs and one sand-bentonite mixture
were exposed to one or two winters of freeze-thaw cycling. An increase in
hydraulic conductivity was observed in one field test with a GCL. There
was no increase in hydraulic conductivity of the GCLs in the laboratory
tests. The hydraulic conductivity of the sand-bentonite mixture was unaf-
fected by freeze-thaw cycling in both laboratory and field tests.

James et al. (1997) described field experiences and some limited labora-
tory tests on a GCL application with unexpectedly poor performance. A
GCL was used to provide seals to the roofs of Victorian era water supply
reservoirs. The GCL was overlain by a layer of noncalcareous gravel to
provide drainage and a layer of calcareous cover soil. Leakage through the
cap was observed, and an inspection showed finely cracked regions in the
bentonite interspersed with hydrated and swollen regions of bentonite.
Testing showed that the GCL had a much reduced exchangeable sodium
and increased exchangeable calcium content compared with the dry
unused GCL. It is widely recognized that exchange of calcium for sodium
in sodium bentonite will result in flocculation and shrinkage. The source of
the calcium was thought to be the calcite in the GCL bentonite. Laboratory
simulations of the field conditions over a short period of time produced
less extensive ion exchange and shrinkage.

Melchior (1997) described some field results on GCLs at the Hamburg,
Germany, site previously discussed in the section on compacted clay desic-
cation. Two GCLs were installed in test plots, with a cover above them that
consisted of a 0.15-m gravel drainage layer and 0.3 m of topsoil. The GCLs
desiccated the first dry summer of testing and then leaked significantly the
following winter. Wetting of the GCLs did not significantly reduce
percolation.

Benson et al. (2007) have shown that GCLs will increase in permeability as
both a function of desiccation cracking and cation exchange of clay min-
erals within the GCL. The permeability of the observed field GCLs in the
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study all equilibrated to a value of 5 x 10-> cm/sec, far greater than the

1 x 10-8 cm/sec permeability values possible in the intact GCL. It has been
shown that GCLs do not self-heal in the field, suggesting that once this
increase in permeability is noted, it remains permanent. Last, Benson

et al. (2007) suggested that GCLs should be used in final covers with cau-
tion unless cation exchange and dehydration can be prevented or another
barrier layer is present, such as a geomembrane. The study by Lake and
Rowe (2005) showed that cation movement is prevalent in the defect
regions of a composite liner system, making even a geomembrane solution
inadequate for long-term barrier protection.

The literature on GCLs reviewed in this report suggests caution on the part
of designers and regulators considering montmorillonites such as ben-
tonite for use as a self-sealing hydraulic barrier. Some of the literature
shows self-sealing does take place, but the laboratory and field data to this
effect are of short duration and limited scope. Also, there are reports from
the field concerning bentonite desiccation and shrinkage that has not
reversed upon rewetting. Cracking due to ion exchange has also been indi-
cated as a cause of problems in the field with bentonite-based GCLs.

Performance modeling

The rapid and extensive desiccation cracking of compacted clay layers in
landfill caps that has been reported points to the need for improved under-
standing and improved models of clay barrier performance. The desicca-
tion that occurs suggests inadequate treatment of vertical water transport
and the potential for desiccation, cracking, and material property changes
induced by cracking. In this section, modeling approaches to clay barriers
are reviewed with the intent of discerning what is missing. Emphasis is
placed on why desiccation is underpredicted, if predicted at all. In no
instance do models predict cracking or the increase in percolation due to
preferential flow in crack openings resulting from this mechanical
behavior.

Clay barrier models

Khire et al. (1997) compared the predictive capabilities of the Hydrologic
Evaluation of Landfill Performance (HELP) model (Schroeder et al. 1994)
and the Unsaturated Water and Heat Flow (UNSAT-H) model (Fayer and
Jones 1990) for the water balance in landfill caps. Details on the models
are available in the user manuals cited, and Khire et al. (1997) provide an
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overview of the two model formulation schemes and computational
approaches. Field data from the Live Oak Landfill, Atlanta, GA, and the
Greater Wenatchee Regional Landfill, East Wenatchee, WA, were used to
make the comparison. Hydrologic data were collected for 2.5 years at
each site.

At the Georgia site, HELP underestimated overland flow while UNSAT-H
provided a more accurate prediction. HELP provided an accurate predic-
tion of evaporation, and UNSAT-H underestimated evaporation. HELP
significantly underpredicted soil water storage, primarily because it over-
predicted percolation. UNSAT-H captured the large seasonal variation in
soil water storage, but slightly underestimated soil water storage during
the winter. HELP significantly overpredicted percolation, and UNSAT-H
slightly underpredicted percolation, which is problematic from a regula-
tory perspective. HELP overpredicted percolation because it underpre-
dicted overland flow, and it uses a unit hydraulic gradient to route water in
unsaturated soil. A downward unit gradient is assumed by HELP until the
wilting point is reached in water content. Field data showed that the
hydraulic gradient was upward near the interface between the cover soil
and the barrier layer for much of the time.

At the site in Washington, HELP significantly overpredicted overland flow,
and UNSAT-H underpredicted overland flow. Both models had trouble
simulating winter conditions (snow cover, snowmelt, and thermal ground
conditions). Both models tended to overpredict evapotranspiration. HELP
underpredicted soil water storage, and UNSAT-H predictions of soil water
storage were in good agreement with the field data. Both models over-
predicted percolation until the last winter of observation. Apparently, the
clay barrier had cracked, and with the onset of winter precipitation, prefer-
ential flow occurred in the cracks. This gave a large percolation pulse in
the field data set that was not predicted by either model. Neither model
allows for preferential flow through cracks.

He et al. (1998) applied the HELP model to infiltration rates at three
closed landfills. The results indicated that the recommended ranges of
parameters suggested in the HELP documentation were adequate for
simulating landfill performance.

Choo and Yanful (2000) investigated unsaturated flow through multi-
layered soil covers using computer models and laboratory physical models.
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A commercially available finite-element model, SEEP-W, was used to sim-
ulate unsaturated flow in laboratory packed-soil columns. The ability of
the model to predict pressure head and water content was evaluated by
comparing the model solution to those obtained from analytical solutions
to simplified problems for steady flow in a multilayered soil and transient
flow in a homogenous soil. There was good agreement between the model
and the experimental results for the first 3 days. For times longer than

3 days, agreement was not as good, due to the formation of discontinuous
water pockets in the experimental column and the lack of a vapor trans-
port algorithm in the model. The data showed that vapor phase transport
of water controlled total head profiles after 3 days in the column that was
not sealed at the top.

Aubertin and Bussiére (2001) discussed the paper by Choo and Yanful
(2000) and pointed out that, in addition to the difficulties encountered by
Choo and Yanful in applying commonly used calculation methods to
analyze one-dimensional unsaturated flow in columns, more difficulties
arise when considering sloped surfaces. Aubertin and Bussiére (2001)
argued with cited literature that, on slopes (and practically all caps have
sloped surfaces), flow involves both vertical and lateral components within
and between different layers. The difference in elevation between the bot-
tom and top portions of an inclined layered system induces a suction gra-
dient that creates variation in water content depending on the location
along the slope. Aubertin and Bussiére also comment that another impor-
tant finding from their work is that some portion of capillary barriers may
actually desaturate, even though one-dimensional calculations may predict
otherwise.

Doll (1997) described a numerical model (SUMMIT; Dol 1996) that
couples heat, water, and water vapor transport in unsaturated media. The
problem that D6ll focused on was one involving landfills with heat gen-
eration and the impacts of temperature variations on the integrity of soil
barriers beneath landfills. Data from the literature on nonisothermal
laboratory and field experiments were simulated. In the laboratory experi-
ments, a clay liner desiccated and cracked due to nonisothermal vapor
diffusion into an underlying sand drainage layer. Fitting of SUMMIT to
this experiment required simulating vapor diffusion in the sand drainage
layer as if vapor diffusion were occurring in air. For the field experiment,
fitted model parameters again suggested that water vapor transport from
the liner to the underlying drainage layer was much higher than expected.
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Doll concluded that nonisothermal vapor diffusion of water can be up to
five times higher than is explainable with reasonable model parameters
and that vapor phase diffusion can be expected to cause desiccation and
cracking of soil liners.

Crack models

Models for soil desiccation typically are based on the properties of the
intact soil, and only indirectly consider cracking—such as the work
previously described by Doll (1997).

Doll (1996) describes the use of the SUMMIT model for evaluating desic-
cation risk. Doll found that the model gave reasonable qualitative agree-
ment with field data. Quantitative agreements were difficult because of
uncertainties in soil properties and the unknown effects of consolidation
and desiccation. The SUMMIT model does not explicitly consider crack
propagation or the creation of secondary porosity.

In a study by Abu-Hejleh and Znidarci¢ (1995) of soft saturated clay under
self-weight consolidation, a finite element model was used to capture the
general process of desiccation. The conditions described by the model are
better suited for dredged fill containment versus compacted landfill bar-
riers, although the processes corresponding to the latter stages of drying
are equally applicable to both. The finite element model was based on an
extension to the one-dimensional finite strain consolidation theory of
Gibson et al. (1967). The analysis was broken into two stages. The first
stage was idealized as one-dimensional consolidation. During the con-
solidation phase the vertical water migration exceeds or balances losses
due to evaporation, and no shrinkage occurs. As consolidation slows,
drying creates a tensile stress and shrinkage. Cracking occurs when the
shrinking soil reaches a critical void ratio, at which point the model
becomes two-dimensional. The developing cracks are modeled as equally
spaced, and extend to equal depth. Properties do not vary in the horizontal
direction. Thus, upon cracking, the model effectively corresponds to a
single “pillar” of soil bounded by cracks. The cracking void ratio is deter-
mined from a relationship for tensile strength (o:), which in turn is
expressed as o: = FSy, where F is an experimentally determined factor and
Sy is the undrained shear strength. The advantage of this approach is that
Sy can be found from conventional experiments and F falls within rela-
tively well-known bounds. According to Abu-Hejleh and Znidarci¢ (1995),
the factor F has a lower bound of zero and is assumed to have an upper
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bound of 0.5, based on values reported by Lau (1990). The undrained
shear strength, and therefore the tensile strength, can be correlated to the
void ratio. (See Peters and Leavell (1986) and Leavell and Peters (1988)
and for a detailed discussion of the relationship between compressive and
tensile strengths for compacted materials.)

An important aspect of the research reported herein is that, as cracking
evolved, the boundaries of the soil domain are modified to expose the soil
at depth to the atmosphere. The depth of the cracking is determined by the
void ratio of the soil, which is indirectly controlled by the stress. Crack
propagation is not considered in the Abu-Hejleh and Znidarci¢ (1995)
model.

The evolution of soil cracking has been described extensively by Chertkov
and his coworkers (Chertkov and Ravina 1998, 1999; Chertkov 2000,
2002), who recognized that the hydraulic properties of clayey materials
depend on the geometries of crack networks. One important observation
of Chertkov (2002) is that cracks form even in saturated clay under
“desiccation in constrained conditions.” Chertkov applies the concepts of
linear fracture mechanics to derive the formula for the characteristic

length, L., of a crack caused by a change in gravimetric water content from
its initial value 0 to a value of 6,,

1 2
l*__

T

KIc
(o)
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where Kr. is the critical stress-intensity factor (fracture toughness) of the

soil and o« is the maximum stress at the surface computed from the elastic
stiffness parameters E and v, the shrinkage coefficient, a, and the change
in water content

Ea
3(1-v)

O. =
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This formula is based on Griffith’s formula for a crack subjected to a uni-
form stress of o« and can be interpreted as follows: A crack with initial

length [ < L« will not propagate, but for [ > I, the crack grows into a moving
equilibrium state in which length increases with a constant velocity. The

average crack length was determined by Chertkov to be l,, = 1.221.



ERDC TR-08-7 18

The key conclusion derived from this model is that, in a saturated soil,
cracks fall within two categories: shallow cracks that are incapable of
further propagation and deep cracks that have the potential for propaga-
tion. Chertkov posits that two scales of crack length actually exist, con-
sisting of larger seasonal cracks and smaller “interaggregate” microcracks.
A detail that is not considered is the change in boundary condition by the
creation of the crack itself. White (2001) commented that random crack-
ing does not occur in soils and argued that cracking geometries can be
deduced from soil structure characteristics. Chertkov (2001) responded
that random cracking has been observed in intact clay and mine tailings
and that, from the viewpoint of an observer, the intersection of cracks with
an arbitrary line is random.

Causes of crack initiation

There is evidence that the unexpectedly rapid and extensive desiccation of
clay layers in barrier-type cover systems for landfills is caused by vertical
water vapor transport. An upward hydraulic gradient was measured in
unsaturated soil of a cap at a site in Georgia (Khire et al. 1997). Choo and
Yanful (2000) noted that vertical water vapor transport controlled total
head profiles in laboratory columns simulating a cover system after only

3 days of testing. However, D6ll (1997) simulated both water vapor and
heat transport and was not able to fully capture nonisothermal water
vapor flux in unsaturated soils.

In unsaturated soils, water evaporates from film water and the capillary
fringe. The water above the capillary fringe is held by surface adsorption
and surface tension (matric potential). Although barometric pressure
changes affect the water held by matric suction and could act like a pump,
simulation of the influence of barometric pressures changes on the water
content of soils is not generally viewed as necessary. Heat flow in soils has
been widely studied (Lettau 1954, 1971; de Vries and Afgan 1975; Kimball
et al. 1976; Sepaskhah and Boersma 1979; Hillel 1982; Horton et al. 1983).
Similarly, evaporation from soil has been widely studied (Philip and

de Vries 1957; de Vries 1958; Richie 1972; Milly 1984; Nobre and Thomson
1993; Schelde et al. 1998; Bachmann et al. 2001), but theoretical questions
regarding model parameter estimation for evaporation from the soil sur-
face have not been completely resolved (Qui et al. 1999). Where coupled
water vapor transport and heat transport are simulated, Fick’s law for
water vapor and Fourier’s law for heat (and modifications thereof) are
used to simulate water vapor transport and heat transport, respectively.
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Models such as HELP and UNSAT _H have been developed to capture the
moisture behavior at the clay-barrier interface.

Climatic changes

The models HELP and UNSAT _H use daily average climatic data and are
not sufficiently refined to capture diurnal drying effects in the soil profile.
Under actual field conditions, a cover is very dynamic. Episodes involving
precipitation, runoff, and infiltration of different magnitude and duration
preclude steady state. The need for transient modeling of these phenom-
ena is well known. However, diurnal variations in air and soil tempera-
tures and water vapor pressures are not usually simulated, and variations
in these quantities are equally pronounced in the soil profile on diurnal,
seasonal, and annual time scales. Thibodeaux (1996) gives examples of
how the use of average daily temperatures underestimates both evapora-
tion of water and volatilization of chemicals from soil surfaces. The overall
effect is that use of average daily climatic data underpredicts evaporation
and the potential for desiccation of clay barriers in caps. For a simulation
of 200+ years, significant computational power is required to simulate
diurnal effects on water balance.

Water vapor transport

Water vapor transport in the soil gas must be included to simulate the
desiccation effects that have been observed, and HELP and UNSAT-H
simply were not formulated or intended to simulate the complex physics of
water vapor transport in soils.

Philip and de Vries (1957) and de Vries (1958) generalized Richard’s equa-
tion to account for storage and diffusion of water vapor in the soil gas
under nonisothermal conditions. Milly (1984) introduced an alternative
mathematical expression based on matric head and temperature deriva-
tives. Bulk flow of soil gas is not simulated. The model includes terms for
matric pressure dependent vapor diffusion and thermally induced vapor
diffusion. An enhancement factor is included in the definition of the ther-
mally induced vapor diffusion coefficient. The enhancement factor is a
function of porosity and water content. The thermally induced vapor
diffusion coefficient was defined as a function of the enhancement factor,
molecular diffusion coefficient for water vapor in air, temperature, the
ratio of the average temperature gradient in the soil gas to the overall
average temperature gradient of the soil, and the partial derivative of



ERDC TR-08-7

20

absolute humidity with respect to temperature. This definition of a ther-
mally induced vapor diffusion coefficient, shown in Equation 2a (Milly
1984), has no adjustable parameters.

_ 0
DTv:pllDafcaF;:) (28)
0]

where:

D+, = thermally induced diffusion coefficient

D, = molecular diffusivity of water vapor in air
(temperature dependent)
py = absolute humidity of the soil gas
T = temperature
p = matric potential.

The parameter f is the enhancement factor defined as follows:

f=n for <6, (2b)
0
f=0,+——2-6 for 6, <0 (2¢)
n—0,
where:
n = porosity
0 = volumetric water content of soil

0. = volumetric air content of soil

0r = volumetric water content at which liquid flow is negligible
(i.e., the matric pressure dependent vapor diffusion coefficient
is an order of magnitude greater than the unsaturated
hydraulic conductivity).

It follows from the definition of the f parameter that this enhancement
factor is a tortuosity type correction factor. The parameter ¢ is the thermal
gradient ratio,

(VT)

=57

< (2d)
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In Equation 2d, the numerator is the overall average temperature gradient
in the soil gas, and the denominator is the overall average temperature
gradient in the soil (i.e., macroscopic).

Bachmann et al. (2001) applied the Philip and de Vries (1957) and Milly
(1984) theory to laboratory soil columns under nonisothermal conditions
to investigate the effect of water repellency on evaporation. Water repel-
lency refers to soil hydrophobicity, i.e., dislike for water. Water repellency
is associated with organic coatings (fungal hyphae, humic acids, or partly
decomposed plant material) on soil particles. Soils may display some
degree of water repellency after drying below some critical water content.
To obtain good agreement between predicted and observed evaporation
fluxes and soil water content, Bachmann et al. (2001) found it necessary to
multiply Dz, by a factor of 3.5.

Doll (1997) applied the Philip and de Vries (1957) and Milly (1984)
approach to three nonisothermal laboratory experiments and one non-
isothermal field experiment. Multipliers of 3.3 to 4.5 for the thermally
induced vapor diffusion coefficient were needed to simulate the laboratory
experiments, and a multiplier of 13 was needed to simulate the field exper-
iment. Multipliers of 3 to 5 imply vapor diffusion that is approximately as
large as vapor diffusion in free air without soil (D6ll 1997). Uncertainties
in the field data cloud the significance of the multiplier required for the
field data.

Schelde et al. (1998) modeled diurnal variations in heat and water flux in a
25-m2 bare soil plot. Their model formulation for water vapor flux is not as
complicated as that of Philip and de Vries (1957) and Milly (1984), as they
do not conduct separate calculation of matric pressure dependent vapor
diffusion and thermally induced vapor diffusion. The treatment is Fickian
with correction for tortuosity and volumetric air content of the soil.
Schelde et al. (1998) found that a multiplier of two provided the best fit,
especially during drying. Modeled water vapor flow was significant com-
pared with liquid flow and improved the agreement between observed and
measured diurnal water tension. Model predictions were sensitive to the
soil surface energy balance, gradients in water tension near the surface,
and enhancement of water vapor flow. Schelde et al. (1998) noted a trend
for overestimation of soil water content in the first 5 cm of soil toward the
end of the experiment (10 days). The discrepancy could not be explained,
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but the preclusion of hysteresis from the modeling was suggested as a
possible explanation.

Modification of diffusion coefficients

Application of Fick’s law to water vapor transport is overly simplistic
except under strictly isothermal and isobarometric conditions requiring an
adjustment of the diffusion coefficients in heat and water vapor transport
models (Bachmann et al. 2001; D4ll 1997; Schelde et al. 1998).

During the heat of the day, thermal gradients in the soil induce small
eddies at the soil water-soil gas interface. This phenomenon has been
studied in other environmental media (Thibodeaux 1996) and is modeled
as eddy diffusion. At the microscopic scale, eddies form as evaporation
transfers heat from liquid water to the soil gas. As the soil gas is heated, it
expands, and the expansion is propagated away from the interface by eddy
diffusion. Eddies impart turbulence to the soil gas, causing water-laden
soil gas to mix with soil gas at lower water vapor pressure. This mixing
effect enhances vapor flux more than is predicted by diffusive transport
models.

Analysis of heat conduction in limnological and oceanographic studies has
led to the application of an eddy conductivity or turbulent coefficient of
thermal conductivity. Modification of Fourier’s law of heat conduction
yields (Thibodeaux 1996)

dT

(gl pt\al
q= (k +k ) dy (3)
where:

g = heat flux

k! = thermal conductivity

kt = turbulent coefficient of thermal conductivity or

eddy conductivity
y = distance.

Thermal conductivity, ki, represents molecular movements, and eddy
conductivity, kt, represents random bulk movements. Figure 3 is a defi-
nition sketch for application of Equation 3 in the context of water vapor
transport in the unsaturated soils above a clay barrier in a landfill cap.
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Figure 3. Heat and mass transfer in a soil tube.

Eddy conductivity is not applicable for the soil solids (motionless) and the
water film (stagnant). Change in soil moisture during desiccation is
assumed to be due to evaporation (shrinkage of the water film). Thus, the
water film is treated as stagnant. The bulk of heat transfer during the day
is downward and takes place in the soil solids and water films. Heat trans-
fer in the soil solids-water continuum is modeled using Fourier’s law,
using a thermal conductivity coefficient that represents the combined
media. Soil temperatures can be successfully modeled in this fashion. Few
if any models simulate heat transfer in the soil gas because it can be neg-
lected when simulating soil temperature profiles (Schelde et al. 1998).

An eddy thermal diffusivity can be defined as
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where:

Dt

eddy thermal diffusivity
p = density of the fluid
C = heat capacity of the fluid.

Koh and Fan (1970) reviewed the magnitude of the eddy thermal diffu-
sivity in water and found maximum values at the surface of lakes

(=10 cm?2/sec) and minimum values in the thermocline of lakes

(~0.1 cm?2/sec). Turbulence on a lake surface is primarily wind induced;
however, turbulence in the thermocline is partially and sometimes pri-
marily induced by the thermal gradient across the thermocline. Since
analysis of heat conduction in lakes indicates thermally driven turbulence
in the thermocline and air is less viscous than water, it is reasonable to
hypothesize eddy diffusion at the soil gas-water interface in unsaturated
soils.

By analogy to Equation 3, application of Fick’s law to water vapor trans-
port in unsaturated soils can be modified as shown in Equation 5.

J:—(D’jLDf)‘CII—(Zj (5)

where:

J = mass flux of water vapor
D! = molecular mass diffusion coefficient
Dt = turbulent mass diffusion coefficient
C = water vapor concentration
z = distance, vertical direction.

The turbulent mass diffusion coefficient in Equation 5 represents bulk
movement of soil gas by thermally induced eddies. For Dt > 0, mass
transfer is enhanced over that predicted by molecular diffusion.

Equation 5 and the above discussion provide a physical basis for the
discrepancy between predicted and observed water vapor transport
reported by Bachmann et al. (2001); D6ll (1997); and Schelde et al. (1998).

Turbulent mass diffusion coefficients and eddy thermal diffusivities are
not fluid properties alone, but depend on position and direction as well as
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soil gas pressure and temperature gradients. They are highly variable near
interfaces where they are most important, and thermal gradients in this
region are usually unknown. For these reasons, Newton'’s law of cooling,
which is basically a definition of a heat transfer coefficient, is often used to
model heat and mass transfer across interfaces (Thibodeaux 1996). Heat
and mass transfer coefficients are semi-empirical parameters that lump all
the unknowns of a complicated process(es) into a single adjustable
parameter that has physical meaning. Newton’s law of cooling for heat
transfer is stated below.

q,=h(T,-T,) (6)
where:

go = heat transfer across the soil gas-water interface

h = the local heat transfer coefficient
T, = temperature at the soil gas-water interface
Ty = temperature in the mixed region away from the boundary

layer.

An equivalent expression could be written for mass transfer of water, but
such treatment would amount to one empirical coefficient for another. A
model equation for water vapor transport in the z-direction (vertical) that
accounts for thermally induced eddy effects on the soil gas transport
properties and that is not strictly empirical remains to be developed.

Centrifuge analysis

Abu-Hejleh and Znidar¢i¢ (1995) recommended centrifuge modeling as a
technique for verifying their desiccation cracking theory, especially in
terms of verifying the crack-formation mechanism. Abu-Hejleh and
Znidar¢i¢ (1995) further state “Short of an actual well-controlled field case,
it is probably the only technique available to study crack development,
since the field stress conditions that control crack propagation are pro-
perly simulated in centrifuge models.” Abu-Hejleh and Znidarci¢ (1995)
developed their theory for hydraulically placed fine grain deposits, such as
mine tailings and dredged material, and the cracking associated with
dewatering such materials. Implementation of Abu-Hejleh and Znidarci¢
(1995) recommendation in the context of clay barriers in landfill caps is
not as straightforward as it might be for hydraulically placed deposits
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since the clay barriers do not desiccate by drainage and evaporation, but
primarily by evaporation. Cracking in both instances, however, is initiated
in response to water loss, be it by drainage or by evaporation.

In the short time frames of the studies on desiccation cracking of clay bar-
riers in landfill caps, movement of overlaying soil into cracks in clay bar-
riers has not been reported (Benson and Khire 1995; Khire et al. 1997,
Albrecht and Benson 2002). Paruvakat (2002), in commenting on the
Albrecht and Benson (2001) paper, reasoned that cover soil could fill
desiccation cracks. Centrifuge modeling could extend the time frame of
analysis for crack fill-in to hundreds of years. Such modeling would be
important because, if cover soil eventually migrates into cracks in the clay
barrier, this material may hold the cracks open and prevent eventual self-
healing in years of higher than normal precipitation. The potential for
crack fill-in is therefore important for long-term performance assessment.

On the surface, the centrifuge would seem an ideal testing mechanism to
capture the long-term effects of clay cracking, because of its ability to
accelerate time. However, centrifuge modeling of water vapor diffusion is
not possible according to the Philip and de Vries (1957) and Milly (1984)
theory of heat and water vapor transport in unsaturated soils, since there
is no gravitational term in Fickian models. Therefore, the centrifuge lacks
the critical element necessary to incite further cracking due to drying
effects of the soil. As will be shown in Chapter 4, the overburden stresses
play an insignificant role in the prevention of crack behavior. As a result,
the centrifuge does not offer much in the way of advancing the state of
knowledge of cracking mechanisms. Therefore, it is recommended that a
more comprehensive, static test be conducted to allow time for clay evapo-
ration to study the phenomenon of crack propagation.

Summary

Laboratory and field studies have shown the following key phenomena in
compacted clay liner systems:

e Cracking of clay liners occurs quickly, typically penetrating the entire layer
thickness less than 10 years after construction.

e The cracks do not self-heal either by intrusion of overburden or by
rewetting during cyclic seasonal changes.

e Geomembranes and GCLs are inadequate long-term barriers to protect
against clay cracking.
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e Diffusion (water vapor transport) explains the moisture loss at the clay
surface but not the crack propagation phenomenon.

e Studied diffusion models do not predict the secondary porosity and, there-
fore, the high water intrusion detected in cracked clay liners.

e Centrifuge testing does not enable scaling of diffusion characteristics, but
can provide both the influence of overburden and scaling of permeability.

The most direct way to assess the mechanisms of crack propagation is
through a static test conducted over an extended time period to allow for
diffusion. The resulting behavior could then provide the validation criteria
for a numerical model capable of simulating the secondary porosity result-
ing from development of a cracking network within the clay mass.
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3 Experimental Program

Introduction

The literature review describes the inevitably of crack generation in a clay
liner when the clay surface is subjected to changing humidity conditions. A
series of suggestions were proposed to better define the water vapor pres-
sure and resultant humidity condition near the clay surface, which can
then be translated into a moisture condition within the clay soil. A model
is required that can predict the crack generation occurring from the clay
surface downward as a function of the tensile stresses in the clay mass.
The tensile stresses in the clay are a function of the moisture content, and
this constitutive interaction will be addressed in the numerical modeling
chapter. An experimental program was developed to address the behavior
of the clay liner once the tensile stresses are sufficient to induce crack for-
mation. From these experiments, a proper numerical model can be devel-
oped to determine the degradation of clay liner systems after crack
initiation.

To understand the nature of cracking in a clay soil, a series of three experi-
ments was conducted to determine the processes of horizontal and vertical
cracking in a highly plastic soil. These experiments were designed sequen-
tially, each having a unique purpose, and each experiment was built upon
the lessons learned from the previous experiment.

e Experiment 1: The initial experiment was designed to test concepts for
concentrating (or training) clay to form a crack in a predetermined
location and to determine the effectiveness of measuring a lateral soil
pressure sensor during cracking.

e Experiment 2: A simple experiment was performed to test the effective-
ness of using time-lapse photography to observe and measure the
cracking phenomenon. This test was undertaken using a highly plastic
soil, which was compacted and allowed to dry in a cylindrical container
without side restraints.

e Experiment 3: This experiment incorporates the best techniques
learned for crack training, instrumentation of pressure sensors, and
use of time-lapse photography into a single, larger scale test bed to
observe the long-term crack generation of compacted clay during dry-
ing. Results obtained from Experiment 3 will be used to validate the
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behavior of the numerical cracking model described in the following
chapter.

Experiment 1

This first experiment was designed to test concepts for constructing a test
bed of sufficient size for monitoring crack behavior, for concentrating

(or training) clay to form a crack in a predetermined location, and for
determining the effectiveness of a lateral soil pressure sensor during
cracking.

Experimental setup

To best represent the cracking response of a soil in a predetermined area,
in this case the middle of a square box, the surface area of a test bed must
be large enough such that the sidewall influence does not inhibit crack
development in the center of the soil bed. To achieve this, the chosen
experimental setup consists of a reinforced, Plexiglas box that is 18 in.
(45.7 cm) on aside and 4.5 in. (11.4 cm) in depth (Figure 4)—determined
from experimentation with subsequently smaller boxes to encompass the
desired cracking effects. To encourage the soil to crack in a preferential
direction, a series of plastic soil bolts were fabricated and screwed into two
opposing sides of the soil container at random positions. This technique
was developed to prevent the soil from separating from the container
walls, with bolted sides to encourage a primary crack to form in the middle
of the soil box, parallel to the bolted sides. The other two sides of the box
do not have soil bolts to enhance the potential for generating a long crack.
The supposition is that, during drying, the soil will slide along the sides of
the box without bolts, generating a single primary crack along which sen-
sors can be placed to capture lateral stress effects.

To further encourage preferential drying and formation of a defined pri-
mary crack, a drying apparatus was designed that would allow air to move
across the clay surface concentrating drying in narrow band of soil, expe-
diting crack formation. Figures 5 through 7 show the conceptual design
and operation of the airflow device and its proximity to the proposed
primary crack. The drying box was designed and constructed (Figure 8)
having a length that equals the length of the soil container (45.7 cm) and a
width of 10 cm. An air hose connecter is located on top of the box, and
numerous drilled holes are on both sides of the box. Air can be pushed into
the drying box either through the connector or by applying a vacuum.
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Soil bolts were fabricated into two opposite sides of the soil container box
as shown in Figure 9.

Use screws to secure
. formt
| Wall Height =4.5" | orm to base
i 'y A .! / .
Vacuum grease in groove
) dlot along entire perimeter
Bece B |
21" x 21" X E Side Wedges
0.5" Thick 19" are 1” Thick
0| :
. Plexiglas
thickness = 0.5”
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A A Q = .Q
- Corner Wedges
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Figure 4. Soil test bed dimensions.

Air movement for
controlled drying

Thick flexible
plastic sheet
(to prevent
moisture loss
from clay)

Internal bolts
(to restrain soil)

Drying centralizer
(control, accelerated,
centralized drying device
to produce a uniform
dependable crack in
compacted clay)

Figure 5. Conceptual view of drying apparatus for developing a primary crack.
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Figure 6. Intent of drying action on the soil surface.

crack, incremental
movement, location
specific movement, etc.)

Figure 7. Instrumentation concept around potential primary crack.
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Figure 8. Drying box.

Figure 9. Soil box with soil bolts.
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Soil tested

A high plasticity (CH) soil was used in the study and was obtained from a
borrow pit located in Yazoo City, MS. The soil characterization data are
presented in Table 1. The mineralogy of the CH is predominantly illite.
This material is typical of low-permeability soils used in the design and
construction of waste containment liners (Mitchell et al. 1965).

Table 1. Material properties for illitic, highly plastic clay.

Soil Property Value
Particle size analysis

% Sand 4.6

% Silt  (<0.075 mm) 50.0

% Clay (<2 ym) 45.4

Specific gravity, Gs 2.74

Unified Soil Classification CH
Atterberg limits

Liquid limit, LL 76

Plastic limit, PL 24

Plasticity index, PI 52

Activity, A 1.15
Compaction (Standard Proctor)

Optimum water content (%) 32.2

Maximum dry unit weight (kg/m3) 13.2
Compression indices

Coefficient of compressibility, Cc 0.317

Coefficient of recompression, Cr 0.011
Permeability, K (cm/sec) (Lambe and Whitman 1969) <1x 108

The CH soil used in this experiment was wetted to approximately the opti-
mum water content given in Table 1 + 2%. The soil was wetted and mixed
using a hand-held mixer, shown in Figure 10, and then sealed in contain-
ers for 7 days of hydration to promote water absorption. Prior to soil com-
paction, the soil was remixed and soil moisture samples were taken to
ensure uniform moisture distribution. During remixing, the large soil
clods were broken down into smaller clods (maximum equivalent diameter
<0.76 cm). The loose soil was then placed in the Plexiglas mold and com-
pacted in four equal lifts, each approximately 3 cm thick. The lifts were
compacted using a standard proctor hammer (ASTM D698), which was
dropped a sufficient number of times to achieve the desired dry density
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Figure 10. CH soil wetting and mixing.

in Table 1. Figure 11 shows a close-up of a single compacted soil layer after
about half the compaction blows have been delivered. The final compacted
depth of soil in the box was approximately 11.2 cm. Figure 12 shows the
test box filled with the four compacted clay layers and the operation of the
compaction hammer. The compaction effort smoothed out the chunky
nature of the loosely placed soil into a smooth tight surface.

A thin sheet of plastic wrap was used to cover the entire soil specimen after
compaction to protect it from drying until the experiment was conducted.
The areas outside of the drying box were further overlain by a heavier,
1-cm-thick piece of rubber to insulate the clay surface from the surround-
ing dry air. Figure 13 shows the contrast at the end of the experiment
between the light-colored, cracked clay located under the drying box and
the smooth, darker surface that was protected from exposure to the air.
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Figure 11. Surface of compacted soil layer after half the required hammer blows.

Figure 12. Soil box filled with compacted clay and compaction rammer.
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Figure 13. Contrast between dried clay under drying box and protected clay
under plastic sheet at end of experiment

Instrumentation

To measure lateral stresses occurring in the soil during crack propagation,
an array of micro-electrical-mechanical systems (MEMS) pressure sensors
were obtained and placed in the soil parallel to the constrained sides of the
box (Figure 7). The lateral pressure measurements were performed with a
new type of MEMS pressure sensor (shown in Figure 14) obtained from
Phidget™ Inc. Several sensor sizes were available from the manufacturer,
and the two smallest sensors were used—with diameters of 5 and 14 mm.
These sensors use a universal serial bus (USB) based data acquisition cir-
cuit board (Figures 15 and 16) that is controlled by Visual Basic software.
These sensors change the circuitry resistance with increased load. Conse-
guently, a voltage splitter is required to convert resistance change to vol-
tage. Calibration of the voltage output to a known pressure was conducted
at the end of Experiment 3. The Phidget™ sensors experience a pressure
saturation limit on the order of 150 psi (1 MPa), a value well in excess of
any pressures anticipated during experimentation.

Different diameter pressure sensors were placed at varying distances from
the center of the soil specimen and at two shallow depths below the
ground surface. Figure 17 shows the general arrangement of the pressure
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Figure 14. Phidget™ pressure sensor (5-mm diam).

Figure 15. Acquisition board for Phidget™ sensors.
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Figure 16. Acquisition board size relative to model.

Figure 17. Positions of pressure sensors.
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sensors before the drying box (shown in the background) is placed over
the sensors. Figure 18 shows a MEMS humidity sensor from Sensirion™
Inc. inserted into a piece of polyvinyl chloride (PVC) pipe and buried near
the surface of the final compaction lift to measure the change in relative
humidity of the clay mass during the drying period. Note that the dark
lines in Figures 16 and 17 are not cracks; they are depressions left from the
last series of hammer blows on the soil surface.

Figure 18. Sensirion™ relative humidity sensor placement.

Results

Sensor data

The outputted voltage results from the pressure sensor measurements are
shown in Figure 19. The pressure levels on the vertical axis are in terms of
data acquisition bit levels because the calibration discussed in the section
on instrumentation had not yet occurred. However, the trend in response
was found to be the most revealing aspect of the experiment. The general
trend observed in all cases is an initial compressive stress generated upon
insertion of the sensors and subsequent compaction of clay around each
sensor. As the soil surface begins to dry and tensile cracks open up, the
lateral stress decreases to a point of zero compression (soil is in tension).
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Figure 19. Voltage output from lateral pressure sensors.

All the pressure sensor measurements drop to zero within 7 hr of test initi-
ation. This behavior is noted for both exposed and covered clay, with the
difference being the time at which the soil enters into a fully tensile condi-
tion. Even though the area outside of the drying box is not exposed to dry-
ing air, it is still affected by soil moisture migration toward soil directly
beneath the soil-drying box. For the single pressure sensor within the soil-
drying box area, the pressure measurement dropped to zero at 4.5 hr,
rebounded to a compressive state, and then dropped again to zero at 13 hr
after start of the experiment. This phenomenon will be investigated in
Experiment 3.

The relative humidity sensor was inserted immediately prior to the drying
of the clay soil and was found to be ineffective over the 13-hr duration of
the experiment. For this application, the sensor required greater than

13 hr to achieve an equilibrium state with the relative humidity within the
clay soil, thereby missing the window of opportunity to provide informa-
tion on changing conditions within the clay soil.
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Digital imaging

A small digital camera was placed on top of the soil-drying box to take
photos at different times during the latter half of the experiment. This
effort was initiated because it might prove to be a means of visualizing the
behavior of crack generation. Figure 20 shows one of the captured images
that were later combined with other snapshots to create a time-lapse
PowerPoint presentation. The generated cracks and resulting isolated
“desiccated clay islands” appear to float and move by mechanisms that are
not yet understood. It was noticed that microcracking occurred initially
during the drying process, followed by generation of more severe, primary
cracks. Once the soil began to constrict in these clay islands, the interior
microcracks began to dissipate. This was the logical explanation of the
rebounding of compressive stresses noted in the pressure sensor placed
under the drying box.

Figure 20. Image of cracks using digital camera.

Crack propagation behavior

In the end, the soil-drying box did not produce a primary crack running
down the middle of the soil specimen and was subsequently abandoned as
a crack-training device in Experiment 3. However, there was a single crack
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under the drying box, which was neither uniform nor symmetric. The ver-
tical projection of the downward crack was observed to only occur to the
depth of a compacted layer, approximately 1 in., even though a bonding
scarification was performed between lifts. Horizontal cracking, or peeling
of clay layers, was observed along the horizontal interfaces between com-
paction lifts. Consequently, the crack progression would initially cut a
given compaction lift vertically, then crack horizontally between lifts, and
then resume vertically cracking into the next lower compaction lift in a
stair-step fashion, as shown in Figure 21. Tracking how a crack propagated
downward through the compacted layers is not easy or obvious as shown
in Figure 22. Figure 23 shows a deep-seated crack from the bottom to the
top of the photo. The drying box was positioned at the same relative loca-
tion (Figure 24) as during the experiment to show that the observed
deep-seated crack occurs in the vicinity the drying box. In general, crack
generation follows a path of minimum resistance as it moves both ver-
tically and horizontally through the clay mass, creating a preferential flow
path for moisture. This conclusion follows closely with observations made
in excavated field liners noted extensively in the literature review.

Figure 21. Downward propagation of cracks.
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Figure 22. Cracks in and through layers.

Figure 23. Deep-seated cracks in lower layers.
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Figure 24. Orientation of drying box to deep-seated cracks.

Experiment 2

This experiment was designed to test the concept of using a time-lapse
video camera and computer-controlled digital camera to capture the
physical motion of cracking response on the soil surface. This study was
also used to observe the drying response of the highly plastic clay without
side restraints.

Experimental setup

This experiment used a compacted CH soil sample placed in a small 8-cm-
diam metal container as shown in Figure 25. Unlike the larger scale sam-
ple box, this small container does not have side bolts to prevent the clay
sample from pulling away from the container wall. The soil sample was
compacted using a standard proctor hammer to an equivalent dry density
as was found in Experiment 1.
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Figure 25. Sample container for small scale drying test.

A video camcorder and digital camera were set up directly over the com-
pacted clay specimen. This experiment was performed in an office rather
than a humidity-controlled room and, as such, daily sunlight variations
affected the video images. This experiment was performed over an interval
of approximately 1 month. The computer-controlled digital camera was set
to generate images at 2-hr intervals while the digital camcorder generated
0.5-sec images every 90 min.

Results

After approximately 1 month of observation, it was found that too many
images were generated from the digital camcorder for the purpose of
making a fast-acting animated digital movie. Therefore, only selected
images were extracted from the video catalogue at various time stamps
and assembled in a PowerPoint presentation that allows the user to cycle
through the selected images to observe the crack propagation and healing.
A time-lapse video was made of the digital camera images, which presents
a smooth-flowing view of the cracking response over the month-long
experiment.
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Even though this experiment was designed to solely test digital imaging
methods, the resulting time-lapse videos revealed the effect of microcrack
generation (Figure 26), primary crack generation (Figure 27), and appar-
ent crack closing (Figure 28) that would be difficult to discern otherwise. It
was observed that the clay cracking began rather quickly, within a few
hours, and crack size increased until the clay sample separated from the
container walls (Figure 27). As the sample separated from the container
wall, the thickness of the interior cracks began to diminish until only a fine
outline of the original crack system remained (Figure 28). This process
took approximately 13 hr from the initiation of the test, which is, interest-
ingly, very similar to the time frame of the pressure response observed in
Experiment 1. At the end of 1 month, these initial microcracks were either
completely closed or showed only a slight indication of a past crack
(Figure 28). This was the researchers’ first observation of the cracking
process from microcracking to primary cracking to apparent closing of
microcracks, to be better defined in Experiment 3.

Figure 26. Microcrack generation.
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Figure 27. Soil separation from container walls.

Figure 28. Closing of cracks after 1 month.
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Experiment 3

This experiment was designed to measure the lateral pressure response of
the clay during the three noted cracking phases—micro, primary, and
healing—and tie in the physical measurements to a visual behavior of the
soil to validate the measured response using the best techniques learned
from the previous two experiments. The duration of the experiment was
also extended to 6 weeks to ensure that a complete crack network was
developed in the clay mass.

Experimental setup

The highly plastic CH soil was compacted in the wide area rectangular box
to the same specifications used in Experiment 1 and subjected to a con-
tinuous drying cycle over a period of 6 weeks. The final moisture content
and dry unit weight of the soil was determined to be 31.1% and 12.9 kg/m3,
respectively, values that are reasonably close to the target moisture and
density. This experiment was performed in a humidity-controlled room
with a constant relative humidity of 23% and a temperature of 21.7 ©C.
These environmental conditions were chosen to foster expedient crack
generation to expedite the experiment. Figure 29 shows the cross section
of the conceptual layout of the experiment. Changes in tensile stress were
measured using a series of five 5>-mm-diam Phidget™ lateral pressure
Sensors.

Camera for
Time elapse photography

ZaN

'\

\ N\

\ \ Pressure sensors

Side restraining bolts

Figure 29. Conceptual view of soil box, instrumentation,
and camera setup.
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The techniques used to encourage a primary crack to form across the test
box running north to south on the page and parallel to the sensor array
involved using soil bolts (similar to Experiment 1) and scoring of the soil
surface. Based on the success of controlling the direction of clay cracking
with the soil bolts in the first experiment, the idea was used again with no
modification. The soil-drying box from Experiment 1 was replaced with
scoring the soil to train a soil crack, much like the methods used for the
finishing of concrete floors. A 5-mm-deep line was scored along the middle
of the sample and parallel to the soil bolted sides (Figures 30 through 33).

Image processing to monitor the surficial characteristics of crack develop-
ment for this experiment was achieved through two approaches (see cam-
era setup in Figures 34 and 35). The most successful approach used a stan-
dard high-resolution digital camera connected to a personal computer set
up over the top of the test bed. The other approach used a standard High8
digital video camcorder in a similar mounting arrangement. After the
experiment, the camcorder movie was downloaded to a computer and
compressed to a shorter total movie length. However, more flexibility was
found in using computer-controlled digital camera images to generate
movies compared to using digital camcorders. The processed camcorder
movies can generate excellent time-lapse movies, but only if the time-lapse
interval is constant. In the case of clay drying and crack generation, this
time-lapse interval is not constant but similar to an inverse log relation-
ship. A majority of the action occurs within the first several hours of crack
development, at which point any physical change of the surface begins to
rapidly slow down.

The digital camera approach uses an Olympus camera, model D-595, con-
trolled by Cam2Cam software via a USB cable. The Cam2Cam software
allows the time interval and camera exposure to be remotely controlled.
Each image from the camera is downloaded to a computer after each
photo is taken. One camera image is taken every 10 min. At the end of the
experiment, the selected images were combined into a movie file using
Ulead Photo Explorer software. However, the final movie file did not
include all the 10-min interval images from the experiment. Such a movie
would show lots of action at the start and then be increasingly slow as the
movie progressed. The key was to adjust the sequence of images to pro-
duce a movie that shows movement through all time periods. For example,
the equivalent real-time interval at the beginning of this movie was 20 min
per movie second and 1 month per movie second at the end of the movie.
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Figure 30. Insertion of lateral pressure sensors.

Figure 31. Piston used for compaction around sensor holes.
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Figure 32. Insertion of Sensirion™ relative humidity sensor.

Figure 33. Locations of all sensor instrumentation prior to drying.
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Figure 34. High-resolution camera digital camera setup.

Figure 35. Digital video camcorder setup.
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Picking the best equal interval camera images to use in a movie will ensure
continuous motion from the start of the experiment to the end of the
experiment. The resulting cracking videos provide a means for the obser-
ver to see the effects of action and reaction during the experiment. At
present, it takes considerable post-processing time to generate a represen-
tative movie. It is suggested, for future laboratory experiments, that cus-
tom software be used to automatically select the best equal interval photo
files in order to generate the inverse time log based movies.

Instrumentation

The lateral Phidget™ pressure sensors were placed into the soil parallel to
and at various distances from the scored line. Unlike Experiment 1, all
pressure sensors were the same size, specifically the 5-mm-diam sensors,
and all sensors were at the same depth below the ground surface (7 mm
from the surface to the middle of the pressure sensor). The pressure sen-
sors were placed into cut slice holes produced using a very thin knife
(Figure 30). After all the slice holes were cut and sensors placed, the sur-
rounding soil was lightly compacted using the weighted, 1.5-in.-diam com-
pactor piston (Figure 31) to seal the holes and provide an initial compres-
sive stress similar to the surrounding compacted soil. A relative humidity
MEMS sensor was placed within a small piece of PVC pipe to protect it
from compaction (as shown in Figure 32), but at a greater depth than in
Experiment 1. All sensor locations are shown in Figure 33.

In order for the results of the pressure sensors to be applicable to the vali-
dation of a numerical model, the voltage output must be calibrated to a
known physical pressure. To accomplish this task, a Tekscan™ pressure
calibration machine (Figure 36) was obtained and modified with a digital
pressure recorder. This device allowed all the sensors to be inserted at the
same time, such that they were all exposed to the same pressure level.
Pressure was gradually increased, noting the voltage output of each sensor,
and was recorded using ERDC-designed Visual Basic software as shown in
Figure 37. A summary plot of the pressure versus voltage output is shown
as Figure 38. (Note that there existed a high degree of repeatability within
replicate sensor calibrations.) Third-order polynomial fits were deter-
mined to represent each calibration curve, which in turn was used to back-
calculate the observed pressure in the soil from Experiment 3.
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Figure 36. Tekscan™ pressure calibration unit and accompanying
Phidget™ pressure sensors.
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Figure 37. ERDC designed visual basic software designed for recording
Phidget™ sensor calibration data.
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Phidget Sensor Calibration Curves
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Figure 38. Calibration curves for Phidget™ sensors used in Experiment 3.
Results

Once the sensors were installed and the data acquisition units engaged,
the time clock on the experiment began, as the dry ambient conditions
would begin to cause cracking of the clay surface in only a few hours. The
cameras were all turned on, and recording of the time-lapse pictures
began. The test bed was left untouched for a period of approximately

6 weeks, at which point forensic studies were performed. The sample was
carefully taken apart layer by layer to examine the nature of the cracking
below the observable surface. Data were then post-processed to determine

the magnitude of stresses, and the videos of the clay cracking were created.

Sensor data

The resulting calibrated stress levels [pounds (force) per square inch (psi)
and pounds (force) per square foot (psf)] from the pressure sensor meas-
urements are shown in Figure 39. The high initial stress levels represent
the residual lateral stress in the soil from the piston compaction, presuma-
bly close to the passive resistance level for this clay. The zero measure on
the x-axis represents a condition when the soil has undergone the transi-
tion from a compacted stress condition into pure tension as a result of
crack formation.



Figure 39. Resultant lateral pressure sensor measurements.
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The key observation from pressure sensors results is that in all cases, the
pressure decreased from an initial compacted lateral stress to a state of
zero stress (tension) within about 4.5 hr after exposure to the air (Fig-

ure 40), specifically within a time period of 1.5 to 4.5 hr. From photo
record examination, no microcracks were observed until after the lateral
stress levels had dropped to zero. Figure 41 shows a few microcracks start-
ing to form at about 6 to 8 hr from test initiation. The presence of micro-
cracks occurring only after the lateral stress reaches zero indicates that
when tensile stresses within the clay exceed the strength of the clay, lateral
strains (or cracks) are induced. Consequently, once the soil has gone into
tension, the formation of a primary crack network is the next step.

Between 18 and 30 hr (Figure 42), a few of the microcracks have expanded
into large primary cracks while other microcracks have begun to decrease
in size and will appear to heal. The pressure sensors at this time period
(20 hr) are starting to show positive lateral compression stresses. There-
fore, when microcracks decrease in size, it is an indicator that portions of
the total soil specimen are returning to a compressive state. Microcracks
decreasing in size infer the opening of primary cracks, causing tensile

Figure 40. Clay mass when lateral stress level decreases to zero.
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Figure 41. Microcrack formation at 6 to 8 hr from test initiation.

Figure 42. Onset of primary crack formation at 20 hr.
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stress relief throughout the total specimen. As was observed in Experi-
ment 2, the initial cracking can be defined as a web of thin microcracks. As
time evolves, a few of these microcracks become primary cracks while
several of the other microcracks slowly decrease in size and almost appear
to close.

The other important observation is that most of the pressure sensors even-
tually returned to a positive compression stress level and, in one case, to a
compressive state near the initial stress. This is observed in the formation
of “clay islands,” a block of soil bounded on all sides by a primary crack
with healed microcracks within its interior. These clay islands begin to
move and shift along the surface, suggesting a detachment between the
underlying soil layer (Figure 43). The sliding is a result of the lateral
restraints imposed by the soil bolts forcing one-dimensional movement.
Figure 44 represents the conditions after 1 month.

Figure 43. Primary crack size widening coupled with movement of clay islands.
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Figure 44. Major crack faulting after 1 month.

Quialitatively, the following cracking processes were observed to occur:

Microcrack generation

e Primary crack generation

e “Clay island” formation followed by block movement due to desiccation
e Microcrack closing

e Directional cracking with depth

e Curling of desiccated clay islands

e Relaxation of clay curling with time

Although every attempt was made to use the MEMS humidity sensor in
this experiment, in this instance the soil cracked very near the sensor,
rapidly exposing it to the outside environment and rendering its data
output invalid for measuring changes in internal relative humidity in the
clay during desiccation. Changes in the implementation of this device will
be made upon use in any future experiments.
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Volumetric effects

Surface curling is defined as the upward movement of primary cracks due
to drying (and tension) on the top side of individual floating soil plates
(illustrated in Figure 45). Figure 46 shows an example of surface curling of
the soil after only 2 days. The curling is due to the unbalanced stress loads
from the top to bottom of an individual compacted lift as the top shrinks
faster than the bottom. Once this curling has occurred, soil begins to break
away from the main soil mass to form individual floating plates (Kodikara
et al. 2004). Once sufficient time has been given for drying to occur
throughout the depth of a soil layer, curling dissipates as equalization of
stress occurs from top to bottom. In this experiment, this was found to
occur after about 7 days of drying.

Figure 45. Curling response of soil undergoing changes in lateral tension.

Figure 46. Surface curling in clay mass after 2 days.



ERDC TR-08-7 62

Scoring and instrumentation effects

Deep scoring of the compacted soil’s surface along the center of the speci-
men caused a majority of the specimen to crack along that line, but only
for the uppermost compacted layer (Figure 47). The surface score forced a
crack along only 70% of its length in the uppermost layer and did not
influence any underlying crack generation. A close-up of the cut score is
shown in Figure 48 (taken near the top of the specimen shown in

Figure 47). Note how the upper segment length of the surface crack in
Figure 47 does not follow the entire scored line. After removal of several of
the near-surface individual soil panels (compaction lifts) (Figure 49), the
location of the primary crack shifted in subsequent compacted layers. The
underlying observed crack in Figure 50 did not follow any portion of the
surface cut score line in the middle of the specimen.

More soil removal (shown in Figure 50) reveals numerous smaller score
marks (one score mark is illustrated with a pointer stick in the photo).
These score marks were inserted during the soil compaction process at the
completion of a compacted lift and prior to beginning the next lift. Provid-
ing a disturbance to the soil surface produces a better bond between each
compaction layer. Several of these shallow score marks were observed in
Figure 51; however, the deepest mark, in the bottom of the test bed,

Figure 47. Primary crack formation along score at end of test.
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Figure 48. Close up of cut score at end of test.

Figure 49. Offset of primary crack formation in subsurface layers.
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Figure 50. Crack influence due to score mark between compacted lifts.

Figure 51. Effect of cracking along scoring lines between compacted lifts.
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appears to be where a primary crack occurred. Consequently, a single
imperfection (i.e., a deep score mark) in the compacted soil layer just
below the surface layer determined the location of a deep crack. This
suggests that imperfections below the observable compacted surface can
dictate crack initiation just as well as surface imperfections.

The pressure sensors for this experiment were offset from a single line to
prevent formation of a single long crack that went through all the sensors.
However, the pressure sensors do appear to be influencing the density of
primary cracks. Figure 52 illustrates a higher crack density in the area of
the pressure sensors compared to an area opposite from the sensors. The
cracking did not appear to adversely affect any pressure data collected, in
that a consistency between sensor responses is evident. It is recommended
that future research consider using a wider spacing of pressure sensors,
and likely on both sides of the scored line to minimize the impact in any
one area of the compacted sample.

Figure 52. Localized cracking effects near placement of sensors.
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Summary

From Experiments 1 through 3, the following qualitative and quantitative
observations were made:

e Crack formations are very diverse along the surface layer and as they
migrate downward. Shapes of cracks are neither uniform nor
symmetric—evolving from thin webs of microcracks to a select number
of wide primary cracks that, in turn, can seal off existing microcracks.

e Pressure sensors readings confirm this transition from microcracking
to primary cracks to healing—an initial large lateral stress reducing to a
zero lateral stress under tension, followed by a rebound in compressive
stress when cracks begin to heal as a result of shifting soil layers.

e Cracks choose the path of least resistance, as evidenced by the chang-
ing location of the primary crack with layer depth. Drying action occurs
along a primary crack followed by drying between compacted layers as
curling occurs and, then, formation of primary cracks at deeper levels
within the soil mass.

e Unbalanced stress loads from top to bottom of a given compaction lift
induce a curling effect on the clay surface. As the soil continues to dry
with depth and the boundary moisture conditions come into equi-
librium, an uncurling effect is noted.

e Imperfections in compaction, such as the scoring between compacted
lifts, causes formation of deep cracks.

e A high density of cracks around the sensors suggests preferential paths
caused by incisions made from the installation of the sensors.

e The test box with the soil nails provided an effective means of directing
the widening of the primary crack perpendicular to the direction of the
intruding soil nails. This in turn directed the lateral pressure readings
during movement of the surrounding “clay islands” perpendicular into
the pressure sensors, providing a good measured response of the clay
mass behavior.

The results of Experiment 3 can be used to validate a numerical model
designed to predict the cracking network of a soil with similar material
properties. The imaging provides a detailed network of crack response that
can be used as a baseline to ensure that crack propagation is maintained in
the model. Stress magnitudes measured with the accompanying pressure
sensors will enable validation of the numerical constitutive laws to ensure
that proper tensile stress development is occurring based on the calibrated
model parameters.
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4 Numerical Modeling Effort

Introduction

This chapter describes the development of a numerical model that simu-
lates the progressive cracking in clay barriers. The numerical model seeks
to address the following questions: first, how can drying penetrate a sig-
nificant distance beneath the surface in the face of low-permeability clay
and, second, to what extent is the permeability of the mass increased? To
address these questions, and to provide a means to evaluate field sites, an
investigation of the cracking process was initiated in three steps. The first
step was to perform experiments on the cracking process to gain under-
standing of the mechanics of the cracking process (Chapter 3). The second
step was to obtain numerical parameters for shrink-swell models neces-
sary for a quantitative model of cracking. Finally, a numerical model was
to be developed that could simulate the cracking process.

Research on soil desiccation and cracking

Research on crack development in soil is motivated by observation that
secondary porosity created by macroscale features such as cracks contri-
bute to most of the moisture movement in clayey soils. Intact clay has
permeability values ranging from 10-> cm/sec to less than 10-7 cm/sec.
Water flow under purely gravity potential is effectively inhibited within the
lower portion of this permeability range, making these soils attractive as
water barriers for various types of waste disposal and retention sites.
Unfortunately, clay is prone to shrinkage upon drying, which causes crack-
ing that virtually destroys its capacity to act as a barrier to water. As a
result, composite designs are now common in which a geomembrane is
combined with a soil layer. For example, Albright et al. (2004) measured
the percolation rates through clay barriers throughout the United States
and found that composite barriers were generally effective while conven-
tional barriers with soil-only barriers generally were not effective because
of preferential flow through cracks and other defects. It is worth noting
that only one of these soil-only sites evaluated was in an arid climatic
condition. Thus, improvements of soil-based barriers must involve con-
trolling soil desiccation and its attendant cracking. More recently, Benson
et al. (2007) investigated a Wisconsin site where they identified a combi-
nation of cation exchange and dehydration as the cause of inordinately
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high percolation rates in geosynthetic clay liners. The geosynthetic clay
liners employ thin layers of bentonite encased between geotextile sheets. It
was noted that, throughout most of the year, downward hydraulic gradi-
ents exist for only short time periods while upward gradients predominate,
owing to the response to evapotranspirative demand. Whereas the ten-
dency for long periods of upward gradients predominates in both arid and
temperate climates, a strong potential for desiccating clay liners will
always exist, regardless of geographic location.

Suction shrinkage relationships

A common feature of the desiccation models for soft soils is the observa-
tion that shrinkage occurs in the saturated state; desaturation occurs at
the shrinkage limit, beyond which no further deformation occurs. The
stress state during shrinkage can be described by the traditional Terzaghi
effective stress principle in which the total stress (o;) is decomposed into
the effective stress (o’;) and the pore pressure (-pd;). Tensile stress is
taken to be positive. Pressure is likewise positive. Pressure acting on a
boundary is equilibrated by a compressive (negative) stress. Therefore, in
the case of saturated media, suction is a negative pore pressure that
increases the mean compressive effective stress, o, and causes a reduc-
tion in volume. The effective stress required for a given change in volume
increases exponentially, as is evident from the traditional e-log o, plot.
The shrinkage limit is the point at which the effective stress required to
reduce the volume cannot be sustained by a continuous pore water phase,
and the soil desaturates. The shrinkage can therefore be modeled using the
principles of traditional mechanics of saturated soil.

Compacted soils are neither saturated nor are they at the shrinkage limit.
Thus, for a compacted soil, a model based on partially saturated soil is
required. In the case of a partially saturated state, the Terzaghi effective
stress principle must be expanded to include both pore water pressure and
pore air pressure. The soil mechanics literature contains numerous
attempts to modify the effective stress principle that will not be reviewed
here, although they are discussed in Berney (2004). The present work is
based on a thermodynamic approach developed by Berney et al. (2003)
and described in detail by Berney (2004). In this theory, the total stress is
not assumed to have a definite decomposition into identifiable compo-
nents. Rather, the constitutive response of the changes in total stress and
suction potential is assumed to be coupled to the changes in strain and
volumetric water content. The model does recognize the distinction
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between the total stress, from which the balance of momentum equations
are written, and the inter-granular stress, which is that stress transferred
through the solid grains.

The theory is built upon an analysis of the work performed on a soil ele-
ment. It is concluded that the thermodynamic conjugates for the deforma-
tion process are (o, &) and (p, 0), whereby the virtual work performed on
an element of soil is given by

dW = o8¢, + p86 (7)

where it is assumed that the suction, p, can be treated as a scalar, although
it can be argued from micro-mechanical principles that in fact the suction
should be treated as a tensor because the suction stress in general is not
hydrostatic. The assumption of hydrostatic suction stress is retained in the
present work as a reasonable simplifying assumption.

It follows that incremental constitutive relationships, shown in Figure 53,
can be written as

do, = K,de, + K,dO (8)

and

dp = K,de, + K,db 9)

Taking dO as a free parameter that can be eliminated from the equations, a
relationship can be obtained:

do,, =K, (de, + K,dp) (10)
where:
2
K~k -5 m
KS

and
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Ke = Lz (12)
K,K;—K,
By defining dep = -Kodp, a relationship analogous to that for thermal
expansion (Zienkiewicz 1977) can be obtained:
do,, =K, (de, —de,) (13)

The case where 0 can be treated as a free parameter occurs when the equa-
tions of equilibrium are not coupled to the equations of flow. Specifically,
the suction (either prescribed or measured) is known. Such an assumption
is valid for the case of low permeability. In this case, the water content can
change near a boundary that is exposed to a suction condition but where
significant flow is not induced away from the boundary.

The cracking process

The model development is based on the hypothesis that cracking in clay
barriers is progressive and can extend to considerable depths despite the
low permeability of the clay. The process is illustrated in Figure 54.
Regardless of the low permeability of the clay soil, the clay will dry out at
the surface, causing the clay to shrink and cracks to form. However, crack-
ing is not a local phenomenon. Once a crack is formed, increasing the
width of the crack at the surface by additional shrinkage will also extend
the depth of the crack below that surface. The cracking exposes new sur-
faces to air, which initiates drying, causing further cracking. The key point
is that the cracks driven by shrinkage within the dried zone expose mate-
rial to the atmosphere beyond the ostensible depth of drying. Thus, the
exposure of surfaces creates an avenue for more drying and its attendant
cracking. The cracking can continue, provided the suction potential within
the cracks is greater than that of the soil and at least one principal stress is
tensile. Capturing this process with traditional groundwater models is
impossible for two reasons. First, the progression of drying and cracking
occurs with virtually no moisture movement in the intact soil, beyond
what occurs immediately beneath the exposed surfaces. Thus, because the
porosity created by the cracking system is not considered, the depth to
which drying can extend is limited. Second, even with models that con-
sider multiple continuum phases, the geometric distribution of the phases
is specified a priori and does not capture the evolution of the cracking
systems.
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Figure 53. Incremental constitutive equations.

(The mechanical and moisture effects are coupled through a set of non-
linear relationships shown here in their incremental linear form. The
constants for the model can be determined from conventional soil tests.)

Figure 54. Cracking processes.

(The crack is driven mechanically by the shrinking soil as it dries,
creating surfaces at depth from which more drying can occur.)
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Conditions are expected to be less conducive to cracking as depth
increases. Water is transported through the crack system via the vapor
phase, which necessitates a gradient in suction potential. Thus, the suction
at crack surfaces should diminish with depth. Similarly, the stress state
will be compressive below a depth where the compressive stress caused by
the weight of the overburden is greater than the tensile stress induced by
soil drying. Understanding these limiting factors of crack formation is one
objective of developing the cracking model.

Model description

The cracking model consists of a finite element model of the soil shrinkage
process that includes crack formation. Stresses within the intact material
are caused by self weight (gravity stresses) and changes in water content
(shrinkage). It is assumed that the water content within an element s in
equilibrium with the suction potential. The suction potential within an ele-
ment is approximated as the average value applied to the element bounda-
ries (e.g., the average of the values applied to the nodes). As discussed
previously, by specifying the suction potential, the water content becomes
a free parameter that can be removed from the constitutive relationships.
By this simplifying assumption, the water flow equations do not have to be
explicitly included in the model.

The cracks are assumed to form at element boundaries. This assumption
forces the crack system to conform to the geometry of the finite element
system and, accordingly, might not produce cracks at their critical orien-
tations. However, for the simple geometric configurations considered, this
is believed to be a permissible approximation to the actual cracking
process.

Finite element model

The finite element model is based on a three-dimensional regular grid as
shown in Figure 55. Developed in-house by ERDC researchers, the model
has several features conducive to efficient operation. The elements are
identical; thus, element stiffness matrices are identical and do not have to
be recomputed for each element. Further, the connectivity can be com-
puted from the element number, which in turn is based on the logical

(1,7, k) system that identifies the element with respect to the rows and
columns in which it occurs. Thus, limited memory is required to describe
model geometry; memory resources can be dedicated to the nodal degrees
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Figure 55. The rectangular finite element domain.

(The mesh details are generated within the program; the user only specifies
the limits of the domain and the element size. The suction potential is
applied at the top as a function of time. As cracks form at the top, the
suction boundary condition is applied to newly formed crack surfaces.)

of freedom and state data. The element is defined by eight nodes and is an
extension of a simple two-dimensional hybrid assumed-stress formulation
described by Peters and Heymsfield (2004). The advantage of the element
formulation is the need for an hourglass stabilization, which is obviated by
the choice of stress assumption.

The stress response of the elements is assumed to be linear. The only non-
linear aspect of the model is the crack formation that depends on the
node-based state data. The state data are treated as an update in boundary
condition. Therefore, the finite element computation is a sequence of
linear stress computations, each of which is followed by an update of
boundary geometry.

Stress computation

The stress computation is performed using explicit time integration of the
dynamic equations of motion via a Verlet velocity scheme as it is described
by Rieth (2003). A small damping is applied to the system such that, after
several time steps, a static equilibrium condition is obtained. Therefore,
there are two tiers of time stepping in the analysis. The main time
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stepping, which denotes changes in the static equilibrium condition where
the cracking condition is checked, and the internal stepping, which
marches over the dynamic conditions, with fixed boundary conditions,
until the static condition is obtained. Unless otherwise specified, all
reference to time step implies the main time step. The internal stepping is
merely a device to step from one static condition to another. The duration
of the main time step is irrelevant and is only an indicator of the sequence
of cracking events. Thus, the model does not provide information of the
time involved in the cracking process, only its relative inevitability.

Cracking process

The cracking process is controlled by the normal stress acting on a poten-
tial crack plane. Cracks form between element boundaries by splitting the
nodes into fragments, as illustrated in Figure 56. For the specific model
considered here, cracks form in the coordinate directions (x, y, z) of the
logical (1, j, k) coordinate system. Accordingly, each node consists poten-
tially of eight fragments. When the stress across a pair of fragments
exceeds the tensile strength, each fragment is assigned an independent
degree of freedom which, from a connectivity standpoint, creates a crack.
This process is illustrated in Figure 57 for a sequence consisting of forming
a vertical crack followed by forming a horizontal crack.

The cracking process depends on stress values at the nodes. As for
displacement-based finite element models in general, the stresses are
computed within the element, not at the nodes. The stress values at the
nodes are obtained from the consistent forces ( f;’) computed from the

Figure 56. Crack formed in element group by splitting one node.
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Figure 57. Process of subdividing nodes to create cracks along element boundaries.

For the eight elements shown (a), the vertical fracture is created by
subdividing the nodes as shown in (b). Additional subdivision creates
horizontal crack in right-hand element group, as shown in (c).
The nodal subdivisions shown correspond to the central node.)

internal stress state. The three potential crack planes at the nodes corre-
spond to three normal directions n;. The cracking force is the projection

of the nodal force projected on the potential crack direction,
fe=fn{ (14)

where repeated indices imply summation over the three coordinate direc-
tions. The crack stress, o¢, is simply the cracking force divided by the area
of the potential crack, oc = f¢/Ac. The area, A, of a node, depends on the
cracking state of the neighboring nodes within the plane defined by n;. As

shown in Figure 58, the Ac is equal to
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where:

A’ =A% = area of an element face
nb = number of neighboring nodes that are not cracked.

Note that one immediate effect of cracking a node is to reduce the
contributing area available to adjacent nodes, thereby increasing their
nodal stress.

Figure 58. Assignment of area, A¢, to the central node (target node) based on the status of
cracking on the neighboring nodes.

Crack model

Crack formation is controlled by a simple cohesive crack model. When the
normal stress component across a crack boundary exceeds the crack resis-
tance, a crack is formed (Figure 59). The cracking condition is checked at
each node. The formation of the crack consists of creating new degrees of
freedom at the node using the node fragmentation procedure described
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Figure 59. Relationship between crack opening and stress across crack interface.

(This study employed a law in which the interface stress
dropped to zero upon reaching the fracture stress.)

previously. The analysis proceeds in time, whereby the cracking condition
is checked at each time step. After a crack is formed, the domain is
changed in two ways. First, the crack plane becomes stress free, which
causes the stresses to redistribute around the cracked node. Second, the
suction condition is applied to the newly formed surface, which changes
the stress system. The changes combine to spread the cracking to adjacent
nodes or to induce cracking along other planes.

Parameter determination

The model relates the stress and suction changes to volumetric strain
through a coupled relationship that predicts shrink/swell behavior in an
unconfined condition and swells pressures in a confined condition. The
behavior is assumed to be reversible to simplify the analysis. Although
hysteresis is observed in actual experiments, cracking experiments
described in Chapter 3 showed that the shrink-swell process is nearly
reversible once cracks formed. The cracking itself is irreversible in that
cracks can close but do not heal.
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The elastic parameters for the soil can be determined from standard soil
experiments. The parameter, Ky, can be determined from either swell tests
or swell pressure tests. In the case of swell pressure, de, = 0 and don,

= KsKpdp, where do and dp are measured quantities, and K is determined
from the elastic parameters. Presumably, the cracking stress, o, can be
measured from tensile tests on the soil. Unfortunately, tensile tests are
difficult to perform. Alternatively, the approximation of o. = FS, was
employed by Abu-Hejleh and Znidarci¢ (1995). A more direct approach is
to perform a controlled drying experiment in which the increase in suction
required to induce cracking is measured and the tensile stress computed
for that suction.

Performing an analysis

The domain of the analysis is a rectangular region defined by the coordi-
nates of its six faces (Figure 55). A grid of equal-size finite elements is
automatically created to fill its volume. Therefore, the analysis requires no
mesh generation. The geostatic stresses are computed from self weight
such that the soil is in equilibrium. Suction potential is then applied at the
surface based on the user-specified value. The analysis is then stepped
through time as the soil responds to the shrinking/swelling driven by
changes in suction at the evolving crack surfaces. If stress at element
boundaries reaches a critical value, a crack is formed, creating a new
boundary surface on which the surface suction is applied.

The applied suction potential can be specified as a function of time, pro-
viding a means to model both shrinking and swelling. The shrink/swell
analysis is primarily intended for model validation. The present version of
the model does not include transport of moisture within the cracks, and
therefore represents a severe condition in which the suction potential at
the surface is felt throughout the crack complex. A task for model improve-
ment will be to implement a moisture-flow model for the vapor phase
within the crack system to account for suction gradations.

Simulation of experimental test bed

Two analyses were conducted for the experimental setups described in
Chapter 3. The first model domain corresponds to the drying box used in
Experiment 1. As in the experiment, compacted clay having the dimen-
sions of the drying box was allowed to dry from the surface. It was
assumed that the soil was attached to the sides of the box and no moisture
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flow occurred around the box boundaries. The second model domain cor-
responds to the drying box used in Experiment 3 with a pre-crack scored
down the center of the specimen. The soil consisted of a plastic (CH) clay,
which has a relatively large potential for cracking. The parameters used for
the model are given in Table 2.

Table 2. Model parameters for example problem.

Parameter Symbol Dimension Value
Bulk modulus K psi 10,000.0
Shear modulus G psi 5,000.0
Cracking stress Oc psi 0.4
Shrinkage index Ko psit 0.6x 104
Width w inches 18.0
Length L inches 18.0
Depth D inches 4.5
Element size Ax inches 1.0
Ny inches 1.0
A, inches 0.25
Suction potential Ps psi 1.0

Figure 60 shows an example mesh for the analysis. Displacements were
fixed as zero on all boundaries except the top surface. The suction, Ps, was
applied to the entire top surface and to all crack surfaces as the cracks
formed. The model was cycled through five iterations to capture the pro-
gressive nature of the crack formation. The resulting crack formation for
Experiment 1 is shown in Figure 61. The curling on the top surface is
apparent, as is the dominance of cracks in the horizontal plane. In fact,
cracking occurred in all planes. Cracking in the vertical planes tended to
involve smaller displacement across the crack and is therefore more
difficult to distinguish in the image.

Remarks on cracking pattern

The cracking pattern obtained in the first example simulation agrees well
with observations from the experiments described in Chapter 3. One of the
explanations of the dominance of the horizontal cracks was the tendency
of the cracks to follow the path of least resistance, which is presumed to

be the horizontal compaction lift boundaries. However, the simulation

did not account for any anisotropy in the cracking or elastic properties.
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Figure 60. Finite element model for example problem.

Figure 61. Cut-away view of end state of cracking.

(Displacements have been exaggerated to make cracking apparent.
The effects of curling in blocks created by surface cracks are clearly
visible. Visible cracking is dominated by horizontal cracking. Vertical
cracking also occurred throughout the thickness of the block, but
with crack openings too small to be discernible in the image.)
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Thus, the tendency to form horizontal cracks in the simulation is not a
result of compaction lifts. It is more likely that the horizontal cracks are
wider because the soil is confined in the horizontal direction, which favors
vertical shrinkage strains resulting in horizontal cracks. Also, the sizes of
the horizontal crack openings are enhanced by the curling tendency that
results from the variation in shrinkage strain across the layers. The fact
that the essential features of the cracking process can be captured without
appealing to arguments based on unmeasurable lift properties simplifies
interpretation of the cracking experiments.

The second analyses using the scored line produced the cracking behavior
shown in Figure 62. In this experiment, a pre-crack is introduced along the
middle of the specimen parallel to the constrained sides. The results, how-
ever, show little change in overall crack response from the first analyses.
Surface curling was again evident as was horizontal cracking and therefore
vertical cracking at depth. Figure 63 shows the cracking pattern with the
soil mass removed. From this exaggerated view of the cracking pattern,
vertical cracks are evident at each element seam but with irregularly sized
horizontal cracking with depth. This is similar to the behavior observed in
Experiment 3 as the primary crack locations varied with depth of the
compacted layer. Therefore, the numerical model is able to capture the
irregular cracking pattern indicative of typical field response versus a
symmetric, uniform crack distribution.

Cracking reduction due to overburden stresses

It is possible for overburden stresses to restrain the cracking behavior of
the soil, essentially by producing enough compressive stresses within the
clay that the tensile strength of the clay mass is never exceeded. The mag-
nitude of overburden required to achieve this is quite considerable owing
to the high tensile stresses that are possible in a typical highly plastic clay
that is subjected to long-term drying effects. The suction present in a clay
mass can be determined based on the relative humidity present at the
interface between the clay and its immediate surface. Equation 16 shows
the conversion from relative humidity (RH) and temperature (7) to
suction (¥).

w_ RT

In(RH) (16)

wo v
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Scored Line

Surface
Curling

Horizontal
Cracking at
all Depths

Figure 62. Model simulation of the end state of cracking within the clay mass with a scored
line down center.

(Displacements have been exaggerated to make cracking apparent.)

varies with layer

Figure 63. Image of crack surfaces within the clay mass with solids removed.
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where:
W = suction (kPa)
R = universal gas constant = 8.31432 J/(mol * °K)
T = temperature in Kelvin = (273.16 + °C)
Vwo = Specific volume of water = 1/1000 m3/kg
wy = mass of water vapor = 18.016 kg/kmol
RH = relative humidity in decimal
Joule = kg/(m?2*s2)
kPa = 1000 J/m3.

The result is the following general expression:
W (kPa) = -460.573 * (273.16 + °C) * In (RH) (17)

A simple calculation of the required overburden thickness is conducted
based on the model constraints. Consider the plastic clay at a nominal rel-
ative humidity of 99.5%, which is a reasonable estimate of relative humid-
ity found within a few particle depths beneath the clay surface when in
contact with a porous, unsaturated overburden layer. Assuming a sub-
surface temperature of 10 ©C, one obtains a suction of 650 kPa within the
clay mass. Assuming that if the tensile strength of the soil is not exceeded
then no strains exist in the soil, a condition de, = O, then one can rewrite
Equation 13 as

do,, = K,(K,dp) (18)

Using the model parameters from Table 2, the change in tensile stress
associated with that magnitude of suction would be 0.6 * 650 kPa

= 390 kPa. To prevent a tensile crack from forming, a horizontal compres-
sive stress of 390 kPa would be required, and twice that much in the ver-
tical direction, assuming 50% of the vertical load is transferred horizon-
tally. Considering an effective unit weight of soil of 20.4 kg/ms3, one
obtains an overburden thickness of 780 kPa/20.4 kg/m3 =38 m. This is an
enormous volume of soil to place over the clay, suggesting that, as long as
changes in moisture conditions are allowed to occur over the surface of the
clay barrier, tensile cracking will occur.
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Summary

The model is based on the following assumptions:

e Moisture movement through the primary porosity requires very long
time periods and can therefore be ignored.

e Moisture can be removed from the immediate surface of the soil by
evaporation, causing the soil to shrink.

e Secondary porosity is created by cracks that extend from the surface as
a result of shrinkage.

e Mechanically induced stresses can drive cracks below the saturation
front, thereby exposing the soil to drying well below the depth
computed from moisture movement through the primary porosity.

The basis of the model is that the cracking is a mechanical process that
involves moisture movement only at the immediate surface of the soil and
is propagated in time by the creation of new surfaces. From this view,
standard groundwater models are not applicable to understanding the
cracking process. However, the model ignores the movement of moisture
through the secondary porosity and therefore presents a severe condition
for crack growth. In fact, it is expected that, as the crack system develops, a
suction gradient would be required to move moisture from deeper por-
tions of the crack to the surface.

Another issue implicit in the model is the scale of the cracking. The crack
spacing is limited by the element size, Ar. Also, if suction is applied to the
surface of the element, the entire element feels the effects. Thus, the depth
to which the effects of suction extends is equal to As. Features of secondary
porosity smaller than Arcannot be captured by the model. The extent to
which a crack system can be simulated depends on the computer
resources.
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5 Conclusion and Recommendations

Conclusions

This report investigated the nature of cracking behavior in compacted clay
liners. A thorough literature review on the current state of practice for
construction of compacted clay liners revealed that significant infiltration
of water into clay barriers occurs despite predictions of hydrologic models
that such infiltration should be minimized by the low permeability of the
clay. Numerous field studies revealed that the cause of the high water
intrusion is a direct result of cracks occurring as a result of vertical water
vapor transport at the surface of the clay layer. These cracks will form
quickly in compacted clay liners, independently of current techniques to
mitigate cracking. Even composite caps that include clay liners overlain
with geomembranes fail to provide effective resistance to water vapor
transport because of defects that occur during the construction process.
The studied hydrologic models do not account for the crack formation
caused by drying which induces a secondary porosity that greatly increases
the bulk permeability of the clay mass.

Results of the experimental program provided several important obser-
vations about crack propagation, which supported observed field beha-
viors and directed the design of an appropriate numerical model.

e Crack formations are very diverse along the surface layer and as they
migrate downward. Shapes of cracks are not uniform or symmetric—
evolving from thin webs of microcracks to a select number of wide primary
cracks that, in turn, can seal off existing microcracks.

e The crack behavior was validated by pressure sensor readings exhibiting
initially high compressive lateral stress that decreased to zero after 4 hr
during microcrack formation (full tension). This was followed by a
rebound to a compressive stress state after 20 hr, when the formation of
large primary cracks began to cause closure o f the existing microcracks.

e Unbalanced stress loads from top to bottom of a horizontal crack induce a
curling effect on the clay surface. As the soil continues to dry with depth
and the boundary moisture conditions on the surfaces of the horizontal
crack become balanced, an uncurling effect is noted.

e Time-lapse photography showed that the coupling of soil curling with pri-
mary crack formation leads to formation of “clay islands,” which are free to
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shift and move along interfaces between compacted lifts. The exposed soil
also allows drying to continue to deeper levels within the clay mass.

e Any imperfections in compaction, including scoring between compacted
lifts, causes propagation of deep cracks, suggesting field defects can expe-
dite cracking.

Once the mechanics of the cracking process were better defined, numerical
parameters for shrink-swell models necessary for a quantitative model of
cracking were obtained. The developed numerical model was based on the
hypothesis that cracking in clay barriers is progressive and can extend to
considerable depths despite the low permeability of the clay mass. Once an
initial crack is formed at the surface, increasing the width of the crack by
additional shrinkage will drive the crack deeper into the soil mass, expos-
ing new surfaces to air. These fresh surfaces enable further drying and
cracking, both horizontally and vertically within the soil mass. The crack-
ing model consists of a finite element model of the soil shrinkage process
that includes crack formation. Stresses within the intact material are
caused by self weight (gravity stresses) and changes in water content,
which induce shrinkage as a result of suction-induced tensile stresses. The
cracks are assumed to occur at the element boundaries, forcing the crack
system to conform to the geometry of the finite element system. This was
assumed a satisfactory approximation to capture the simple geometry of
the experimental program.

Results from the two numerical simulations on digital test beds repre-
senting Experiments 1 and 3 (continuous and pre-cracked) agreed well
with the experimental observations. The model was dominated by hori-
zontal cracking, not as a result of the influence of compaction lifts, but
because the soil is confined in the horizontal direction, which favors ver-
tical shrinkage strains resulting in horizontal cracks. Also, the size of the
horizontal crack openings is enhanced by the curling tendency that results
from the variation in shrinkage strain across the layers. In the second pre-
crack simulation, little change was observed in the overall cracking
response from the first analysis. From an exaggerated view of the cracking
pattern, vertical cracks are evident at each element seam but with irregu-
larly sized horizontal cracking with depth. This is a phenomenon very
similar to the observed experimental behavior where primary crack loca-
tions varied with layer position. The fact that the essential features of the
cracking process can be captured without appealing to arguments based
on unmeasurable lift properties simplifies interpretation of the cracking
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experiments. Therefore, the numerical model is able to capture the irregu-
lar cracking pattern indicative of typical field response versus a symmetric,
uniform crack distribution.

Future research with the model will increase our understanding of how the
physical soil parameters interact to complete the mechanistic model of the
cracking process. Certainly, example simulations should be performed for
geometries similar to barriers at actual waste sites. However, both field
observations and the modeling effort point to the inevitability of cracking
in clay soil that is exposed to drying. Therefore, better information on the
mechanics of the cracking process does not necessarily lead to better bar-
rier designs. The critical question to be answered beyond this project is
how to protect the clay from drying.

The weight of the evidence from the published field studies, experiments,
and numerical simulation clearly documents the inevitability of cracking
in clay liners. The atmospheric suction potential, computed from relative
humidity, is sufficient to cause cracking, even in temperate climates. The
overburden stress is insufficient to offset the tensile stresses. It is con-
cluded that clay liners are generally not adequate as a long-term moisture
barrier.

At issue is that most liner designs strive to create an upward vertical gra-
dient designed to keep water out of the overburden layers rather than
infiltrating down into the waste material. This increases the instance of
drying on the clay surface, which inevitably leads to cracking. This sug-
gests that change to the current design criteria for engineered barriers is
necessary to enable the clay surface environment to remain in a fixed,
as-compacted state.

Recommendations for future research

The conclusions suggest the state of the practice for design of engineered
barriers using a clay liner design cannot provide an intact layer sufficient
to withstand moisture infiltration for 1000 years. The complex nature of
crack propagation suggests that the best approach to achieving a success-
ful design is to maintain the in situ characteristics of the compacted liner
without change over the lifetime of the engineered barrier. This can be
done in one of two ways: (1) developing improved characteristics of the
clay liner such that it is much less susceptible to cracking or (2) developing
multilayer soil systems that can maintain moist conditions at the surface
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of the clay liner while still providing adequate evapotranspiration to pre-
vent flooding of the liner system. To improve the characteristics of the clay
barrier, several concepts are described that are in no way an exhaustive list
of potential alternative cover designs.

Optimization of silt content

The silt content plays a critical role in the constitutive response of the fine-
grained mass. Gap-graded materials such as clay-silt mixtures can exhibit
radically different physical responses with small changes in size fractions
(Figure 64), similar to those observed in more typical sand-clay mixtures
(Berney and Peters 2004). An investigation into the development of opti-
mum silt content to minimize clay cracking is proposed. This research
effort would require a shrinkage analysis of silt-clay mixtures followed by
prototyping the technology to adequately mix silt-clay fractions to achieve
desirable shrink behavior. This prototyping could then be upsized to field-
scale machinery for use in applications.
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Figure 64.lllustration of clay-silt fractions.

(Clay-dominated response (a) (high shrinkage), (b) transitional
point where silt-clay behavior is mixed (medium shrinkage),
(c) silt-dominated behavior (low shrinkage).)

Stabilized overlying protective layer

The placement of geosynthetic liners poses a great risk in the effectiveness
of an engineering barrier because any defect during placement can be a
focal point for future leakage. It is proposed that application of a 5- to
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15-cm layer of sand stabilized with virgin liquid asphalt, which does not
degrade when in contact with water, be mixed and placed over the clay
barrier (Figure 65). This could be laid down easily over the undulating
surface of the compacted clay and would provide a flexible, impermeable
and, more importantly, a vapor barrier preventing moisture from escaping
the clay and keeping its compacted conditions constant. Other stabilizing
additives such as surfactants or cement and applications such as foamed
asphalt can be explored to satisfy current field construction techniques.
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Figure 65. Laboratory investigation of stabilized surface layers overlying the
compacted clay barrier.

Introduction of ultra-compact soils

There is the possibility that grain size distributions exist that can be clas-
sified as impermeable sand, a concept called ultra-compact soils. A proper
gradation would be determined that would minimize clay content and
cracking potential yet maximize impermeability in a strong flexible barrier
that requires nothing more than proper compaction. Figure 66a shows a
well-graded gradation currently thought of as best-practice guidance on
building a strong soil. However, forces are carried through chains of larger
particles in these types of gradations, leaving finer particles unstressed
and therefore in an unstable state. Figure 66b shows an ultra-compact soil
gradation (Vernet 2004) that suggests the usage of an even distribution of
gap-graded particle sizes that, when compacted, provide a much tighter,
interlocked system that is more resistant to failure and can provide
impermeability without the risk of cracking.
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Figure 66. Idealization of (a) well-graded soil mixture versus (b) ultra-compact graded soil
mixture (Vernet 2004).

Proper design of multilayer systems

The need exists to determine criteria for proper multilayer soil systems
that may include sand filters and other material types that will perform a
dual role: first, to allow moisture to the clay surface to prevent cracking
and, second, to maintain sufficient evapotranspiration to prevent flooding
of the liner system. A subsurface irrigation technique could also be
employed to provide sufficient moisture to the clay surface while having
little impact on moisture infiltration from rain events. The latter technique
would require continual maintenance to monitor moisture migration and
proper system operation.
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