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0.0 ABSTRACT

The Bentonite Mat Demonstration Project (BMDP) is a field demonstration study to determine the
construction / installation requirements, permeability, and subsidence performance characteristics of a
composite barrier. The composite barrier will consist of on-site sandy-clay blanketed by a bentonite mat
and a flexible High Density Polyethylene (HDPE) liner (also called flexible membrane liner). Construction
of one control test pad and three bentonite test pads are planned. The control test pad will be used to
establish baseline data. Underneath the composite clay cap is a four feet thick loose sand layer in which
cavities will be created by evacuation of sand.

The present work provides a mathematical model for the BMDP. The mathematical model will be used to
simulate the mechanical and structural responses of the composite clay cap during the testing processes.
Based upon engineering experience and technical references, a set of nominal soil parameters have been
selected. Currently, detailed soil test data and cavity configuration data are not available to validate the
mathematical model. Since the configuration of the cavities created in the testing process is irregular and
unpredictable, two extreme configurations are considered in this mathematical model, viz., the circular
cavity and the infinitely long trench in the sand underneath the cap. This approach will provide bounds for
the testing results.

In the literature, soil structures particularly clay caps are usually analyzed with linear elasticity theory. The
composite clay caps constructed in the BMDP with various composition of soils and loose sand are more
plastic than elastic in mechanical responses. Large irrecoverable deformation is expected in the cap system
with the soils experiencing tremendous distortion. The different responses of soil in tension and
compression contribute to the deformation pattern of the cap system. Therefore incremental plasticity
theory as well as pressure and tension-compression dependent yielding criteria must be applied to this
analysis.

This problem possesses both geometrical and constitutional nonlinearities, The finite element analysis

technique is applied to solve this type of problem. A commercial code, ABAQUS ® which is formulated

with the incremental plasticity theory and the Drucker-Prager / Cap plasticity model, is used to perform the
numerical computations.

An axially symmetric model is constructed for the cap covering circular cavities, whereas a plane strain
model is used for the cap bridging the trenches. The two dimensional finite element mesh for both models
is identical. Each solid element is about six-inch square for the soils. The flexible membrane liner is
meshed with shell elements. The total number of elements is about 1000 which varies with the size of the

cavities in the sand. The responses of the cap are calculated for a wide range of cavity sizes of both
models. The diameter of circular cavities ranges from 3 feet to 12 feet and the width of the trenches from 3
feet to 10 feet.

The loads upon the cap system are gravity and a 2 psi pressure on the top surface of the clay cap from the
overlying 2 feet of soil.
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In both models the maximum deflection of the cap is at the center of the cavity and the deflection increases
with the size of the cavity. The regions of maximum stresses and large deformation are in the vicinity of
the cavity edges and the center of the cavity. The maximum deflection for the 12-feet circular cavity model
is 2.13 inches, while the maximum deflection for the cap over the 10-feet wide trench is 6.08 inches. The
composite clay cap which spa_ over the 10-feet trench reaches its load carrying capacity.

Although the results from the mathematical analysis demonstrate the credible structural behavior of the clay
cap, realistic in-situ mechanical properties of materials are needed for a good mathematical model which
can accommodate prediction of the actual cap behavior.

Post-test investigation and analysis of the BMDP will provide feedback for the mathematical model. The
finite element analysis model can be further improved with the input of test data. Further studies of the
composite clay cap barrier are recommended.

The structural analysis of a closure cap is to estimate the settlement and subsidence of the closure cap under
specified conditions and to evaluate the integrity of the cap system and methods to mitigate damage due to
the differential settlement and subsidence.

1.0 INTRODUCTION

This analysis has been performed by the Engineering Modeling & Simulation Group, Applied Technology
Section (ATS), Safety Technology Department (STD) of Savannah River Technology Center of the
Westinghouse Savannah River Company (WSRC) in response to a work request from the Environment
Restoration Department.

1.1 Background

The WSRC Environmental Protection Department has identified over 100 sites suspected of containing
hazardous waste materials at SRS. The majority of these sites require development of closure plans. The
EPA-recommended closure cap [US EPA, 1985] is designed to control percolation of rainfall through the
waste by deflection of water to the sides of the cap and thereby preventing infiltration of water through the
waste into the ground water. A final cover must meet the following requirements:

• Provide long-term minimization of the migration of liquids through the
closed waste site;

• Function with minimum maintenance;
• Promote drainage and minimize erosion and abrasion of the final cover;
• Accommodate settling and subsidence so that the cover integrity is maintained;
• Have a permeability less than or equal to the permeability of any bottom

liner system or natural subsoils present.

The EPA-recommended multilayer closure cap system contains the following major components (layers):

1. Two-component top layer;
2. Drainage layer;
3. Low permeability layer.

At the Savannah River Site (SRS), four major waste sites have been closed with a Resource Conservation
Recovery Act (RCRA) approved closure cap. The low permeability barrier material used in each closure
was kaolin clay. While this material meets the recommended regulatory requirements for a permeability of
1.0 x 10-7 cm/sec, in-situ characteristics vary and proper placement is difficult and requires extensive on-
site quality control. Consequently, the use of geosynthetic materials as part of a composite barrier is
presently being evaluated for future closures [Frobel, 1991].
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2.0 BENTONITE MAT DEMONSTRATION PROJECT (BMDP)

The Bentonite Mat Demonstration Project (BMDP) is a field demonstration study to determine the
construction / installation requirements, permeability, and subsidence performance characteristics of a
composite barrier [Serrato, 1991]. The composite barrier will consist of on-site sandy-clay blanketed by a
bentonite mat and a flexible High Density Polyethylene (HDPE) liner (also called flexible membrane liner).
Construction of one control test pad and three bentonite test pads are planned. The control test pad will be
used to establish baseline data [Warner, 1982].

The stratigraphy of the bentonite mat pad includes from bottom to top: (1) a four-foot thick loose sand
layer, (2) a one-foot thick compacted top soil layer, (3) a two to two-and-one-half-foot thick compacted on-
site sandy clay layer, (4) one of three commercially available bentonite mats covered with a 40-rail HDPE
liner, and (5) a one-foot thick compacted top soil vegetative layer. In addition, earthen berms will abut the
basal sand layer at each test pad. The control test pad will be constructed with this same layering.
However, the HDPE liner and bentonite mat will be excluded and the sandy clay will serve as the only
barrier to infiltration. Each of the test pads extends 80 feet long and 30 feet wide horizontally with an
apron of slope 4 by 1 extending 28.25 feet on each of the four edges (see Figures 1, 2) [Serrato, 1991,
EBASCO, 1993].

2.1 Bentonite Mats

A bentonite mat is bentonite clay combined with a geosynthetic fabric or a flexible membrane liner. The
clay has a low permeability coefficient which meets recommended regulatory requirements. It also has a
high swelling capacity and when hydrated is self-healing. Another benefit is that construction and
installation requirements are not as intense as those for placing a kaolin clay cap, since the desired material
permeability is achieved primarily during the manufacturing process. While a bentonite mat could be used
as a single barrier, combination with a flexible membrane liner provides an even better "composite" barrier
system. Further, if this composite barrier is placed over the low permeability site sandy clay, a superior cap
should result. Three commercially available bentonite mats will be tested: Claymax ®, Bentomat ® and

Gundseal ®. Their individual characteristics (especially the width and associated seam placement) impact
significantly on the layout of any monitoring instrumentation [Bhutani, et al., 1992].

Structurally, all three bentonite mats have negligible reliable mechanical strength. Under various
composite and drainage (and hydration) conditions the maximum cohesion is less than 4.0 psi [Bhutani, et
al., 1992].

The primary functions of the flexible membrane liners (FMLs) in the closure cap barrier are to minimize
the migration of liquids through the closed land disposal unit and to provide a perme_ lity less than or
equal to the bottom liner system or natural subsoil(s) present. A few polymers have ac, _eved widespread
acceptance as FML materials for RCRA closure caps. These are: (1) high density polyethylene (HDPE),
(2) low density polyethylene (LDPE), (3) linear low density polyethylene (LLDPE), and (4) polyvinyl
chloride (PVC).

2.2 Creation of Cavities

In the Bentonite Mat Demonstration Project (BMDP), the loose, dry and friable sand underneath the
composite barrier is used to simulate the buried wastes. The cavities in the sand layer will be created by
evacuating sand through open-end PVC pipes.

Though the location and volume of a cavity can be approximately measured, the geometrical configuration
of the cavity cannot be sculptured as designed. The process of sand evacuation is a relatively slow
operation such that at each small increment of sand removal there is time for the cap system to reach
mechanical equilibrium. Essentially the deformation of the composite cap system and the creation of
cavities are concurrently in progress.
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From the point of view of mechanics, the sand evacuation process is sufficiently slow such that the effect of
the inertial force in this analysis is negligible and quasi-static aHalysis is a suitable approach. Soils and the
geosynthetic composite are highly inelastic materials. Each incremental process of deformation and cavity
development is irreversible. Consequently, the final deformation configuration of the cap system is also a
function of the process of the sand evacuation.

The actual design of the overall multilayer cap system and that of its components (layers) depends on the
characteristics of the site. Factors for consideration include location and availability of low permeability
soil, stockpiling of topsoil, restricting height to provide stable slopes, and site use beyond the postclosure
care period.

3.0 MATHEMATICAL MODELING

The analysis of the closure cap involves both geometric and material nonlinearities and also structural
discontinuities. Finite Element Analysis (FEA) is one of the best numerical techniques for solving complex
problems like the multilayer clay caps [US EPA, 1985].

The mechanical properties of a soil (or any geosynthetic material) are a function of the stress state
(hydrostatic pressure, second and third invariants of the deviatoric stresses) as well as moisture content,
voids' ratio, temperature, construction process (or manufacture process) and other physical and/or chemical
parameters. In the field, the transient variation and inhomogeneity of the parameters in the soil and the
uncertainty in measuring these parameters causes more ambiguity in soil data. For preliminary
calculations, a range of values of some essential material parameters must be obtained.

The primary effort in this preliminary study is to provide the computational modeling capability for the
Bentonite Mat Demonstration Project (BMDP). The major purpose of the computational modeling is two
fold: (1) to simulate the mechanical behavior of the composite closure barrier during the testing operation;
(2) based upon testing resulL,;, to predict the mechanical behavior of the existing as well as prospective new
composite closure barriers.

Computational modeling is a mathematical process to simulate the real physical (and / or chemical)
phenomena of a system without performing the actual tests. In reality every modeling approach has a
limited range of validity theoretically or practically in solving particular problems. Barring developing our
own computational modeling computer program, among the commercially available finite element analysis

codes, ABAQUS ® [ABAQUS ®, version 5.2-1N, 1992] may be the next best modeling tool one can
expect.

3.1 Geometrical Modeling

Each of the BMDP test pad has the shape of a rectangular layered cake. The test pad is 136.5 ft. long, 86.5
ft. wide and 8.5 ft. high at center (Figures 1, 2).

During the sand evacuation process in the clay cap, the composite layers deform irreversibly at each
increment of the sand movement and the shape of the cavity cannot be predetermined. In fact, the
geometrical configuration of the cavity created in the sand bed can be any irregular shape. For a realistic
model, a circular cavity and a long trench in the sand bed should cover most of the actual cases. Since the
size of the cavity in the test has not been decided, a series of cavities with diameters (or widths) range from
3-feet to 10-feet (12-foot diameter for circular cavity) are included in the calculation. Also the sand base
may have relative motion with respect to the soil foundation, a part of the soil foundation should be
modeled in this analysis (please see Figure 3)

3.2 Material Modeling

This composite closure cap barrier, suggested in the BMDP, consists of at least seven different materials.
The mechanical properties of the composite materials vary quite widely.
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3.2.1 Soils

In this BMDP the primary construction materials are soils. Mechanically the strength of the soil is a
function of the stress state in the soil element. Any mathematical model for soil should include the
instantaneous stress state (hydrostatic pressure, second and third invariants of the deviatoric stresses) in the
formula. There are several mathematical formulations derived from the classical theories of soil
mechanics. The well-known Mohr-Coulomb strength envelope indicates that the shear strength of the soil is
a function of the hydrostatic pressure. The Mohr-Coulomb theory is applicable to the biaxial stress state (in
the case of triaxial stress state 3-D Mohr circle can be used, but the intermediate principal stress has no
determinant effect on the strength). In order to model the geomaterials rationally at least two stress
invariants should be considered, i.e., the first invariant of Cauchy stresses and the second invariant of
deviatoric stresses. Drucker and Prager [Drucker and Prager, 1952], formulated a model for the behavior of
granular materials. Although this model was originally intended for granular materials, sotne of its
extensions make it useful for other pressure dependent materials; it may be used to provide simple
approximations to the behavior of some composite materials where differences in tensile versus
compressive characteristics are significant.

The Drucker-Prager / Cap plasticity model is chosen for the soil analysis. This model is evolved from the
original Drucker- Prager model. The modified Drucker-Prager / Cap plasticity model is intended for
geological materials which exhibit pressure dependent yield. The yield surface includes two main
segments: a shear failure surface, providing dominantly shearing flow, and a "cap" which intersects the
equivalent pressure stress axis. There is a transition region between these segments, introduced to provide
a smooth surface. The cap serves two main purpose: it bounds the yield surface in hydrostatic compression,
thus providing an inelastic hardening mechanism to represent plastic compaction, and it helps to control
volume dilatancy when the material yields in shear, by providing softening as a function of the inelastic
volume increase created as the material yields on the Drucker-Prager shear failure and transition yield
surfaces. The model uses associated flow rule in the cap region and non-associated flow rule in the shear
failure and transition regions.

The ABAQUS® version 5..2 has implemented the modified Drucker-Prager / cap plasticity model. In
order to apply the cap plasticity model to a soil structure analysis a spectrum of mechanical properties of
the soil must be obtained through extensive in-situ soil tests. The modified Drucker-Prager / cap plasticity
model is a member in the general structure of the theory of incremental plasticity.

3.2.2 Bentonite Mat and Flexible Membrane Line

The bentonite mats to be tested in the BMDP are made of the commercially available materials. The three
geosynthetic mats are Claymax®, Bentomat® and Gundseal®. The main characteristics of these man-
made materials are the low hydraulic permeability. Mechanically, however, they provide little, if any,
strength. Compared with sandy clay and the flexible membrane liners, the strength of the three
geosynthetic materials is within the range of material testing statistical errors. Therefore, in the stress
analysis, the stiffness of the bentonite mat may be ignored.

Among the various polymers, high density polyethylene (HDPE) is chosen as the flexible membrane liner
(FML) for the composite clay cap. In this BMDP the FML and the geosynthetic mat are directly laying
over the sandy clay. The deformation of the sandy clay may not be too severe before it collapses.
Consequently the stretch in the FML may be small enough to fit the elastic-plastic model. The ASTM
specifications provide some material parameters suitable for the elastic-plastic formulation. Normally
FMLs are made from type II or medium density polyethylenes in 40 or 60 mil thickness which gives
optimum strength / flexibility characteristics.

Table I The Elastic - Plastic Properties of the HDPE FML (ASTM)

Density Modulus of Elasticity Yield Strength Poisson's Ratio
(g/ cc) (psi) ....(psi) ...... ,

0.955 30,000 2,400 0.40,,,
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4.0 FINITE ELEMENT MODELING OF THE BMDP

The methodology of mathematical modeling of a physical system is usually determined based upon (1) the
geometrical configuration, (2) the mechanical behavior of the materials, (3) the applied loading, (4) the
kinematic constraints of the problem, and (5) the availability of the computational facilities. For this
BMDP, the horizontal extent of the composite cap system is considerably large compared with the vertical
variations of the cap layers. The mechanical properties of the materials in the cap vary from sand, clay to
high polymers, if the anisotropy and inhomogeneity of the soils is ignored. The location, configuration, as
well as the size of the cavities created in the sand bed are virtually unknown. The interactions between

sand and soil layers can best be simulated with sliding surfaces. The finite element code ABAQUS ®
installed on the CRAY X-MP is the numerical modeling tool available to us. For this initial study a 2-D
model was selected for simplicity.

In order to cover the wide range of cavity variations which may result during testing, two limiting cases are
considered. An axially symmetric model with a cylindrical cavity and a plane strain model with a cap
covered trench are constructed. In each model computations are performed for the cap responses to a series
of cavities (or trenches) with different sizes. For simplicity, initially vertically straight walled cavities (or
trenches) are specified, however, the mechanical property of the sand cannot sustain the vertical walled
surface under pressure. For more realistic simulation of the sand behavior, inclined slope surfaces (with
45-degree inclination) are modeled for all the cavities.

Instead of gradual removal of sand elements in several steps in a single computation, a series of models
created with specific cavity sizes will be analyzed independently. In a nonlinear analysis, the change of
procedure in the loading and/or model modification may also perturb the final results. In this BMDP test,
the procedure of sand removal is not well defined (in the sense of forming geometrical configuration and
location of the cavity). Therefore the effects of procedure change may not be obvious in this analysis.

For a close simulation of the sand-evacuation and subsidence interaction, both the space discretization and
loading increment must be extremely small. By contemplating the physical parameters in this project and
the computational environment provided, the finite element mesh for the 2-D model is developed as
follows.

For both the axial symmetric case and the plane strain model, basically the meshes are composed of six-
inch squares, except the sand elements which to accommodate the cavity slope surface are meshed in
skewed quadrilateral elements. The thickness of each of the soil layers is closely modeled according to the
BMDP design drawings (Figures 1, 2) [EBASCO, 1993]. To minimize the influence of the boundary
anomalies, the horizontal length of the model is set to be 20-feet on each side of the line of symmetry. The
discretization of the model from top to bottom is listed in Table 2:

Table 2 Type of Elements in the Models

Thickness of the Number of Type of Element Type of Element :=
Material in the Layer Elements in the in the in the

layer Thickness Axisymmetrical Plane Strain
inches Model Model

-HDPEFML "' 0.04 '1 '" SAX1 S4RF '-

Sandy Clay 30.00 5 CAX4 CPE4

Topsoil 12.00 2 CAX4 CPE4 ....
Sand 48.00 8 CAX4 CPE4h ,,,, ,, ,,,

"Soil Foundation 24.00 4 CAX4 CPE4, ,,, ,,, ,,,

Horizontally there are 40 elements in each of the layers Isee Figure 4 for the element mesh).

In these two 2-D models all the element types are two dimensional except the element S4RF which is a 3-D
shell element. The trench in the 2-D model has a length considerably longer than other dimensions of the
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model, thus the plane strain model is a proper approximation. The element CPE4 is a plane strain 4-node

bilinear element. There is no comparable plane strain shell element in ABAQUS ® for the flexible
membrane liner. With constraints in the degrees of freedom 3, 4, and 5, the 3-D shell element S4RF shall
behave as a plane strain shell element.

From the limited material data found in the books of soil mechanics and the ASTM specifications, the
material parameters for the finite element model can be derived. The HDPE FMLs are modeled as an
elastic-plastic material with perfect plasticity.

The soils (the soil foundation, sand, topsoil, and sandy clay) will be simulated with the modified Drucker-
Prager / Cap plasticity model. From a field trip observation and the typical range of values of the soil
properties provided in a foundation analysis book [Bowles, 1988], a set of soil model parameters is
selected.

Remolded clays usually exhibit thixotropy in load carrying capacity [Terzaghi, et al., 1948, Jumikis, A. R.,
1962]. Because of lack of sufficient experimental data, the thixotropy of soil, especially the sandy clay, is
not considered. Without in-situ soil test data, the parameters in the cap plasticity model will be determined
by matching a certain expected deformation of the clay cap system. Current design criterion allows for a
maximum deflection of 1-foot over a ten-foot trench. One foot displacement at the center of the three and
one half foot thick clay cap over a ten-foot wide trench may cause tremendously large deformation in the
cap, such that the structural system can no longer sustain the deformed configuration. After a series of
parametric studies, the ten-foot trench can only hold a maximum six-inch deflection without collapse. With
the requirement of maximum possible deflection in consideration and review of the data in some of the soil
mechanics books, the corresponding model parameters can be deciphered as in Table 3:

Table 3. Parameters for the Drucker-Prager / Cap Plasticity Model

SOiL [ FOUNDATION ' SAND TOP sO'iL SANDY CLAY

E (psi) 2,000.0 500.0 1,000.0 2778.0 i_i
v 0.30 0.20 0.22 0.25

d (psi) 12.5 4.5 7.5 14.5

fl (degrees) 25.0 . 20.0 25.0 30.0
R 0.3 0.3 0.3 0.3

et,_rot(0) 0.005 0.001 0.003 0.006
a 0.05 0105 0.05 0.05
K 0.8 0.8 0.8 0.8
II ii

gpO (psi) . 20.0 10.0 15.0 20.0
VpO 0.0 0.0 0.0 0.0i

Hpl (psi) 40.0 20.0 30.0 40.0 .....
.Vpl 0:0! 0.01 0.01.. 0.01

In the table:

E = Modulus of elasticity.
v = Poisson's ratio.

d = Material cohesion in the p-t plane.
= Material angle of friction in the p-t plane.

R = Cap eccentricity parameter.
eplvol(0) = Initial cap yield surface position.
ot = Transition surface radius parameter.
K = The ratio of the flow stress in triaxial tension to the flow stress in triaxial compression.
Hp0 = Initial hydrostatic pressure yield stress.
Vp0 = Absolute value of the corresponding volumetric plastic strain to Hp0.
Hpl = First hydrostatic pressure yield stress.
Vpl = Absolute value of the corresponding volumetric plastic strain to Hpl.
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The driving force in this analysis is the gravitational force of all the soil components. The topsoil
vegetative layer is not a part of the structural members, however, the weight of this layer is applied on the
top of the flexible membrane liner (FML). Since the soil cannot maintain a vertical straight surface under
over-pressure, the part of top surface from the free edge to two and one haft feet inward is set traction t'ree.
The density of the soils is 2.0 grams per cubic centimeter or 0.07225 mass pounds per cubic inch.

5,0 RESULTS

In this analysis the main interest is to find the mechanical responses of the composite clay cap to the
gravitational loading and the various configurations of the cavity created in the sand underneath the cap. In
order to cover a wide range of cavity configurations without resorting to 3-D computations, two extreme
cases are considered. The axially symmetric model and the plane strain model are formulated in similar 2-
D geometry. Both models are analyzed with a range of cavity sizes.

Among the various displacement components and stress components, the maximum vertical displacement,
maximum principal tension, maximum principal compression and the maximum yon Mises equivalent
stress are considered. The vertical displacement can be directly related to the differential settlement and
subsidence of the composite cap measured in the field. The maximum principal tension is the possible
largest tensile stress in a soil element. The existence of the tensile stress in a soil element may imply
structural crack• The maximum principal compression in a soil element is also a different measurement of
strength of the soil at the location of the element. In the Mohr-Coulomb model, the failure surface is a
function of the shear stress. While in the three dimensional continuum mechanics, the corresponding shear
stress of the cap plasticity model is the yon Mises equivalent stress.

5.1 Cap covering Circular Cavities

The material parameters are iteratively modified until the composite clay cap which is placed over a ten-
foot wide trench under gravity and two pounds per square inch top pressure can barely sustain a maximum
deflection of six inches. The set of parameters which preserve the physical values for most of the material
constants literally is applied to all the cases in this analysis.

The composite clay cap covering circular cavities range from 3-toot to 12 -foot in diameter, deforms only
slightly. Except some local stress (or strain) concentrations, the cap remains intact. The following table
lists the maximum values of vertical displacement, principal tension, principal compression and yon Mises
equivalent stress at various locations in the cap.

Table 4. Maximum Displacement and Stresses in
Clay Cap over Circular Cavities

'Diameter I Vertical Principal Tension Principal yon Mises
of Cavity I Displacement Compression Equivalent Stress

feet inches Node tTsi Element psi Element psi Element
3.0 0.8006 8 1.383 17 7.384 29 6.876 29
4.0 0.8672 " 8 2.345 3 8.805 36 7.742 36
5.0 0.9192 8 2.780 3 9.322 43 8.354 43
6.0 0.9911 7 3.469 3 9.588 50 8.685 50
7.0 1.0880 7 4.355 3 9.749 57 8.884 57
8.0 1.2110 6 5.368 3 9.714 6'4...... 8.873 64
9.0 1.3740 6 6.530 3 10.08 7 9.187 71
10.0 1.5750 6 7.829 3 12.11 7 10.33 7

11.0 1.8210 6 9.506 3 14.36 7 12.62 7illl

12.0 2.1270 5 11.45 3 16.95 7 15.28 7
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The maximum displacement is always along the center axis ot"the cap. The maximumdeflection of the cap
is plotted against the diameter of the cavity in Figure 7 The curve is fairly smooth and in the shape of a
parabola.

The maximum principal tension in the cap is always at the interface of the sandy clay layer and the topsoil
layer along the central axis. Except for the 3-foot diameter case, the maximum stress occurs in element 17
which is the third element from the center line (aligned with the edge of the cavity) but at the same
interlace. Along the central axis the bottom element (element 1) has larger tensile strain than the elements
above it during downward loading. Comparatively the material stiffness of the topsoil is much weaker than
that of the sandy clay on the top. With the same strain the stress in the topsoil will be smaller than that in
the sandy clay. The hydrostatic tension is consistently less or equal to the maximum principal tension. The
maximum principal tension in the clay cap is plotted in Figure 8.

The location of the maximum principal compression in the cap moves with the edge of the cavity. The
maximum principal compression in the cap for each cavity diameter is located about two elements (12
inches) further from the edge of the cavity. At the edge of the cavity the abrupt change of geometry and the
ensuing deformation of the cap shift most of the loading and weight of the cap to the rim of the cavity. The
loose sand underneath the cap is the softest material in this system. Immediately the pressure at the rim
crushes the sharp edge and depresses the sand bed further beyond the edge. About 12-inches from the edge
of the cavity the deformation of the sand and the cap develops a wider belt. The pressure in the rim area is
redistributed over the belt zone such that the stresses induced in the sand and the cap can still maintain
stable equilibrium. If the stresses in the region cannot sustain a stable equilibrium the structure will
undergo further deformation. By observation of the deformation in the cap-sand interface region, there are
relative slipping and gap closing motions between these two layers in contact. Although the principal
compression in the rim area remains high, the maximum values shift to the top element along the center
axis as the cavity diameter equals 9-feet or bigger. The maximum principal compression in the clay cap is
plotted in Figure 9.

The location of the maximum von Mises stress is usually also the location of maximum shear stress. At the
region about 12-inch from the cavity rim the shear stress reaches maximum in the cap, since the rim area
carries most of the loading from the cap. The maximum von Mises stress (Figure 10) is in the same region
of maximum shear stress component (_), S_2. The shear stress St2 is steadily increasing as the diameter of
cavity increases. However, the maximum value of the von Mises stress shifts to the top center area of the
cap when the diameter of cavity is above 9 feet. In this top center area the radial compression increases
rapidly with the diameter of cavity, whereas the vertical component of stress remains constant. This stress
state generates high shear stress in this area. The maximum von Mises stress is plotted with respect to the
cavity diameters in Figure 10.

The regions of severe deformation in the cap are the regions in the vicinity of the central axis and the
circular section above the rim of the cavity. The soil behavior in these areas are manifested by examining
the stress and strain status of six elements in the cap (Figures 5, 6). The elements along the central axis are
the bottom element in the topsoil (number 1), the interfacial element in the sandy clay (number 3) and the
top element in the sandy clay (number 7). The three elements above the rim of the cavity are in the same
order but their numbers vary with the location of the cavity edges.

The following tables (Tables 5,6) show the stress state of the selected elements in the topsoil and the sandy
clay layers. As long as the structure can stably sustain the (elastic and/or plastic) deformation, the
structural system may not collapse imminently.

For the cavity size larger than 9 feet, the elements at the bottom of the cap (in the topsoil layer) are yield.
Whereas for the elements in the sandy clay layer, only the interfacial element (number 3) along the central
axis is in plastic stress state at cavity diameter equal to 12 feet.

5.2 Cap covering Trenches
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Under the same loading conditions, the composite clay cap which spans over a trench will deform much
more than the cap covering a circular cavity. The maximum deflection of the cap spanning a trench of 10-
feet is about quadruple that of the cap covering a circular cavity of the same size.

The maximum vertical displacement, principal tension, principal compression, and von Mises equivalent
stress for the composite clay cap spanning over a range of trench widths are listed in Table 7. Most of the
discussions about the cap covering the circular cavities are applicable to the trench cases.

In the case of 10-foot trench, the calculation ends at 99.3% of the total load. Since the gap (0.7%) of
loading is so small, the response for the full-loaded case is obtained by linear extrapolation. In the tables,
the 99.3% loaded case is marked with an asterisk (*). !

Table 7. Maximum Displacement and Stresses in
Clay Cap over Trenches

Width of Vertical Principal Tension Principal v°n Mises
......Trench Displacement Compression Equivalent Stress ,

feet inch_es Node psi Element psi Element psi Element
3.0 0.9905 8 3.141 17 9.622 29 9.098 29

4.0 1.3300 7 6.654 3 12.33 36 10.01 38i ,ill

5.0 1.5300 6 7.475 3 13.58 43 11.63 38,,,

6.0 1.7970 6 9.148 3 15.76 7 13.27 7
7.0 2.1750 6 11.30 3 19.70 7 16.97 7
8.0 2.7240 5 12.02 3 23.89 7 20.18 7p,l,i

9.0 3.7480 6 12.55 3 25.39 7 20.71 7 I
lO.O * 6.0370 6 13.32 4 25.79 21 20.83 21 I.... 10.0 6.0796 6 13.41 4 25.97 21 20.98 21

The maximum displacement (Figure 11) in the trench model progresses much faster with the width of the
trench than that in the circular cavity model. For the 10-foot trench, the material softening occurs in the
topsoil and the sandy clay layers. The strength of the soil in the severely deformed areas progressively
deteriorates as the applied load increases. In this situation the solution may not converge. It suggests that
further loading may initiate collapse of the structural system.

From the 3-foot width trench to the 4-foot trench, the maximum principal tension (Figure 12) in the cap (at
the interface of the topsoil and sandy clay layers) jumps form 3.141 psi to 6.654 psi, that is the largest
increment in the loading process. The maximum principal tension in this interfacial element continuously
increases as the trench width increases, but at a more gentle pace. The maximum principal compression
and the maximum yon Mises equivalent stress in the cap can be found in the vicinity of the trench edge
until the trench width is extended to 6 feet. The maxima of compression (Figure 13) and von Mises (Figure
14) stress for trench width equal to or larger than 6 feet are located in the top of the cap at the center. The
rate of increment in both stresses is significantly reduced for the trench size greater than 8-foot. The
softening of the cap for wider trenches, indicates that the soils in the region have been stressed into plastic
deformation. The material behaviors of the clay cap can be explained in the frame work of the cap
plasticity model as previously discussed in the case of circular cavities.

The mechanical properties of the topsoil layer are comparatively weaker. The areas at the bottom of the
cap are heavily stressed, particularly tensile stress at the center and compression in the vicinity of the edge
of the trench. The center region starts plastic deformation at a trench width of 6 feet. In the region near the
trench edge the topsoil elements deform plastically as soon as the trench widens to 4 feet. In Table 8, the
stress state of the topsoil elements in the critical areas is analyzed acc_rding to the cap plasticity model.
The element near the edge of the trench is picked as the element 12 inches from the edge. As the cap
deforms and the trench size increases, the location of maximum compression varies. Also the location of
the worst damaged element changes with the size of trench. Essentially the elements of maximum stress
are deformed plastically and are spread in a zone fanned out from the edge of the trench. The elements
selected in the table are those which show consistency in stress pattern.



STRUCTURAL ANALYSIS OF CLOSURE CAP BARRIER WSRC-MS-93-551
TASK 93-040-0 Revision I PAGE 11 OF 14

The sandy clay lay¢_ with stronger mechanical properties is cushioned with topsoil at the bottom and the
HDPE flexible membrane liner on the top. In the circular cavity cap system the sandy clay layer virtually
remains elastic for all the cavity sizes until the diameter of the cavity reaches 12 feet. Then only the
element at the bottom center interface has yielded. For ,.he clay cap over the trenches (Table 9), the bottom
center interfacial element starts plastic deformation at 7-foot width, and the top center element is yield at 8-
foot width. The interfacial element in the vicinity of the trench edge is not at yield for all sizes of trench
studied. The top element above the trench edge deforms plastically for trench width reaching 10 feet. As
noted previously the calculation for the 10-foot trench case stopped at 99.3% of the total load. In the table
an asterisk (*) is used to mark the case and the results obtained with extrapolation are also recorded.

Since the composite clay cap is not totally confined during the loading process, the soil elements in the cap
are not "consolidated", i.e., the incremental plastic volumetric strains are positive for "allthe elements in
plastic deformation. The stress path of the elements in plastic stress state may not reach the cap in the
plasticity model, instead the stress path moves along the Drucker-Prager shear failure surface. Once the
stress path touches the Drucker-Prager shear failure surface, the cap will move back and the soil is
softening in mechanical sense. The trend of softening in elements is one of the factors that lead to the
deterioration of a soil structure.

More applied surface load is needed in the circular cavity cap system than that in the trench cap system to
produce the same magnitude of displacement at the center. A plate being bent along multiple axes is
certainly stiffer than the one with only simple bending. The configuration of cavity created in the test is
unpredictable. Nevertheless, the bending of the composite clay cap will be multi-axial in the test.
Therefore the test results will fall in between the results obtained from the calculations of the two cap
systems with extreme cavity configurations, provided that the mechanical properties of the materials in the
mathematical model are close to those used in the test.

The HDPE flexible membrane liner (FML) on top of the composite clay cap provides a certain degree of
protection to the cap system The liner reduces the stresses in the elements on the top of the cap. The liner
remains in the elastic state for all sizes of circular cavity or trench considered in this analysis. The
maximum stresses in the liner are listed in the table.

Table 10. Maximum Stresses and Strains in the HDPE FML

,.. Type of Stress or Strain !2-foot Circular Cavity lO-foot Trench .-_

Magnitude Node Mal_nitude NodeIll

Maximum Tension (psi) 87.44 144 593.5 136
Maximum Compression (psi) 273.8 8 1096.8 8

Maximum von Mises Stress (psi) 268.1 8 955.7 8
Maximum Tensile Strain 0.295 % 136 1.662 % 136

.Maximum Compressive Strain 0.508 % 8 3.070 % . 8 .

The maximum stresses in the FML are below the yield strength, 2,400 psi. However, the high compressive
stress in the central region of the FML may cause buckling and delaminating from the sandy clay. In order
to count on the strength of the FML in the composite clay cap system, sufficient connectivity between the
soil and the FML must be provided. Since the thickness of the FML is only 40 mils, the effective force
transmitted to the sandy clay is small.

5.3 Stress Contours

The stress contours of the clay cap are plotted over the deformed configuration. The stress contours are
plotted for the 12-foot circular cavity cap and the 10-foot trench case. These two sets of plol_ demonstrate
the characteristics of the responses due to different structural configurations. The maximum values of the
stresses have been discussed in previous sections, the stress contours and the deformed structures provide
an over-all understanding of the stress distribution and material behavior of the composite clay cap. In
these plots, the flexible membrane liners are not included for better stress resolution. For the hydrostatic
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pressure,positive indicatescompression,while negative implies tension. The comparisonof the responses
of the two systems are discussed in Table 11 forclarity.

Table I1. Structural Responses of the Composite Clay Caps

.

Variable 12-foot Circular Cavity [/,'_ure] lO-foot Trench I _',g,re,, ,,,,

I_eformation The cap is slightly deformed. The 15 Six-inch deflection at the center. 16
maximum deflection is only 2.13 Large deformation at the Trench
inches at the center, edge: The sand elements distorted,

. the cap sinks into the sandand slides.
Hydrostatic High compressive pressure at the 15 High compressive pressure at the 16
Pressure centertopand at the cavity edge. center topand at thecavity edge.
(positive = Tension occurs at the interface of Tensile stress zones spread from the
compression topsoil and sandy clay layers along interlace of topsoil and sandy clay
negative = the center axis. layers along the center line to the top
tension) of thecap above thetrenchedge.
Principal Maximum compression is in the i'7 Maximum compression is also in the 18
stress- 1 region of center top and in the center top and trench edge regions.
Principal vicinity of the cavity edge. The zone of compression is much
compression bigger in the trench edge region.lUll

Principal Maximum tension is concentrated at 19 Though maximum tension is 20
stress- 3 the interface of the topsoil and sandy concentrated at the interface of the
Principal clay layers along the center axis. topsoil and sandy clay layers along
tension the center line, on the top of the cap

the principal tension is also high.
yon Mises von Mises stress is high in the areas 21 The clay cap is severely distorted at 22
equivalent of large shear stresses and the areas the center as well as along the trench
stress of severe distortion. Those areas are edge vicinity. The von Mises stress

at the center top and vicinity of the is concentrated in these distorted
cavity edge in the cap regions.

'Third This stress in most areas has the 23 The third invariant stress maps a 24
deviatoric magnitude close to that of von Mises beautiful stress pattern in the clay
s_ress stress, but may have negative sign cap. It also implies uniaxial tension
invariant that depends on the signs of the six when it is positive and uniaxial

deviatoric stress components, compression when it is negative
provided its magnitude is equal to
that of the von Mises stress.

Plastic This strain includes only the plastic 25 Apparently the clay cap is severely 26
volumetric deformation. It clearly indicates that yield, particularly at the bottom and
strain the cap topsoil layer deforms along the center line. Also the region

plastically at the center and cavity over the clay cap top and in the
edge areas. The sandy clay layer is vicinity of the trench edge.
only slightly yield at the interface

.... area along the center.

6.0 CONCLUSIONS

In the literature, soil structures particularly clay caps are usually analyzed with linear elasticity theory. The
composite clay caps constructed in the BMDP with various composition of soils and loose sand are rather
more plastic than elastic in mechanical responses. Especially, large irrecoverable deformation is expected
in the cap system, the soils will experience tremendous distortion. The different responses of soil in tension
and compression contribute to the deformation pattern of the cap system. Therefore incremental plasticity
theory as well as pressure and tension-compression dependent yielding criteria must be applied to this
analysis.
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The finite element analysis technique is applied to solve this type of problem which possesses both

geometrical and constitutional nonlinearities. A commercial code, ABAQUS ® which is formulated with
the incremental plasticity theory and the Drucker-Prager / Cap plasticity model, is used to perform the
numerical computations.

An axially symmetric modcl is constructed for the cap covering circular cavities, and a plane strain model
is constructed for the cap bridging the trenches. The two dimensional finite element mesh tbr both models
are identical. Each solid element is about six-inch square for the soils. The flexible membrane liner is
meshed with shell elements. The total number of elements is about 1000 which varies with the size of the

cavities in the sand. The responses of the cap are calculated for a wide range of cavity sizes of both
models. The diameter of circular cavities ranges from 3-foot to 12-foot and the width of the trenches from
3-foot to 10-foot.

The loads upon the cap system are gravity and a 2 psi pressure on the top surface of the cap.

In both models the maximum deflection of the cap is at the center of cavity and the deflection increases
with the size of the cavity. The regions of maximum stresses and large deformations are in the vicinity of
the cavity edges and the center of the cavity. The maximum deflection for the 12-foot circular cavity model
is 2.13 inches, while the maximum deflection for the cap over the 10-foot trench is 6.08 inches. The
composite clay cap which spans over the 10-foot trench reaches its load carrying capacity.

Though the results from the mathematical analysis demonstrate the credible structural behaviors of the clay
cap, realistic in-situ mechanical properties of materials are needed for a good mathematical model which
can accommodate prediction for the actual cap behavior.

This preliminary study provides a viable methodology for the investigation of structural responses of a soil
system. Even though the real physical conditions of the soil system may be different from the conditions
set in the mathematical models, the results from the calculation will certainly shed light on the true
mechanical behavior of the soil structures.

If the soil property parameters derived in the mathematical model closely correspond to the in-situ soil data
in the test field, the results obtained in this analysis for both circular cavities and infinitely long trenches
will provide bounds for the soil responses in the test project (BMDP).
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Table 5. Stress State of Topsoil Elements in the Clay Cap Covering Circular Cavities.

o[Cavlty Number Pr_rc iewarlaaz Strt._ StndJz of Cap E_v<_lap, k['ucrStrc_r Margbz of SLr¢=,

feet psi psi psi psi psi psi psi

3 I .0.791 -0.985 0.986 0.000000 19.50 7.131 0,986 6. I45 Elastic

4 1 .1.350 .1.660 1.860 0.000000 19.50 6,870 1.860 5.010 Elastic

5 I . _. 449 - 1.994 1.994 0.000000 19.50 6.624 1.994 4.830 Elastic
......

6 I - I. 750 -2.461 2.461 0.000000 19.50 6.684 2.461 4.223 Elastic

7 t ,2. 165 -3.103 3. I03 0.000000 19.50 6.490 3.103 3.387 Elastic

8 1 -2.651 .3.850 3.850 0.000000 19.50 6.264 3.850 2.414 Elastic

9 1 .3.218 -4.728 4.728 0.000000 I9.50 5.999 4.728 1.271 Elastic .....

10 1 .3.856 -5.703 5.704 0.000000 19.50 5.702 5.704 -0.002 Plastic

11 1 .4.058 .5.683 5.683 0.001 I22 19.50 5.608 5.683 .0.075 Plastic....

12 1 .4.061 -5.677 5.678 0.002257 19.50 5.606 5.678 .0,072 plastic

3 29 3,119 .5.795 6.410 0.000000 19.50 8.954 6.619 2.335 Elastic

4 36 3.645 .7. 738 7. 742 O.000000 19.50 9.200 7. 743 1.456 Elastic

5 43 3.758 -8.334 8.354 0.000000 19.50 9.252 8,361 0.891 Elastic

6 50 3.802 -8.669 8.685 "0.000000 19.50 9.273 8.691 0.582 Elastic

7 57 3.827 -8.881 8.884 0.000000 19.50 9.285 8.885 0,399 Elastic

8 64 3,800 -8,669 8.873 0.000000 19.50 9.272 8.874 0.397 Elastic

9 71 3.914 .9.154 9. I87 0.000000 I9.50 9,325 9.199 O.126 Elastic

10 78 4.092 .9.271 9.371 0.000033 I9.50 9.408 9.408 0.000 Flastic

I 1 85 4.316 .9.250 9.442 0.000096 19.50 9,513 9.513 0.000 Plast!¢.........

I2 92 4.569 ,9.208 9.518 0,000162 I9.50 9.63I 9.63I 0.000 Plastic



Table 6. Stress State of Sandy Clay Eletnents in the Clay Cap CoveHtzg Circular Ca_,iliex.

Diameter ELems.nt ttydroa_atic 77tirdxtrc.sa yon Mise.s i Plastic.volumetric Position Failure Modi['_d vott Failure State.........

o]'Cavity Numb<r Pre.s=va'¢ /n_ariant Strc.ss Strain of Cap Envelope Misc-rStress Margin of Stre.r,r....

feet psi psi psi psi psi psi psi,,

3 3 -0.364 - 1.214 1.227 0.000000 32.00 14.290 1.232 13,058 Elastic
,

4 3 - 1.572 .2. 193 2. 197 0.000000 32.00 13.592 2. 198 11,394 Elastic.............

5 3 - 1.809 ,2. 740 2. 746 0.000000 32.00 13,456 2.748 10.707 Elastic....

6 3 .2.246 -3.470 3.475 0.000000 32.00 13.203 3.477 9,726 Elastic
,,

7 3 -2.808 -4.405 4.411 0.000000 32.00 12.879 4.413 8.466 Elastic
.................

8 3 -3.446 -5.476 5.484 0.000000 32.00 12.510 5,487 7.023 Elastic.....

9 3 .4. I77 -6.712 6.721 0.000000 32.00 12.088 6.724 5.364 Elastic
..............

I0 3 -4.994 -8.085 8.096 0.000000 32.00 .11.617 8.100 3.517 Elastic

11 3 -6.114 -9.611 9.627 0.000000 32.00 10.970 9,633 1.337 Elastic
.....

12 3 -7.689 -10.510 10.530 0.000456 32.00 10.061 10.537 -0.477 tSlastlc
,,

3 7 1.260 - 1.356 1.369 0.000000 32.00 15.227 1.374 13.854 Elastic

4 7 2.434 0.897 0.906 0.000000 32.00 15.905 1.129 14.777 Elastic
.....

5 7 3.109 1.896 1.898 0.000000 32.00 16.295 2.372 13.923 Elastic
,,,

6 7 3.943 3.177 3.178 0.000000 32.00 16.776 3.972 12.804 Elastic
, ,,

7 7 4.931 4.697 4.698 0.000000 32.00 17.347 5.872 11.475 Elastic
....

8 7 6,020 6,373 6.375 O.O0000O 32.00 17.976 7.968 10.008 Elastic
......

9 7 7.258 8.276 8.278 0.000000 32.00 18.690 10,347 8.344 Elastic

10 7 8.590 10.330 10.330 0.000000 32.00 19.459 12.913 6.547 Elastic
,,

11 7 10.060 12.620 12.620 0.000000 32.00 20.308 15.775 4.533 Elastic

12 7 11.750 15.280 15.280 0.000000 32.00 21.284 19.100 2.184 Elastic
.....

3 31 1.257 -4. 788 4,872 0.000000 32.00 15,226 4,903 10.323 Elastic
, ,,

4 38 1.118 .5.769 5.872 0.000000 32.00 15.145 5.910 9.236 Elastic

5 45 1.207 -6.065 6.127 0.000000 32.00 15.197 6.150 9.047 Elastic
.... , ........

6 52 1.291 -6.369 6.391 0.000000 32.00 15.245 6.399 8.846 Elastic

7 59 1.370 -6.743 6.746 0.000000 32.00 15.291 6.747 8,544 Elastic

8 66 1.468 -7.078 7.082 0.000000 32.00 15.348 7.083 8.264 Elastic

9 73 1.561 -7,497 7.529 0.000000 32.00 15.401 7.541 7.860 Elastic

10 80 1.716 -7.935 8.037 0.000000 32.00 15.491 8.075 7.416 Elastic
......

11 87 1.934 .8.314 8.557 0.000000 32.00 15,617 8.646 6.971 Elastic
..,

12 94 2.236 -8,598 9.114 0.000000 32.00 15.791 9,297 6.494 Elastic

3 35 0.689 .2.268 2.392 0.000000 32,00 14.898 2.436 12.462 Elastic

4 42 0.994 - 1.077 2.291 0.000000 32.00 15.074 2.548 12.526 Elastic
......

5 49 1.066 1.723 2.454 0.000000 32.00 15.115 2.867 12.249 Elastic

6 56 1.125 2.500 2.788 0.000000 32.00 15.150 3.388 11.762 Elastic,,

7 63 I. 172 3.212 3.286 0.000000 32,00 15.177 4.080 11.096 Elastic

8 70 1.188 3.937 3.940 0.000000 32,00 15.186 4.924 10.262 Elastic

9 77 1.202 4.740 4.764 0.000000 32.00 15,194 5.946 9.248 Elastic
• ,

10 84 I. 174 5,662 5.772 0.000000 32.00 15. 178 7. 175 8.003 Elastic,

11 91 1.090 6.737 6.960 0.000000 32.00 15.129 8,619 6.510 Elastic

12 98 0.937 8.039 8.375 0.000000 32.00 I5.041 10.348 4.693 Elastic,
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Table 8. Stress State of Topsoil Elements in the Clay Cap Co vering Trenches.

- Wiclzh 'Elu_.nl H_lros=a_ T_rd=tr¢._ rot,Mis_ Plas_ volum_o_ Posltlon Failarc Moc_.J ¢oa . Failure ....... S_

feet psi ....... psi psi psi psi _ 1_i ...

3 1 -0.95I 2.092 2_87 0.000000 10.50 7.057 2.792 4.265 EI_

4 1 .1.997 4.272 4.629 0.000000 19.50 6.569 5.662 0.906 E_
_ .... "' I

5 1 -2.215 4.759 5.164 0.000000 19.50 6.467 6.315 O. I52 . Eiaxdc
,,

6 1 .2. 705 4.760 5.264 0.000673 19.02 6.239 6.409 .0.170

7 1 -3.014 4.112 5.303 0.001888 17.18 6.095 6.275 -0.180

8 1 -3. 374 2.361 5,385 0.003802 15.00 5.927 6.115 -0. 188 _ •

9 1 -3.620 -3.729 5.461 0.008569 15.00 5.812 5.926 -0.114 Pla_

10" 1 -3.663 -4. I02 5.473 0.020222 15.00 5.792 5.869 -0.077

10 1 .3.689 -4.13I 5.512 0.020365 14.90 5.780 5.910 .0.13I P_.JaX_

3 29 4.132 -8.501 9.098 0.000000 19.50 9.427 9.308 O.119 Elastic

4 36 5,786 -9.608 9.994 0.000552 19.50 10.198 10.133 0.065

5 43 6.778 - 10.130 10.420 0.000953 19.36 10.661 10.526 O.135 Plast_,,

6 50 7.216 -10.230 10.610 0.001080 19.04 10.865 10.747 0.117

7 57 7.585 .10.510 10.790 0.001100 19.18 11.037 10.892 0.145

8 64 7.693 - 10.680 10.890 0.000838 19.46 11.087 I0.967 O.120

9 71 8,058 -11.010 11.140 0.000502 19.50 11.258 11.188 0.069

10 " 78 8.234 . 11.280 11.290 0.000051 19.50 11.340 11.294 0.046 P_JctI_

10 78 8.292 . 11.360 11.370 0.000051 19.36 11.367 11.373 .0.007



Table 9. Stress State of Sandy Clay Elements in the Clay Cap Covering Trenches.

........ I

Wid_ E&ms.m H ycL,oz_Sz Thirdxtr¢._ van Mizcx Plaxd.cvolam_=4c PoM6on FoiLare Mod_'=edvan Failure Sta_e.....

of Trendl Number Pre.s.rur¢ Invari_zz 5_ress Scraia of Cap E.nwLope Mizc.xStr¢._... Margin of Su'e.sx

feet psi psi psi psi psi psi psi

3 3 -0.712 2.078 2.810 0.000000 32.00 14,089 3.303 10.786 Elastic

4 3 -2.514 5.606 6.479 0.000000 32.00 13.049 7.814 5.235 Elastic

5 3 -2. 783 6.320 7.356 0.000000 32.00 I2.893 8.859 4.035 Elastic

6 3 .3.476 7.577 8°870 0.000000 32.00 12.493 I0.670 1.823 Elastic
......

7 3 .5.211 8.845 10.010 0.000454 32.00 11.49I 12.124 -0.633 _lastic

8 3 .6.251 7.796 9.964 0.002036 29.11 10.891 11.806 -0.915 Plastic
,..

9 3 .7.259 -5.916 9.983 0.005922 21.39 10.309 10.971 -0.662 .Plastic
,,

10 ° 3 -7.657 -7.276 10.010 0.016565 20.00 10.079 10.781 -0.701 Plastic

10 3 .7.7I 1 .7.327 10o081 0.016682 20.00 10.048 10.857 .0.809 Plastic

3 7 2.773 .3.176 3.180 0.000000 32.00 16.101 3.181 12.919 Elastic
....

4 7 4.989 -8. I03 8.438 0.000000 32.00 17.380 8.559 8.822 Elastic

5 7 5.898 .9.978 10.500 0.000000 32.00 17.905 10.686 7.219 Elastic

6 7 7.088 - 12.470 13.270 0.000000 32.00 18.592 13.552 5.040 Elastic
.... .,.

7 7 8.639 - 15. 770 16.970 0.000000 32.00 19.486 17.389 2.099 Elastic.....

8 7 10.7_0 -18.650 20.180 0.000168 32.00 20.712 20.7II 0.001 Plastic
,,

9 7 12.050 - 18.490 20.710 0.001065 30.49 21.457 21.456 0.001 _!astic

10" 7 I2.230 . 17.910 20.660 0.002863 26.91 21.561 21.560 0.001 Plastic
...

10 7 12.316 -18.036 20.806 0.002884 26.72 21.611 21.712 -0.101 Plastic

3 31 1.631 .5. 129 6.872 0.000000 32.00 I5.442 7.374 8.068 Elastic
i ....

4 38 1.232 -6.044 10.010 0.000000 32.00 15.211 10.986 4.225 Elastic
...... ,

5 45 1.402 -6.672 10.890 0.000000 32.00 15.309 11.938 3.371 Elastic

6 52 1.936 -7.410 10.890 0.000000 32.00 15.618 11.822 3.795 Elastic
. o..

7 59 2.988 .8.250 10.420 0.000000 32.00 16.225 11.076 5.149 Elastic
.....

8 66 4.392 .9.213 I0.400 0.000000 32.00 17.036 10.796 6.239 Elastic.......

9 73 5.995 .10.510 11.170 0.000000 32.00 17.961 11.403 6.558 Elastic.

I 0 ° 60 7.582 - 12.600 13.200 0.000000 32.00 18.877 13.415 5.463 Elastic

10 60 7.635 .12.689 13.293 0.000000 32.00 18.908 13.509 5.399 Elastic

3 35 1.449 . 1.843 1.846 0.000000 32.00 15.337 1.847 13.489 Elastic
.....

4 42 1.952 -2.727 2.810 0.000000 32.00 15.627 2.840 12.787 Elastic
,,,

5 49 1.813 -2.925 3.04I 0.000000 32.00 15.547 3.083 12.464 Elastic.......

6 56 1.521 -3.020 3.343 0.000000 32.00 15.373 3.453 11.925 Elastic...........

7 63 0.955 -3.076 4.169 0.000000 32.00 15.051 4.481 10.570 Elastic
.....

8 70 -0.048 1.459 5.964 0.000000 32.00 14.472 6.720 7. 752 Elastic,,

9 77 .1.737 6.616 9.699 0.000000 32.00 13.497 11.296 2.201 Elastic
..

10 ° 84 .4.718 6.103 11.310 0.002627 28.45 11.776 12.946 -1.170 P_lastic
J

10 84 .4.751 6.146 11.390 0.002645 28.25 11.757 13.037 -I.280 Plastic,



"suiqd - loa[OJd uo.llo.ilsuousaG Ivlitl OllUOlUSlI "I a.ln_lJ

........... r': .',,, ..... " '-.. ,.-

_":7/-....::;271;:;:"...... , '.....,:...-- , -_• ,.,, "<.::.;-:,_.........._,,.. ...- ,,,_ _ ,_-......

........\\\, ..\ -,_

_c--'"'--i:-.........-,_V.............,..j..."s ,Z',:_'_ " _2__'-.,___"""""::....

.... ......... :"'' .,:
". _.._

"" '-. :."-'" ...._ _ 4'I :"/_ @i °''- ",. " "'---............" -_.i.... -............,:.--.:/___ dtl../_,_'it/ZZ_.,,_. ,-\-, _ _--/_
..................... ! .... : .."7 " _" "-i ,,- / _ ,,.n"-_. / ,

........" .....':."""_....._-"i..."/ " " ;""._:V C__'......... ,,- f ")'-..
"" -__--:::..... ""--,:"<:. 'D_ /"!:-.....".......K_,__,,./. _//7 / ./.'¢,_

__ .......:; "....._ .-,/.-::.::- ........I"':-_ \,_-.._.'.A-_k\ 11 / 4/.g_/-,,. "_
' ...._ "" " ..... " " .....-_... ".._.:_4 _t_d. '.. , .,,,.,ti.,, • , "-. I'- "-_- ,' _/_"..._....."..:%\........ -.,:.--,.,.,,1.:......... -.,.7"_. z:,zx._ \,

..,.K,............7_ ..........].... _ / _.. .....4. '.....".:,,,. _'_<"_..'' " I<",_. > >2d_"_il",,,....I_,. -....._. _ ......... '"_ .... I ....... ' ....'...'>,. _ . '.. '.. I \" _ ) "_i k _...

"'"...... ..... t ....."'"'"ti _%:_ ...... _ .............." ......:.:--_'-t:'-_"..._ -
-,,._. :-_,. '...i .."_'.,._.,--_...___ i ......., .......:....._.., \ _,. _,_ .,-.,,_...":_ ',._.. ,,_,. I ... "_,,,,. -'---., / -....... -....:..._ _... ,,.-,,,.,m



114"
I_ ,u_, L _'t_ _i ,04" i'_" t I1"_ , \ ll4" I" . u lira-- [ #---.t,illl _as. _ la

I '_ l
I

I r4" i==mIre'laB I I I III M i04_ fOlLilllll _li /
/ lliilil "--'J I s_il_, | /

/l'l'll,. lid ..r._l.J ,.,.y___J SI"-'TI._ L li_Ail _l<.<_

COKIltOLTESTPAl)

tltAXL

,,..,. - "" _ .. ,-,- _. TI="_"_P.',.--.,
i- " I. ._'_ _ ,,._,. , ,_,- _t_ ,,"," ,', L "- ' -,""_-- I I .---_--,._,,--"

1,1 _---- I I _ I","_'._?,_' L !I.'_?,_...,¢.-.-: " 17"-}
_/L .... ,_..._ I __,._,.,, I .,.,co_-..,_-_ /

J " / OI_A|L/._,<_ *-.. ,:;__J .:.. _ _.....
_I11)iT _ Pill

i_AXL

N'_ 11. g #'-Ill ltlllll.! I[I
I!"1" ,_ • % _ ll..I- .n / tl_'! _ ll_lli _l

|" if#, L ll'i" -_. ' ilio , i.I + .I I'1" _ _ !l.l° _ _ j il llll_ I / r--i%l_il i_lll I - IiI I 3- _ ""- <<"<"• _ - -'T-&,_.-[,,_-- -.

,,,lal", 1
/ ""_ /
| /

=- "l . I It till illl_ i_'_ /

IL q_._

CLAYIIAXTESTPAl)

_A..

I I _./_ _ ,,.,,¢ c.o_=,,
...... _ - 7i-Tm_-_._,_-._,-..,,

........... , m,,_o,,,,m ""_i.i_':._ ,,. _,,,,,,_=

/,-,,<@.. -.--_ ,.__ .,. _,<__ ..... _<o°

Figure 2. Bentonite Mat Demonstration Project - Typical Sections.
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Figure 5.
Element mesh of a part of the Clay Cap with marks of a few cavity locations
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Figure 7. ANALYSIS OF COMPOSITE CLAY CAP OVER CIRCULAR CAVITY
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Figure 8. ANALYSIS OF COMPOSITE CLAY CAP OVER CIRCULAR CAVITYi
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Figure 9. ANALYSIS OF COMPOSITE CLAY CAP OVER CIRCULAR CAVITY
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Figure 10. ANALYSIS OF COMPOSITE CLAY CAP OVER CIRCULAR CAVITY
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Figure 11. ANALYSIS OF COMPOSITE CLAY CAP OVER A TRENCH
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Figure 12. ANALYSIS OF COMPOSITE CLAY CAP OVER A TRENCH
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Figure 13. ANALYSIS OF COMPOSITE CLAY CAP OVER A TRENCH
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Figure 14. ANALYSIS OF COMPOSITE CLAY CAP OVER A TRENCH
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Figure 15. Stress Contours of Hydrostatic Pressure in Clay Cap covering
a 12-foot Circular Cavity.



Hydrostatic Pressure lO-foot Trench

Figure 16. Stress Contours of Hydrostatic Pressure in Clay Cap covering .,°,_o_
a lO-foot Trench.



I

ABA@ S
Principal Stress-I 12-foot Circular Cavity

Pml

•l|g-01

Figure 17. Stress Contours of Principal Compression in Clay Cap covering
a 12-foot Circular Cavity.
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Figure 18. Stress Contours of Principal Compression in Clay Cap covering

a lO-foot Trench.
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Figure 19. Stress Contours of Principal Tension in Clay Cap covering .,.0,,_,
a 12ofoot Circular Cavity.
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Figure 20. Stress Contours of Principal Tension in Clay Cap covering
a lO-foot Trench.
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Figure 21. Stress Contours of yon Mises Equivalent Stress in Clay Cap covering .,.,o,.Q,
a 12ofoot Circular Cavity.
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Figure 22. Stress Contours of yon Mises Equivalent Stress in Clay Cap covering
a lO-footTrench.
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Figure 23. Stress Contours of Third De_toric Stress lnvariant in Clay Cap covering

a 12-foot Circular Cavity.
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Figure 24. Stress Contours of Third Deviatoric Stress Invariant in Clay Cap covering 1._
a lO.foot Trench.
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Figure 25. Stress Contours of Plastic Volumetric Strain in Clay Cap covering "'""_'
a 12-foot Circular Cavity.
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Figure 26. Stress Contours of Plastic Volumetric Strain in Clay Cap covering ::',:::
a IO-foot Trench.
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