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AB_'RAC'F

Previous work on the stability of karst sites in the Oak Ridge Naiional Laboratory area
is evaluated and analyzed. It was found that the depth to bedrock is significant in the
formation of dropouts. In addition, little variation actually exists in the properties of the
overburden residual soils.

The vertical displacement, slope, and curvature of a surface profile are major factors
contributing to structural damage. Therefore, a site specific model to predict the lateral and
vertical extent of sinkhole subsidence was developed. The defox'mation of the surface was
studied using a hybrid approach of numerical and empirical analysis. This approach
incorporated field measurements, laboratory test data on soil strength, and the numerical
analysis of typical soil profiles and hypothetical cavity dimensions.

Empirical profile functions were used to describe completely a continuous profile for
a sinkhole subsidence basin. Statistical and analytical procedures were used to predict the
magnitude and shapes of surface subsidence profiles. Two-dimensional, nonlinear, finite
element analysis was conducted to evaluate the stability of a soil void in a thick, residual clay
abcwe a discontinuity in rigid bedrock. This numerical analysis included a prototypical
approach to quantifyingrelationships tbr the subsurface geometry that drives surface
deformation.

The shape of karst features in the East Chestnut Ridge site could bc described by the
empirical function:

_1 x \p
S(x) = SO e-_o_j ,

where So = maximum subsidence = o-5.,L6• ,..0,,._ , _ = 2.50 and I_= 3.30 are site specific

empirical parameters, and r,.,X, and H define geometry.
For the East Chestnut Ridge site, it was found that size of a soil void for a given soil

thickness controls the magnitude of surface subsidence experienced. When the ratio of soil
void radius to the square of soil thickness (r/It 2) remains below approximately 0.0t")3,stability
can be assumed.

xi



1. INTRODUC'FION

1.1 PROBLEM STATEMENT

' Siting and operating landfills for solid waste disposal in eastern Tennessee that can
operate with minimum impact on groundwater is problematic. The operational requirement
of thick, excavational soils and the regulatory requirement of a buffer between disposal units
and an aquifer result in siting most operating East Tennessee landfills in outcrop areas of the
Knox Group. The Knox Group is dominated by dolostone bedrock, which commonly has
thick residual soils and decp water tables, making this setting suitable for meeting both
operational and regulatory requirements. However, the common occurrence of karst terrain
a,adsinkholes in the Knox Group indicates the vulncrability of such sites to rapid groundwater
recharge and flow and the potential for subsidence or ,collapse of soil into bedrock cavities,
Subsidence or collapse of soils beneath disposal units poses the threat of allowing rapid
migration of waste leachate into an aquifer.

To address the potential for subsidence or collapse of scullsat the East Chestnut Ridge
site (Fig. 1.!) on the Dcpartment of Enc_.rgv's(DOE) Oak Ridge Reservation (ORR), the
following activities and analyses wcre completed.

• The locations of karst features c_n the site were determined by field
reconnaissance.

• Several sinkhc_leswere selected t'c_rdetailed examination.
• Soil boring, sampling, and physical testing were pcrfc_rmed in soils located

within, adjacent tC_,and outside of sinkholes to characterize soil strength at
various dcpths.

• Detailed plane surveys were made for 11 sinkholes to measure accurately their'
dimension and shape for use in determining prc_t'ilefuncticms fc_rsubsidence
basins at the site.

• Based on soil properties determined in the labc_ratc_rytesting programs1,the
stress-del'ormatic_n respc_nse c_t'a typical so,ii prc_t'ileoverlying a hypothetical
bedrock cavity was analyzed numerically t'c_ra range c_l'soil thicknes'_es and a
range cff cavity radii.

• Through a synthcsis of the profile function analysis und the numerical analysis
of soil behaviour,a consistent estimate c_fthe relationship between subsidence
basin dimension, soil thickness, and cavity radius has bccn derived.

This study is limited t(_ subsidence where the prc_l'ilcc_f the detk_rmed surface, or
subsidence basin, is continuous. Regional surveys c_l'karst activity in eastern Tennessee
suggest that coliupsc, resulting in a discc_ntinuc_usprc_l'ile, is a more likely type of t'ail_,,,
(Newton and Tanner 1986). Subsidence, hc_wcvcr, has been nc_tcdas a precursor tt_collapse
(Ncwtc_n 1976).

1.2 NOTE ON UNlqX3

As yet there is no agrccd upc_nstandard l'c_runits. Me,st prc_fcssic_naljc_urnals with an
intcrnation_al circulatic_n require the use c_t"Systeme lntcrnatic_nal (Sl) units. Most practicing
engineers ar:t the ccmstructic_nindustry in the tJnitcd States, hc_wcvcr,use the English system

" c_funits. The surveying lk_rthis pre,gramwas pcrik_rmed using instruments calibrated in the
English system. Fc_raccuracy, ali sutvcying data arc furnished in English units. In additicm,

i ,
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Pig. 1.1. Location of East Chestnut Ridge study site.
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previous work performed for ORNl_, has been done ustvig English units, Conventic_nal
laboratory test results are alto repc)rted in English units. The antllyses conducted for thi,,
research were carried out using the SI system of units. To maintain accuracy and to be in line
with today's international perspective, these results are reported in Sl units.



2. REVIEW OF PREVIOUS INVES'HGATIONS

Previous investigations relevant to the study reported here include soil mechanics
analyses performed at West Chestnut Ridge at Oak Ridge, Tennessee, and studies of karst
subsidence in East Tennessee, Results of these previous studies were incorporated in this
work.

2.1 PREVIOUS SOIL MECHANICS ANALYSES

The West Chestnut Ridge site was evaluated with respect to deformaticm and collapse
of the residual soil into the bedrock cavities (Ben-Hassine 1987; Drumrn et al. 1987; Ketelle
et al. 1987). This site is similar to the East Chestnut Ridge site, with thick residual soils
overlying weathered bedrock containing numerous solution cavities. Numerous karst features
were identified on the West Chestnut Ridge site (Ketelle and Huff 1984).

A finite element analysis was conducted to investigate the effects of bedrock cavity
radius, thickness of soil overburden, and surface surcharge upon the deformational and
stability characteristics of the residual soil (Drumm et al. 1987). The soil was assumed to span
a circular cavity in the rigid bedrock, with gravitational forces causing displacement of the soil
into the bedrock cavity. Axisymmetric conditions were assumed in the analysis, and an
elastic-plastic constitutive model was used to represent the residual soil. Because of
limitations in the existing field and laboratory data, several major assumptions were made to
determine the constitutive parameters. These assumptions will be discussed later in the report
(see Sect. 5.-.6). Qualitative conclusions, however, regarding the stability of various
combinations of overburden thickness and cavity radius could be drawn from the analysis
results.

Results indicated that for small bedrock cavity radii, the thickness of the soil cover has
little effect on the size of the yielded soil zone. For large cavity radii, a smaller zone of
distressed soil occurs under thick soil cover than under thin soil cover. Dimensionless curves
were presented to enable the prediction of the vertical extent oi' the zone of yielded soil for
a range of site geometries. Although the thick soil deposits [30 m (98 ft) or greater] typically
found on the ridges resulted in high stresses adjaccnt to the cavity, the area of the distressed
or yielded soil was small and unlikely to extend to the surface. The magnitude of the surface
deformation or subsidence was predicted to be minimal.

lt was concluded that the siting ,9]"waste filcilities on the ridges where the o_,erburdenis
at a maximum would tend to reduce the effects of deformation into the cat,ities. Construction
on the ridges would also minimize surface hydrological effects. While not included in the
analysis, these effects are known to accelerate the development of sinkholes and may play an
important role in the formation of the surface depressions.

2.2 REGIONAL SINKItOLE OCCURRENCE

2.2.1 Additional Interpretation of Regional Subsidence Data

Newton and Tanner (1986) conducted a survey of sites in eastern Tennessee to
characterize geologic settings susceptible to collapse. Further statistical analysis and
evaluation of their data reveal some interesting obserw_ticms. Most sinkhole occurrences
occurred relatively recently (Fig. 2.1). This finding is tenuous, however, because it may be
an indication of imprcwed data availability as opposed to increased karst activity. In a
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Fig. 2.1. Regional firequency histogram summarizing dates of sinkhole occurrences.
(Data from Newton and Tanner 1986.)

summary of geometries, most dolines were relatively small and uniform in size. Of
approximately 245 features measured, the majority were less than 9.1 rn (30 ft) in diameter,
with widths averaging 5.2 m (17 ft) and lengths averaging 5.9 m (19.5 ft). Figures 2.2 and 2.3
show that most eastern Tennessee sinkholes inventoried ranged between 0 m and 6.1 m
(20 ft) in depth, averaging 4.6 m (15 ft) deep, while bedrock depth was relatively shallow,
averaging 3.7 m (12 ft). The apparent disparity between the depth-of-sinkhole and depth-to-
bedrock is because most of the Newton and Tanner (1986) data are composed of dropouts
where the rock an0 karst pipe were visible at the bottom of the depression. Nevertheless,
the data show tha_' the soil arching that takes place increases the stability of the deeper karst
pipes, as noted by Drumm et al. (1987).

The effect of water on sinkhole occurrence is a result of complicated interactions
between rainfall, run-off, withdrawal, and permeability. However, a relationship between
sinkhole occurrence and water table depth can be seen in Fig. 2.4. Sinkhole occurrences are
correlated with shallow water tables, averaging 4.9 m (16 ft) deep. Whether this occurs
because of a shallow water table or a rise and corresponding fall in groundwater level is
unknown, but these latter fluctuations may easily be the causative factor. This latter
hypothesis is supported by Fig. 2.5, which shows approximately twice the number of sinkholes
are formed during periods of rainfall when groundwater levels are prone to fluctuate than
when it was no_ raining. Linear regression also revealed that water table depth and sinkhole
depth correlate with the square of the correlation coefficient (R 2) equal to 0.84, indicating
a rather strong relationship between water table and sinkhole depths. Figure 2.6 shows that
the top of bedrock correlates with the elevation of the water table.
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3. SITE CHARACFERtSTICS

3.1 GEOLOGY

Chestnut Ridge is located on the DOE Oak Ridge Reservation, near the western edge

of the Valley and Ridge Province. The ridge is underlain by silty claY soils and dolostone
bedrock of the Knox Group. The topography is hilly with parallel ridges, valleys, and
elongate knobs. Regional bedrock structure causes bedding at the site to dip at an attitude

of 35" to 45 ° to the southeast. Variable weathering resistance and soil erodibility of the
different stratigraphic zones have resulted in the parallel alignment of ridges and valleys.
Effects of karst processes and erosion have combined in development of a rectangular surface
drainage pattern. The karst system includes areas of doline karst on upland slopes, knobs,

iand ridge crests, with fluviekarst in the incised valleys. Soils include ancient allavium, loess,
i:olluvium, residuum and saprolite ranging in thickness from 2 m (6.6 P.) to more than 40 m

(1140ft). Soils are predominantly residual silty clays with variable amounts of chert as
boulders, nodules, and gravel. Because of their fine texture, site soils have a high moisture
retention. High natural moisture content, variable chert content, and consolidation cause soils
to range from very _oft to very stiff.
! Dolines occur in ali five Knox Group stratigraphic formations, tending to align parallel
to strike in some areas and along possible joint sets. Investigations at each of two sites (East

Chestnut Ridge and West Chestnut Ridge) have included drilling, soil sampling, and testing
within and outside visible karst features to obtain soil properties for use in subsidence
analyses.

3.2 SOIL PROPERTIES

3.2.1 East Ch_tnut Ridge

Standard geotechnical site exploration was conducted on East Chestnut Ridge
(Geologic Associates, Inc., 1989). Statistical analysis of the data revealed few significant trends
in soil properties. Figure 3.1 displays the plasticity chart for the soils. The fact that the
values plot almost entirely along the A-line indicates that relatively little difference exists

between the soils, despite the fact that Fig. 3.2 indicates that there appear to be several major
Unified Soil Classification System (uses) soil types represented, predominantly clays of high
(eH) and low (eL) plasticity and silts of high plasticity (MH).

The clustering of plasticity chart values indicates that the soils are actually very similar,
It has been pointed out (Kulhawy ct al. 1983) that moisture content values from standard
Atterberg limits tests may vary as much as 20% because of laboratory procedures. When this
is taken into consideration, there may be considerable homogeneity in the East Chestnut

Ridge soils. This homogeneity is further indicated by plasticity index as a function oi"distance
above the bedrock (Fig. 3.3). A high degree of scatter exists, which indicates that there are
apparently no trends with respect to layering in the soil. However, a broad trend in
increasing liquidity index with proximity to the bedrock is evident in Fig. 3.4. The soil is
approaching the liquid state near the bedrock surface.

The overall conclusion that can be drawn ['rom the statistical analysis of the East
Chestnut Ridge soil data is that the soil is relatively uniform and homogeneous throughout

and that an idealization ol'a homogenous soil, and not a stratified one, is justifiable. In
addition, it i,qbehaving more plastically in the vicinity of bedrock,

11
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3.2.2 West Chestnut Ridge Site

Woodward-Clyde Consultants (1984)conducted an extensive survey of soil mechanics
properties of West Chestnut Ridge. This site is along strike and practically identical
geologically to the East Chestnut Ridge area in this investigation, A detailed summary is
provided by Woodward-Clyd_ Consultants (1984) and Ketelle and Huff (1984), but some of
the more pertinent details are reviewed here, as are some additional statistical data.

Figure 3.5 shows the plasticity chart for the West Chestnut Ridge soils, Once again,
the values plot almost entirely along the A-line, which indicates that not only is there
relatively little difference between the soils, but classifications and the plasticity chart
(Fig. 3.6) reveal a similarity to East Chestnut Ridge soils.

A plot of plasticity index with distance above the bedrock for West Chestnut Ridge also
icdicates a high degree of scatter (Fig. 3.7). Once again, this could indicate that there are
no layers of stratification in the soil. The liquidity index, as it did for East Chestnut Ridge,
increases with proximity to bedrock, indicating that soils adjacent to rock surface are close to
their liquid limit (Fig. 3,8).
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4. SINKItOI.,E MEASUREMENTS AND PROFILE FUNCHON ANAI.NSIS FOR
TIIE Far.ST Clil_TNUT RIDGE SITE

4.1 FIELD SINKItOLE MEASUREMENTS

4.1.1 _riplion of Survt,3, Methods

Eleven karst features were measured to provide l'iclddata for profiling sinkhole shapes
(Fig, 4,1), Dtl'fc:rerlthd leveling, a common technique o1' phone surveying, was used to
determine the elevation of points within each feature, Diffcrentt.l, or direct, leveling is a
method for determining an unknown elevatit_n at a point relative to another pc_int(_1'known
elevation within line of sight, For this research, surveying and mapping were done In the
English system of measurement, Elewltions were plotted, and contc_urs were manually
interpolated to produce 1:120 scale (1 in, = 10 ft), 1 lt, contc_ur interval topographic maps,
Appendix A contains reductions of the original maps,

The equipment used in leveling was a dumpy level and a Philadelphia rod graduated
in feet (tenths and hundredths ol'a lbot), Horizontal distances wt're rneasured with a 150-1't
add-type steel tape also graduated in feet (tenths and hundredths of a foot). A Brunton
compass was used to measure the ortc_tation of level lines, Angles can bw measured to the
nearest degree us!ng _ Brunton compass, No correctic_ns to account for systematic errors in
leveling, horizontal distances, or angular measurements were made to the Field data,

A benchmark, the point of knc)wn elewltton, was placed within or adjacent to a
sinkhole, The benchmark was a 45-cm (17.5-in,) wooden stake driven intt) the ground to
within 5 cm (2 in.) ()1'its butt. The elcwttion t)t' the benchnaark was assuxned knt_wn at 100
ft (30 m), Backsitc.,;were taken with the rod rusting ¢,n the butt of the stake, Elevations in
sinkholes 01, ()2, 03, and ()4were taken relative to the same l(_)-l't datum adjacent to sinkhole
01. Sinkholes 08, 09, and 10 also share a common datum,

A baseline consisting ot'a mw of woc_den stakes equidistantly spaced at 10-ft (3-m)
intervals was driven into the ground, The orientation of the baseline was measured relative
to magnetic north, Elevations wore measured at l(}-l't intervals along a line norrnaJ to, and
originating at, the baseline, The level line was laid out prior to measuring elewitions, The
tape was stretched along the level line and 10-1't intervals marked by kickout or with
fluorescent marking tape. Intermediate spot elewltions were typically made on slopes greater
than 15% and in areas of rapid change in slope, The cc_llocted data resulted in a two.
dimensional grid or net with knt_wn elevations at least every 10 l't (Fig, 4,2),

Linear interpolatic)n between measured pc)ints t)i' elevatlt)n in the grid allowed points
()fconstant elevation tc) be determined, These pc)ints were c()nnected tc)li)rra a contour line,
Smoothing to ii curve was accc_rnplishodas the line was drawn, This process was repeated
with contours representing integer l'c_otelevations tlaroughout ttae entire grid to produce the
topographic map of the sinkhole,

Merc than 20 sinkholc_llko features arc k_cated on the site, Eleven of these were
selected t'c_rsurveying, The criteria t'c_rselection were as l'olk_ws: collapse_ topographic
closure, significant diameter, unmc_dil'ied natural origin, and accessibility, Sinkholes were
numbered in the order they were surveyed. Sinkhc_les01 thrt_ugh 05 are adjacent and located
on the northern ridge, and 06 and ()7 are in the regk_n bctwet_'n the nc_rthcrn and southern
ridges. Sinkhc_les 08 thrc_ugh 11 arc cm the sc_uthern rktge.
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Fig. 4.2. Survey grid 'used in field mapping.

4.1.2 Rt,,',;ults

Ten subsidence basin:_and one collapse feature were measured using conventional
plane surveying techniques, The basins were generally circular and typically exhibited
elongated or elliptical bott(_ms, Diameters ranged from 6 m (20 t't) to 87 m (285 ft),
Measured vertical displac_zrnents ranged from 0,2 m (0,6 l't) to 5,5 m (18 ft), Slopes ranging
from 5 to 10% and adjacent cut-and.fill complicated determination of the lateral extent of
subsidence, Profiles were drawn from 1:120 scale, 0,3-m (l-ft) contour maps using two
criteria: (1) the profiles were oriented along and pcrl_cn'.licular to the major (or long) axis,
and (2) the profiles were orthogonal to contour lines, The location or the field profiles are
provided in Appendix A,

4.2 PROEII.;E FUNCTI'IONS

4.2.1 General Dt.,_ription of Profile Functions

In establishing whether t_i'not dan]age lo ii surface structure (such as a landfill and
liner) might occur, it is necessary to predict the amt_unt of dilTerenlial settlement that may
occur, q'o estimate the dilTercntial sctl lemcnts in the study at'ca, an investigation of methods
used in mining engineering was perl'(_rmed,
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Empirical methods have long been used in subsidence prediction above long, vail coal
mines, One method of empirical subsidence prediction, which may have application in karst
terrain, is the use of profile functions. Originally deve!oped in Euterpe, profile functions
predict the shape of the induced subsidence basin by assuming tha! similar conditions,
geometry, and material properties will induce a slmila'r response at the su,Tace, Application
of this method involves fitting a mathematical function to a significant number of actual
subsidence basin profiles. The curve fit determines constants that predict and describe the

. shape of a subsidence basin. The lateral and vertical extent of the surface deformation is
determined by subsurface geometry and described below.

Table 4.1 is a listing of several profile, functions that have found application in
subsidence prediction. Two ltmctions have found application in the Appalachian coalfields of
the United States: (1) the hyperbolic tangent function, and (2) the negative exponential
function.

The hyperbolic tangent function, suggested by Brauner (1973), is symmetric about the
profile inflection point, which occurs at one-half the maximum subsidence. The function is
as follows:

S(x) = -_S o 1 - tanh , (4.1)

where S(x) = vertical displacement, S o = maximum vertical displacernent, X = horizontal
distance from the origin, B = horizontal distance from the ccnterline to the point of
inflection, and C = an empirical parameter.

Figure 4.3 is a generic subsidence profile identifying the terms that define the
hyperbolic tangent function. The origin is located at the inflection point, Positive values are
upward and to the right. The centerline of the profile is located at the point of maximum
vertical displacement,

The negative exponential function suggested by Chen and Peng (1981)differs from the
hyperbolic tangent function in that it is not symmetric about its inflection point. The negative
exponential function is expressed as:

¢4S(x) "- S o e ,

where L = half-width of the subsidence basin, and a and 13are empirical parameters.
Figure 4.4 dci'ines the terms of the negative exponential functic_n. The origin is located

on the centerline of the basin at the point c_t'maximum vertic;_ldisplacement. The half-width
c_fthe basin is taken as the horizontal distance from the origin _ a point on the curve at 5%
of the maximum vertical displacement.

lt is common tJracticc, with both functions, to normalize vert, al displacement by its
maximum value. In additicm, horizontal distances are often normalized oy the distance(s) to
the origin, The slope at any point on the cut'vc is the first de_'ivative c_fthe profile function,
and the curvature is the second derivative.

Application ¢_1'profile functions lhr subsidence prcdictic)n rcquire.'_knowledge of the
subsurface gec)mctry. The extent and magnitude ¢)fsurface displacements are related to the
size of the extracted area and the width-to-depth ratio, a ratio c_l'the size of the void to the
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Table 4.1. Profile functions (Chen and Peng, 1981)

1So z_ ' l

S(x) _ (1 - Z)4'_ • 4'uz Avershin (Russian)
So

_X 2

S(x) _ e -_ Moto (Hungarian)
So

-MX 2

S(x) _ Ife ,2dx 'Knothes,(Polish)
So x,

So

[ ls(x) _ t 1 tanh _
SO 2 HcotB King and Whetton (British) ,

whereZ = _X andr = HcotB
L
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Fig. 4.3. Generic h_rbolie tangent profile and definitions of terms.
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Fig. 4.4. Generic negative exponential profile and definition of terms.

depth to the, void. The subsurface geometry of some mines often allows a width-to-depth
ratio greater than one. Width-to-depth ratio has been identified as a critical parameter in
defining maximum possible subsidence.

Subsidence profiles above a longwall pa!nel are usually described as having the
characteristic shapes of subcritical, critical, or supercritical (Peng and Chaing 1984). If the
value of maximum subsidence tbr the basin occ'urs at a single point, usually at the center, the
profile is subcritical. Critical profiles are similar in shape to subcritical profiles, but
additionallv the magnitude of subsidence has reached its maximum possible value. If the basin

' has a flat bottom, having uniformly reached this maximum displacement, the profile is
described as supercritical.

Profile functions do not require a knowledge of the material mechanical behavior; the
overburden material is assumed to be homogenous. To account for the inhomogeneity of
actual subsurface materials, Karmis et al. (1987) apply a reduction factor to the estimated
maximum subsidence based on the percentage oi!competent strata above the void.

Chen and Peng (1981) define four angle parameters: limit angle, angle of critical
deformation, angle of break, and angle of complete mining; they are defined as follows:

1. The limit angle is the angle from the horizontal to the line connecting the edge of
the subsurface void to the point of zero subsidence at the surface. This angle is
used to calculate the radius of influen,ze or the half-width of the profile.
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2. The angle of critical deformation is the angle from the horizontal to a line
connecting the edge of the subsurface void to the surface at the point to which
certain structures will be subjected t° damage.

3. The angle of break is the angle between the horizontal and a line connecting the
edge of the subsurface void to the point on the surface where the first tension
crack, occurs.

4. The angle of complete mining is the angle between the horizontal to a line
connecting the edge of the subsurface void to the outermost point of maximum
subsidence at the surface.

Karmis et al. (1987) define two additional angle parameters:

1. The angle of draw is the angle between the vertical and a line connecting the edge
of the subsurface void to the point of zero vertical displacement on the surface.

2. The angle of influence is the angle between the horizontal and a line connecting the
edge of the subsurface void to the point on the surface where S(x) = 0.0061 So.

The various angle parameters define the lateral extent of subsidence and relate it to the
depth of overburden above the subsurface void.

4.2.2 Profile Function Parameters for the Fast Chestnut Ridge Site

Profiles were drawn using two criteria: (1) profiles were oriented along and
perpendicular to the long, or major, axis of the sinkhole, and (2) profiles were orthogonal to
contour lines. Figure 4.5 illustrates the application of these criteria. Rotation of the profile
to eliminate the effec" _f adjacent slopes on the profiles was also performed. The maps in
Appendix A show thr :ocation and orientation of the selected profiles for each sinkhole.

Figure 4.6 show_ normalized field data from sixteen profiles and the associated best fit
curve for the negative exponential function. The value of the empirical parameters, a = 2.50
and 1_= 3.30, were determined using least squares estimates from nonlinear regression
analysis (STSC 1988). Figure 4.7 displays the best fit for the hyperbolic tangent function to
the field data. The empirical parameter, C, is cqual to 2.63.

4.3 SUMMARY OF PROFILE FUNCTION STUDY

Profile ['unctions provide a means to determine the general shape of typical dolines in
the site area. By inputting the maximum subsidence possible for a given location and an

: estimate of width, the profile function can be used to predict the shape of a sinkhole
depression. The derivatives of the profile function can provide the slope and curvature of
the ground Surface. Vertical displacement, slope, and curvature are associated with structural
damage.

The difficulty in applying profile functions to karst situations is that, unlike mining, the
maximum subsidence cannot be determined. In coal mining the mayimum possible subsidence
t_br a region is a function of the seam thickness. With no extracted seam present, it is
necessary to develop an alternative means of maximum subsidence prediction, which can be
done using numerical modeling techniques such as the finite element method.
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5. NUMERICAL ANALYSIS OF SI'ABILITY

5.1 ANALYTICAL APPROACH

The deformations, strains, and stresses in the soil adjacent to the bedrock cavity was
calculated by the finite element (FE) method. The FE code UTGTECH (Ben.Hassine 1988)
was used for the analysis. This code incorporates many features of the code SSTIN (Desai
and Lightner 1985) used in the previous West Chestnut Ridge study (Drumm 1987), including
the use of eight node isoparametric quadrilateral elements and several material behavior
models, However, UTGTECH was restructured to allow for the efficient solution of various
size problems on personal computers, to improve the convergence of the solution of
elastic-plastic problems, and to provide post-processing graphics capability. These aspects will
be described in more detail in subsequent sections of this report.

5.1.1 Background and Idealization of a Soil Void
'I

In a typical numerical evaluation of stress.deformational response of a soll mass because
of imposed structural loadings, the stresses from the in situ or gravitational forces are first
determined. Frequently, these in situ stresses are assumed to be elastic. After determination
of the in situ stresses, the deformations resulting from these body forces were set to a zcro
value such that the final deformations from the imposed structural loadings are calculated
relative to the gravitational dellormations. In this analysis, elastic and plastic det'ormations
caused by in situ loadings are oi' interest. Consequently, the gravitational forces have been
applied incrementally and the dcformational response to gravity c)bservcd.

Because groundwater seepage tends tc) be drawn al()ng the bedrock surface, washing
of the residual soils tends tc) form cl()ngated soil voids that are likely to be larger than
di_;continuities in the bedrock (Kemmerly 1980). Piping and cc)llapse of the residual soil above
the bedrock cavity often result in the formation, upward propagation, and eventual collapse
of the soil void (Ogden 1984; Beck 1984). The evolution of a sinkhole is schematically
depicted in Fig. 5.1 (Drumm ct al. 1990). The state oi,stress and the resulting shear strength
of the surrounding soil govern the stability of the sinkhole. In the numerical analysis
described here, the soil void is assumed to be circular in cross section, in the stability
investigated for a range of soil void radii, rv, and in overburden thicknesses, H

5.1.2 Analytical/kssumptions

The soil above the bedrock solution cavity is assumed tc_ have eroded because c_l'
fluctuations in the groundwater table, causing a void in the soil. A further assumption is that
the void is circular in cross section and that plane strain conditions exist. These conditions
are different from those of the previous investigation (Drumrn 1987), which assumed that the
soil was continuous over bedrock cavities of varying diameters and an axisymmetric
idealization was most appropriate.

The following assumptions have been employed in the analysis:

1. The bedrock solution cavity is taken as a horizc_ntal, linear feature following
jointing in the rock, and the length c)t' the feature is large with respect tc) the
thickness of the residual soil cwcrburdcn. The Ic_ad_lpplicd to the system is caused
by the gravitational forces acting on the cwcrbux'den sc_il. This load is unil'orm
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(b) Critical stage, Shear zone develops
between the void and the surface,

- I_--__ (c) Sinkhole collapse, Collapse In whichthe soil plug falls, masking the

\_--_ bedrock Inlets,

(d) Slope instability. Slip surfaces form
in slope surrounding sinkhole.
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Fig. 5.1. Evolution of a sinkhole (after Drumm ct al. 1989).
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across the soil section, based on the assumption ol'a horizontal ground surface, but
varies wtth depth, Effects from the interaction between adjacent soluttcm cavities
are neglected. These assumptions permit the three.dimensional problem to b¢z
modeled using a two.dimensional plane strain ideallzatlcm and require that c_nlyone
half of the soil/void system be investigated since the problt_m is symmetrical about
the centerllne, A typical finite element idealization employed in the analysis is
shown in Fig, 5,2,

2, The dolostone bedrock can be represented by rigid vertical supports under the
residual soil, Th_ assumption implies that the bedrock containing the cavity is
strong and stiff with respect to the adjacent soil, The soil is free to mow
horizontally along the bedrock contact, consistent with the assumption of low
frictional resistance between the plastic soll and bedrock,

ORNL-DWG90M-10402

SOILOVERBURDEN
SOILCAVITY

1 ' r-I ............

•
' _"-- r = 4,0 m

Fig. 5.2. Typical finite element (FE) idealization of rc.'sidualsoil/bedrt_k tawity system.
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3, The stress.deformational response of the residual soil can he represented by
an incremental elastic.plastic constitutive model, The strains are assumed to
be composed of elastic and plastic mmponents, Elastic strains are
dmermined from elastic theory, while plastic strains are determined from a
stress.hardening plasticity friedel,

4, The applied loads caused by soil overburden are applitzd over a period of time,
The resulting long-ttzrm stability analysis pm'mits the expression of the soil
properties in terms of efl'_ctlve stress propczrties, obtained from ccmsolidat_d,
drained trtaxial tests and consolidated, undrained tr/axial tests with pore pressure
measurements,

5, The water table is below the b4zdrocksurl'ac_ and remains constant throughout the
analysis, A rising or falling water table can be expected to t:hange the properties
of the soil, as well as the imposed loadtngs, Seepage fk_rces and soil
transport/erosion effects are beyond the scope of the current investigation,(

A typical finite element idealization of the residual soild3edmck cavity system is
illustrated in Fig, 5,3, The details and tmplernentaticm of these basic assumptions are
described in the fc_llc;,wingsections,

5.2 CONS"HTUTIVE MODEL AND CHARA(71"ERIT.ATION OF MNI'ERIAL
RESPONSE

The choice of an appropriate materM cc;nstitutivc model is one of the :.,.Jst impc)rtant
aspects of numerical analyses. The accuracy of tlm computed displacements, stres,_es, and
strains is directly related to the ability of the ccmstlt,ative model to represent actual material
behavior. However, a balance must be achieved between the sophisttcaticm of the model and
the complexity of the laboratory tests required to determine the material parameters, The
more adwmced constitutive models also may significantly increase the cc)mputatJcmal time,

5.2.1 Linear Elastic Mtxlel

The stress-strain behavior c)f soils is dependent on several factors such as density,
moisture content, soil structure, drainage conditions, loading ccmditkms, duration of lcnlding,
stress history, confining pressure, and shear stress, To minimize the effects of these factors,
selection of materials and simulation of field ccmditicmsduring testing become important.

A linear elastic model, in which stress is a linear function of strain, is often used in
modeling the behavior c_t'soilsundergoing del'c_rmaticm.The linear elastic,,mortal assumes ll_at
during loading and unloading stress is directly propc)rticmal t:_ strain. The constant ot'
pmporticmality is Young's modulus, E, Additicmally, Pc_isson'sx'atic_,_, relates the horizontal
strains of the rnatt.'rhd tc) the vertical strains,

Although this bchavic_r is generally true for metal and cc)ncrete below the elastic limit,
soils exhibit a nonlinear, inelastic behavic_r that cannot be described by the linear elastic
model, The result is a gx'oss c_verpredicticm c)t'sc_ilstress and the inability to model the
redistributicm of stresses within the soil mass as the sc_ilyields withcmt failing.
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A linear elastic analysis is not appropriate for this problem for three majtu' reasons,
First, the observed rclatiorlship between stress and strain in the soil Is highly nonlinear,
Second, a linear elastk: characterization assumes ,hat each soil clement has an Infinite
strength in both comprcsskm and tension and does not allow fox' the yield of the highly
stx'cased soil elements, Third, the elastic reprcsc.ntatlon tannest provide lhr the stress patlt.
dependent response exhibited by most soils.

Although some early analyses of the East Chc:_tnut Ridge site were conducted using
a linear elastic model to verify the finite clement ldealizatitm, the results are not reported.
Only results from the more realistic hvperbtfllc elastic and elasti,.z-phlsttccap models are
included,

5.2.2 ltylmrbolle Elastic Model

The hyperbolic zlasttc model reduces t_ctttal nonlinear behavior to a practical stress.
strain relationship. The final form of the hyperbolic model used in this investigation was
developed by Duncan and Chang (1970) based on previous work by Kondner (1963)and
Janbu (1963), '/'he tayperboltc model describes principal stress dtlTc,rence as a nonlinear
function of strain, This model represents the observed t'rlctlcmal stress.strain rfssponse of the

' Ssoil und limits the stress in the soil mass, The resulting hypc,rb(_llc model Is as lc_llow,:

(ai .-o_) .-' e I

__. _-J_t (,51)I -I...................... '
_'I (o_- aj)t

where o_-o3 = principal stress dlfl'erence; e = axial strain; Et = the initial modulus,

i , i ,,i t ,twhere K = dlrncnstonless stiffness number, n = sttllness exponent; 03 = minor prtnclpal
stress and P,, = atmospheric pressure; and (ol-o3) t the principal stress dilTcx'ence at failure,

2o_ ' s._n¢ + 2c' , eoa¢
(o_ - o_)t ° 3 - stn,_ '

where _ _,=soil angle of ['lotion and c = cc_taesionof soil, and Rf = failure ratio, defined as
the ratio of the failure stress to the ultimate stress.

The modeling procedure involves determining a hyl)crb(_lictbrm from lab(_x'atorydata,
The stress-strain data arc plotted (_naxes of strain/shear stress versus strain for each value of
confining stress. A linear regression is then pcri't_rmed c_neach plot tc_obtain a best-fit
relation. T'hc inverse of the slol_e (_1'the regression equatkm is the initial tangent modulus
(Et), whereas the inverse (_1'the intercept is the ultimate value o1'principal stress difference
(Ol-O3)ult0 T() determine the E i and n parameters for the hyperbolic model, p(_ints
representing Etl-',, as a function (_l'(o i.o3)/P,, are plotted on a Ic_g-logscale, l.,inear x'cgressi(m
yields E; as the intercept and n as the slc_pc ot' the line. "l'tae Rf values are (,btained by
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multiplying El by (ot.o._) irt failure and taking tin ttverttge wtlue, In Its f'lnttlform, tht_stress
for a given soil is tl function cd' thu strain and norn+mlstx'esa, Thu {+rlgh'laldata pc+lntsand the
hyperbolic modul can be stq}erlmposud to uc+tnparuthe nit}delwtth thu data,

The,results t_htalned with the hyperbolic elastic tnc_delweru used tn tlm dew_'lc_ptnent
of the, hybrid approach tt_ subsidence, prt_dtctlon tlt_scrlbed in Sect, 6,

5,2,3 El_tte-l)ltmttc Cap Mc_ol

'T'heresidual soil htts been represented by the Santller cap elastlc..pllistic constitutive
model (Dlmagglo and S_md'::r, 1971), The C_ll_model can describe the rmnllntmr, inehtstlc
response obsc,rved In many soils txnd, unlike st_me, plasticity models, cart predict strain
hardening and plastic vc_lumechange under stress paths that arc i-_rlmtirllyIn the dlrectkm of
increasing mean stress, 'T'hlstype ol' stress piith is represented by tests _tuch as the standard
consolidation, or unhtxial strain test, and the hydrmtatlc test,

in an incremental elastic.plastic analysis, the total applie d load Isdivided into it number
' of smaller Increments, with the solution of the system of ettuatlc_ns repeated t'c_reach

increment of lottd, During each increment, displacements througtmut the soil mass tire
determined, and the stnllns and stresses in erIch element tire calculated, Depending on the
state c)l'stress In the element, bc_thelastic and plastic strttins may develop, An increment oi'
totttl strain is assumed to consist of tin elastic compcment and a plastic component,

de _ de" + rid' , (,_.2)

where de ._ totttl strain lncrclnent, de" = elastic Incremental strain, and tlel' = plastic
incremental stnlirt.

The elastic coml)onent Is ctdcuhlted l'rom elastic theory, while the plastic component
ts determined t'mm _tpl,lsth: flow c_rplastic pt)tenthll l'unetlcm, For simplicity, an assochitlve
flow rule may be adopted, tn which case the plttstlc lx_tentlal function Is assumed to be
identical tc_the yield function, 'I'laus, f'c_ran ttssoclatlve f'k_wrule, the I_ittsticstndn Increment
vectors are nc_rmalto the yield surface,

Specific laboratory tests, such as those conducted under a hydrostatic stress path, are
usually required l'c_rthe detcrmintttion of the elastic.plastic material parameters, After the

, determtnatlc'_nof lnatertal parameters, verification is accomplished by predicting lab test data,
Although the satisfactory prediction el'tr specific hd_test may be a necessat7 condition for the
model, it is not sufficient, In genentl, the constitutive model should alsc_ be cM_lableof
predictint; the response over a range c_l'stress paths,

Altlaough a co,replete descriptiort o1' the Cap Mt_del is not within the scope of this
l'epc)rt, the pitrametcrs used in the ,tnalysis are t)mvided In "l'id_le5.1, The parameter
determination l_mCcss is describe,d In Appendix B,

5.3 CONSIDERATIONS IN N'ONHNF_,AI_,ANAI.,YSIS

Because the ntatcrl_d nic_tlt:lsdescribt:tl in the prt2vk_ussectic_ns x't.:sultin a nonlinear
relatio_aship between str_.:_i,,;and strain, the numerical sc_lutkmc_1'the governing equattt_ns must
beconducted differently Ims custom,sty line_r elastic analysis. Rather than applying the tc_t_tl
lc_adsm the l_roblcm and solving directly l'c_rthe dlsl_lacemertts, a piece-wise linear apprc_ach
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Tahlt_5.1 Summary of trap mt_fc,1parnmotors
P

i

E = 1,532E+5 kPtt p, = (I,30 "/,,,ii= 1N,81 kN/m'_

a = 1(13,4kPtt _ = (),1X11279kl)a'l y = 68,95 kPu

O = (I,(FY.)7 Test = 50 kPa W = 0,07
J i,, ,, ......... ;|

Z "" (1,0kPli XLI,,4.1 = 3(1kPa

R = 6,(I D ,= 0,0(11klhl 'l
-- .:_:_111,, , ...... _7 .,,, ,_ , ___.-

In required, In i| piece-wise lh'mar analysis, the applied loads are divided into u number of
lottd Increments, A linear t|nulysts is then conducted on each load increment in t| manner
similar to tt linear elus,_lcttnalysis,e×cept thut the muterhtl moduli chltng¢_from one increment
to the next its a function of the stress level, In the combined Incremental-Iterative solution
process used with the hyperbolic mltterial model, the ltmd In divided into lt number of
increments, For erich increment, sevet'i|l itert|tions of the solution are obtained until
equilibrium in sl|tisl:led,

In the unulyses using the elastic-plastic ml|tet'ial model, a direct incremental solution
has been used, Because no ite|'ations of the soluthm are perl'ormed within _ny given load
step, un adequate number of loltd steps or lr|crements must be tined, Dividing the
gravitutionul forces into ten load increments yielded satisfactory results for the analysis of the
void in the residual soil,

Two c()mputtttlonttl cc)rrection procedures were Incorl)()rated into the dastic-plastlc
analysis to itnprove the c+|lcul+ltedstresses, At the end el' each hind step, the computed
stresses _t each stress-evt|lt.|t,ton (integro|titre) point were corrected back to tlm current yield
sm'face, following a procedure similar to thut of Ports and Gcns (1985), Furthermore,
because the dit'ecthm of plastic flow is only correct at the beginning ol'a stress increment, a
strain subincrement_ltion scheme (Nysserl 19811 was adopted, Tim computed strain
lnc|'t.'ments are divided into five sublncrements, for which the incremental stress isdetermined,

The stresses ut'e then corrected back to the current yield ,,_url'aceprior to the ewlluntion of
the next subtncrement (11'plastic strain. The subtncremcntatl(m improws the accuracy o[' the
numerical integrathm and permits the use of htrge hind steps,

5.4 STABIL,ITY ANALYSIS OF SOIL VOII)/BEI)ROCK CAVITY' SYSTEM

*t 5.4.1 Range t)f Site Geometrit_I

Tlm finite element anulyses were conducted for it range o1"s()ll void radii rv, from 0.3
to 4,0 m (1 to 13 l't), and overburden thicknesses, I[, from 15 to 45 m (49 to 148 ft).
Although no soil void datu ure avullable, rv = 4.0 ni (13 l't) is sulTiciently large to exceed ali
probable soil voids. The r_lnge{)l'overburden tttick|lesses was selected based on the wiriation
of depth to bedrock at the East Chestnut Ridge site. In ali annlyscs, the so,iiwas extended

) ! , ¢ ) ¢911m (295 l't) in tlm h( rlzontal direction, Table 5,2 SUl]lnlill+izes the site geometries included
in the _inillysis. Ft)r l)urp{)sos of coniptlrisc}ll _lnd to deterll+ltllC the actual differential
scttlcrnent, _tn_tnalysiswus also conducted with no soil vc)id, c_)rresponding to rv = 0.0.
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Table 5.2 Summary of investigated cwcrburden
thiekness_'_and _il void radii

SNI void Overburden thickness, t-t["
radii, 1_" 15,0 22;5 30,0 37,5 45,0

2,0 * * * * *

"In meters,

5.4.2 R_ults of Stability Analysis

Figures 5.4 and 5.5 illustrate typical results in terms of the deformed mesh and
displacement vectors, respectively, for conditions of rv = 2 m (6.5 l't ) and H = 30 m (98 ft).
An expansion or zoom of the left corner of the mesh is provided to highlight the
deformations around the soil void. The deformed mesh indicates the final configuration of
the residual soil from the gravitational load. The displacement vectors, which indicate the
change in coordinates of the finite clement nodal points, illustrate the displacement field. For
clarity and to highlight the plastic deformation into the soil void, the displacements in both
figures have been magnified by a factor of three. These figures show the formation of a
subsidence basin on the surface and the plastic flow of the soil into the void. Such a
deformation of the ground surface could be expected to cause tcnsile stresses in the upper
zone of soil, similar to those in the extreme fiber of a beam in bending.

The state of stress in the residual soil can bc depicted by perpendicular lines
representing the magnitude and direction of the principal stresses throughout the soil domain.
Typical results are shown for conditicms of r,, = 2 m (6.5 ft) and H = 30 m (98 ft) in Figs. 5.6
and 5.7. Figure 5.7 is a zoom on the principal stress vectors in the region surrounding the
soil void. Note that at large distances from the soil void, the major principal stress, as
depicted by the larger of the two orthogcmal vectors, is oriented vertically. In the region
surrcmnding the soil void, the orientation cffthe principal stresses rotate, Directly above the
void, the major principal stress is c_ricnted in the horizcmtal dirccticm. This rotation reflects
the stress redistribution around the soil void, and the hc_rizontal major principal stress
indicates a phenomenon known as arching, which c_mtributcs to the overall stability of the
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Job#43 2.0 m Radius, 30.0 mThickness, Plane Strain, KPa, 10 Steps
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DEFORMED FINITE ELEMENT MESH

ZOOM ON THE DEFORMED MESH

Fig. 5.4. Deformed finite element mesh, rv = 2.0 m, H = 30 m.
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Fig. 5.7. Zoom on principal stresses around soil void, rv = 2 m, H = 30 m.
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system. This arching can not fully develop when lhc radius of the soil void, rv, becomes large
with respect the thickness oi' the overburden, I-t.

The effects of increasing void radius are demonstrated in Fig. 5.8 for a constant

overburden thickness of 30 m (98 ft). The shaded zones indicate regions where the minor
principal stress is negative, ox' tensile. Because the residual soil has a very. low tensile
strength, the shaded zones can be assumed to be near failure or susceptible to erosion. The

shaded zones also correspond to regions in which the. arching action is destroyed. Figure 5.8
indicates that ibr H - 30 m (98 ft), arching is well developed, and the tension zone remains
near the surface t2_rsoil void radii less than about 2 m (6.5 ft). With rv - 3 m (10 ft), the
arching is destroyed, and the tension zone extends downward to the soil void. Under these

conditions, a dropout or open sinkhole i'eature may be expected.
Figure 5.9 illustrates the effect of overburden thickness for a constant w_id radius

rv = 3.0 m (10 ft). The thick residual soil layers and corresponding large vertical stresses
permit the formation of arching, and the tensile zones are restricted to the uppermost portion
of the soil mass. The soil surrounding the void is stronger because of the larger confining
stresses that results from the arching effects. As the thickness decreases, the arching is
destroyed and the tensile zone extends through the soil to the void.

Figure 5.10 illustrates the computed stress states li_r conditions of rv -- 3.0 m (l_J ft)

and H = 45 m (148 ft). The elements are divided into quadrants corresponding to the four
integration points at which the stresses are calculated. The shaded elements cc_rrcsponding
to tension or plastic indicate zones in which the computed state of stress is at, or abc_vc,
failure. These zones contribute little to the stability of the soil mass, and ii' located on the

surface or adjacent to the bedrock cavity, soil mass may be easily transported away.
The elastic zones indicate that the stress history of the point includes some unloading

or stress reduction. These areas have experienced some yielding and plastic dcli)rmation and
may be close to failure. However, these zones reflect a stable stress state.

The unshaded elements corresponding to the cap are zones in which the soil is at a
state of stress hardening. Although plastic or permanent strains have de.veloped in these
areas, the stress state is stable.

Figure 5.10 indicates that a small area cm the side of the soil void has failed, and much

of the soil along the surface is near failure, The soil at the surface in subjected to very low
confining stresses and therefore has low strength. The ['allure states airing the ground surt_ace

correspond to the shaded tcnsicm zones for the case of r,, = 3 m (10 ft) and H = 45 m
(148 tt) in Fig. 5.9. However, Fig. 5.9 illustrates the distribution c)f tensile stress, irrespective
of failure state. Figure 5.10 depicts zones at failure, although the stress state may bc
compressive, such as in the area adjacent to the void. Figure 5,11 illustrates the computed
stress states [i_r conditions oi" r,, = 3 m (10 ft), It = 15 m (49 ft). With a decrease in
overburden and the destruction o1' the arching effects, the failure zones have shifted to the
area immediately above the void, and the system can be considered unstable. A similar

conclusion can be drawn from the same case as in Fig. 5.9 lr,, = 3 m (10 ft), H = 15 m
(49 ft)].

' These results indicate that the stability of the soilNoid system increases as void radius
decreases and the overburden thickness increases. On the basis of the distributicm c_t'tensile

stress as shown for typical results in Figs. 5.8 and 5.9, each geometry investigated can bc
categorized as stable (S), marginal (M), or unstable (U). Table 5.3 summarizes the results
in terms of these categories, with the M and U categories shown in bold type. These results

appear to be consistent with the conclusions of the previous study (Drumm, 1986), in which
the stability was related to a decrease in the normalized cavity radius r/l.t. Table 5.4
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Table 5.3. Stability summary on tile basis of tensile stress

Soil Void Radii, Rv Overburden Thiokn_,_, H (m)

(mt_tcrs) ......fSl',) 1,,,,22.5........ 30.0 1 375 ' 'I. ..........45.{1l II li li l l [ Ii li _ .... Ti]ll l]l ] - . '_llllL i l l I l li= rl [ ..... lI llll i lll'_li 2 l l l :l L L]_lll

0.3 S S S S S

1.0 M I s s s s
_ , 1 III .... l .............

z0 u u I s s s
, i , i' , ,,, ][ .... ,,,, _t , ,

3.O U U M S S
: , : ,,,

4.0 U U U S S
,,,, , , l , , __jj , , , ,, , ,, ,, ,, ,,,,, , ,, , ,,,,

Note: S = Stable, M = Marginal, U = Unstable
I_ l l l _ l _" _ ' l l , I li .... l l li TI . II-- l I . . •

"rablc 5.4. Stability summary in terms of rJH

l I l III l l II I _ l ii: T l l l{ li l l l l - l " iii ] l

Soil Void Overburden Thicknt._, H (ni)
Radii, Rv I.................

(motors) 15.0 22.5 30.0 37.5 45.0
I l II [ ' i'lll II I I ...... I I lllll I lllllllll III I I I ll{'

I

0.3 0.20{X) 0,0133 0.I(X)O I 0.0080 0.0067
_' I] I "' ,

1.0 0.0667 I 0,0444 0,0333 0.0267 0.0222
" ' I I ] ' ''= ' ' "' " "

2.0 0.1333 0,_ I 0.(X_57 0,0533 0.0444
.

3.0 0.2(X)O 0.1333 ().lO(X) O.08(X) (),(X_67
, , , , ,,, ,,,

4.0 0.2£_67 0.1778 0.1333 0.1067 0.0889
, ,, ,_ IL , ,

Bold print indicatc.'sunstable or marginal gcx_mctry

45



Table 5.5. Stability sumlnary in terms of r,jll _'

L_J : _:: :: ...:.--:: "" L" _.:#JL L LL L._J..... LJ---'...J__.LU'_L ___.'__J_.I.iI_L_L_'-':...LJ'IJI._ _. ,'J .,, ' ' ,

Soil Vokt Overburden 'lhlekncss H (m)

Raa,,, K,, " 1 ] ....................(meters) 15.0 22.5 311.11 37.5 45.11
L_J;_;_., 2.'1.,._ ............ _ . ...... q.. :, ' .... :' : ...... ': :IlL_z: 11 r il,lllZ [ fill- i "llj' i'i,l'U|l :_.._ i1_=. ,I i ii IL I

11.3 I),11013 O.(XX,6 ().(_X)3 0,(X102 0,1X101
.......... ii -- , ,,,_-,., , _,, ,,

1o ,1_ l 0,_,19 o.(x)11 0.(x107 0.(x105,..... ,,, ,., , ,,, ,

2.11 O.(XB9 0.0039 I 0,()022 0,()014 (),()010
....... ' "' I IIIII I I _.............

3.11 11.11133 11.1X159 t1.11133 (1,(X121 (1,(1015
. _ ,., , ,, ,, J. ,J | . ,, , , .... , , , ,

4.0 0.0178 0.(1079 0.11(144 0.(X128 0.(1020

Bold print indicates unstable or marginal got)merry
.... ' I ' ] ''---- I :: I I I li [ 'III' .... ' I : . I [ 'I 11 '1 ' I I'iI 'I I ' II I

summarizes the results or this arJalysis in terms of the rv/H ratio, with the marginal and
unstable entries in bold print, A critical or limiting wflue o1' r,,/I'l ratio iS not evident,

It' the w)id radius is normalized by It2, a summary oi' results as shown in "Fable 5,5 is
obtained, Based on these results, ii' the normalized wild radius rv/H_"is less than about 0.003,
the soil/void system will be stable,
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6. SUI3SIDI_NCE PREDICTION USING A IIYBRID APPROACH

6.1 Development of the Hybrid Approach Using a l-lylmrbolleMc_el

The subsidence of the surface due to karst activity was examined using both empirical
curve fitting and numerical finite element analysis, The twc_.dlmenslonal, numerical approach
used a nonlinear hyperbolic elastic material model for the stress.delbrmatlon characteristics
of the residual clay soil overlying cavitose bedrock, The empirical method develops the fit
of a mathematical function to t]eld prolllcs (Scarbomugh 1989), Resulting constants control
the shape of predicted basins, Thirty.nine profiles from ten adjacent basins composed the
field subsidence data for this study (Scarbomugh et al, 1989),

The pre-peak, drained behavior of the residual soil can be adequately represented by
a hyperbolic stress-strain model (Duncan and Chang 1970), This model was chosen because
lt replicates the behavior ol'a soil more closely than a linear elastic model, Ivatlm hyperbolic
model, Poisson's ratio is constant, while the tangent modulus is a function of the stress state
and is given by Eq, 5,2, The values of the l..rameters used are given in Table 6,1,

T

Table 6.1. Material parameters for hypertmli¢ mtxlel

Parameter Valgm

Unit weight, y i8,8 kN/m "_
h_itial tangent moduli, E t i,(X)6E5 kPa
Poisson's ratio, v 0,35
Angle of intex'nal friction, _ 23°
Cohesion, C 28,7 kPa
Failure ratio, Rr 0,9
Modulus exponent, n 0,5
Modulus number, Kh 972,0
Atmospheric pressure, P, 103.5 kPa

An incremental-iterative Ncwton-Raphson procedure is used in the solution of the
nonlinear problem. A mid-point Runge-Kutta procedure is adopted in the sense that tangent
moduli are based on the old total stresses plus halt' the incremental stresses to further
accelerate convergence, Nodal loads equiwdent to the weight of the residual soil are applied
incrementally in five steps. At every load step, as many iterations as required to aczhicve
convergence are performed. Convergence is monitored by cc_mparing a norm based on the
residual unbalanced forces in the system, with the norm based on the original applied nodal
forces with a tolerance ot'1%, This approach is sinailar to the previous analysis (Ketclle ct al,
1987;Drumm et al. 1987). Convergence of the ncin-linear problem was consistently achieved,

A total of 25 finite element analyses were performed, The soil cavity radii considered
were 0,3, 0,6, 1.0, 2,0, and 4,0 m, The thickness of cwerburden considered was 15,(), 22,5,
30.0, 37,5, and 45.0 rh, These values c_l'cavity radius and cwcrburden thickness cower the
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rtmgc oi' values _mtk_llnlt¢:d_tt tlm site, The depth t(_ bedrock (th_lt Is, the depth to I'el'ustil
li)r l_(_rlngs)mudc In _indudjuccnI to Slrlkh(_lu ()4, Is kru_wn to he 41 m (13(i rt),

Flguru (_,I nh()ws th_it l'(n' II = 45 m (148 l't), the ohscrved magnltude o[' lhc vcrticul
dlsl_hmemcnt In hr_icketud hy numcrlcul l.,rcdlctlcms with r_idll (_1'2 m _md 4 m ((i,5 I'I _nd
13 l't), _llthough the u()rresp(_ndlr_gi'mnin Imll'.wldthn uxueedc)l_nervedwlluc,_, 'l'h_ Implic_itlcms
(_I'this ere dln_unnedbelow,

The nulnerlcnl _in_Ilynlsprc)vidcs _ime,ins to ex_Imlne _inunkm_wn u_vlty r_idius, u km_wn
depth of overburden, _indglvcn s(_ll pr_w.:rtles In terms dlrectly reluted to the prol'llc (71'the
del'ormud surfime,

Verthml dlspl_mmnunt In c()ntrolled hy the rudlus of the soil u_vlty, Thin reluthmshll_
in quuntli'ied hy rcgresshm (m the results (_I' the nulncrlcul unulynes, An exponentl_l
relult(mnhlp, with the squure (_i' the _orrel_th_n c(_elTiclent, R, equul to (),9._3, li_r m_ximum
vertlc_11displuccmunt in tcrmn (_I' the cuvlty rudlus l'or the l'()ur l'enturus was determined:

wlmre S0 = lhc m_ixlmum verllcul displncen_ent, _indr,. = the r_idlus or lhc s(_il cuvlty, The
units ()I' h()th w_ri_d)les_ire in meters,

The _ngle _)I'drew rulntes the l_iternl extent (_I'sul)sidcnce _It the surl'ucc t() the depth
()I' _)verhurdrn. lt in mcunured l'r()m the h()rlz()ntul t() a llnu uonnectlng lhc centcrllnc of the
Imsin _t l)edrt)ck t() the hnll'-widtl'1 (_l'the Imsin ,t lhc surl'_wc, _s sh()wn in Fig, 6,2, The depth
()1'(_verl)urden is eusily meusured, _nd _ikn()w_ _rlgle of tlt'_w uilows estimuth)n ()1'the hnsln
hnll'-width,

Me_suring lhc _lnglc {)l'draw l'rt)m the centerltne _t I)c(lr()ck, insle_d ()1'l'r()m lhc ()uter
edge oi' the c_lvity _t bedrock _s in mining, underc.stim_ttes the Inter_ll extent _)l' lhc hnsin, la'or
u given w_iue _1' verticul dislfincemenl, nn tlllderesltnllllr, d tmsin hull'-width will incrc_sc the

sl()pe alld t:urw|llJrc ()J'the l)rl)t'ile. "l'his del'inili(m _)1'nngle (_t'draw wlls nuc,essitatcd hecntise
the ltctunl cnvity i'_ldius in the. field t:_ln rnrcly t_e deterlnined,

_l'he relati_nship dt.:l'iniIIg the _nglu of dl'_w can t_e expressed _ls:

tan8 H ((_.2)
L

'l'his rclati(_nshil_ l'{)r lhc numcric_l an.lysis is virlu.lly c()lls[Ill_l lit 5 = 31,9", wilh a_n

I( :_=- (),98(), .s sh(',wn in lqg, (>,2. C()nsidering only the single c_tse ()1'rv - 4 I_1(1.3 I'l) and
li = 45 m (14b_ I't), lhc nlagllitude ol'b increnses t()47.3", I'ctlucil_g the l!;tll'-.width, [[()wcvcr,

when ;_ l.rgcr t:.vily troilus, r,, =/, m (2(_ t't), _t11(.1_1(Icl)lh {)l'()vcrbill'dcn _1['45 nl (14bl t't) wt:re

_.:()nsidured, c()nvcl'gent results were ()l_tnim.,d Ul_l() 4()% ()l' the I(_nding, In subsequent hind
increments, C()l'_Vel'gel_cewas n()t achieved I'()r any lltllllJ')t.'l' ()[' iternti(_ns, sug_.esting tol_l
t:{_ll_pse _1' the d(_ln_tin,
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In an axisymmetric analysis of slip surfaces about an open karst pipe, Yoon (1987) and
Drumm et al. (1989) showed that

8 = 45° + _ (6.3)
2 '

where _ = the angle of internal friction for the clay soil. Incorporating this angle for _ =
23° and H = 41 m (133 ft) yields b = 57° and a predicted half-width of 27.1 ra (88 ft). This
value compares favorably with observed values for Sinkhole 04.

Direct substitution, of Eqs. (6.2), (6.3), and (6.4) with _ = 23°, into the profile
function, Eq. (4.2), yields an expression for the vertical displacement at any point, X:

(6.4)
S(x) = • e ,

where: a = 2.50 and 13= 3.30 are site specific empirical parameters, and rv and h define
geometry.

Figure 6.3 is a comparison of the results from Eq. (6.4) for rv = 3.0 m, rv = 3.14 m and
r_.= 3.5 m for constant H = 41 m (1.35 ft) with the field profile of a typical feature,
Sinkhole 04. The field and predicted curves compare favorably.

No distinct relationship was discerned in the numerical data for varying ratios of cavity
radius to the depth of overburden (rJt1) with L, the half-width of the basin, or So, the
maximum subsidence. This ratio is significant in mining-induced subsidence (Karmis et al.
1987; Karmis 1984; Peng and Chaing 1984; and Chen and Peng 1981). The absence of a
significant rJH relationship prevents determination of an expression only in terms of the easily
determined depth of overburden. Improved methods of geophysical exploration may allow
routine determination of cavity sizes tbr use in the model. At present, estimates based on
experience or probabilistic values can be used.

6.2 SUBSIDENCE PREDICTION USING THE CAP MODEL

Profile functions can only predict subsidence where there is knowledge of subsurface
geometry_ Profile mcasurcments do not, i_nthemselves, convey information about the
subsurface; correlation with actual conditions is required. Exploratory borings provide
knowledge of the depth to bedrock and samples to determine soil properties. They do not
providc measurcmcnts of a void in thc soil overlying an enlarged solution channel.

A series of 30 analyses were conducted to characterize the deformation of the soil and
soil cavity into a subadjacent bedrock void. The behavior of the soil overburden was idealized
by a Sandier cap representation of the soil.

For each finite elemcnt analysis, the cavity/residual soil system was idealized in two
dimensions as plane strain. The finite elemcnt formulation used eight-node, isoparametric,

' quadrilateral elements (Bcn-Hassine 1987). The symmetric idealization of the soil-bedrock
system is shown in Fig. 5.2. Ali applicd loading occurred because of in situ gravitational
forces, while hydraulic forces were neglectcd. The soil cavity radii considered were 0.3, 0.6,
1.0, 2.0, 3.0 and 4.0 meters. The thickness of overburden considered was 15.0, 22.5, 30.0,t
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Fig. 6.3. Comparison of fi(:ld measurement with hybridmethod for various rv.

37.5, and 45.0 meters. These values of cavity radius and depth of overburden cover the range
found at East Chestnut Ridge.

Analysis of the results from the cap model finite element series identified two
significant relationships: (1) the maximum vertical displacement is partially controlled by the
radius of the soil cavity as shown in Fig. 6.4, and (2) there is a linear relationship between
basin half-width and the depth of overburden (Fig. 6.5).

An expression for therelationship between cavity radius and subsidence was found from
regression, with R2 = 0.929. Maximum vertical displacement expressed in terms of cavity

, radius is:

So = 0.74r1.11 , (6.5)

where So = the maximum vertical displacement, and rV= the radius of the soil cavity, both
in meters.

The angle of draw was constant, $ = 60.8°, as determined by linear regression. This
compares favorably with the value of $ = 56.3° from field observations.
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A relationship between the distance to _the inflection point and the half-width was
determined from the finite element analysis, as shown in Fig. 6.6. This relationship, with R2
= 0.656, is linear and can be represented by the expression:

B = 1.24 + 0.42L , (6.6)

where B = the distance to the inflection point and L = the half-width of the subsidence
basin, both in meters. Again, tile intercept is small relative to the variable and can be

neglected. The value of 0.49 suggests that the profiles can be generally described as not
having a flat bottom, with the maximum subsidence occurring only at a single point, This
relationship between L and B provides the means for locating the inflection point in a
predictive model. Geometric parameters defining the fit of both profile functions to the
numerical subsidence basins is presented in Appendix B.

The basins resulting from the series of numerical analysis using the cap model are
compared with field values in Fig. 6.7 and show the following:

1. small values of So for large cavity radii [smaller than the field average of 2.0 m
(6.5 ft)]

2. angles of draw that more closely match field observations than does the angles
obtained with the hyperbolic model, and

3. profiles that are not smooth, reflected in a relatively low value of R2.

The first finding suggests that hydraulic forces must play a significant role in determining
maximum subsidence as suggested by Chen and Beck (1989). Raveling and flow of
overburden material into the subsurface rock cavities provides more surface subsidence than
predicted by a model neglecting these forces.

Direct substitution of Eq. 6.5, maximum subsidence, S o, as a function of soi_ cavity
radius, into the predictive exponential function (Eq. 4.2) yields the following expression for
the vertical displacement at any point:

S(x) = Soe_(°'_)" (6.7)I o

where SO = 0.074r TM

Ali distance variables are experessed in meters. A comparison of the profile function
predictions with the actual values is shown in Fig. 6.8. Once again, the underprediction of
maximum subsidence indicates that agents other than material properties serve to affect
displacements.
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7. CONCLUSIONS AND RECOMMENDATIONS
i

7.1 CONCLUSIONS

The siting of waste storage facilities in karst terrain requires consideration of the impact
of existing and future karst activity on the containment integrity. The East Chestnut Ridge
site, Oak Ridge, Tennessee, which is currently under consideration for disposal of sanitary and
industrial wastes, contains numerous karst features.

Subsidence of the ground surface in karst areas can lead to excessive deformation and
, damage to soil and/or membrane liner systems placed below waste storage facilities.

Subsidence prediction requires knowledge of a relationship between the lateral and vertical
extent of deformation and its driving force(s). The irregular and inaccessible nature of the
bedrock surface in karst terrain necessitates the use of an idealized analysis to quantify
relationships between unknowns.

As part of the evaluation of the East Chestnut Ride Ridge site, an analysis has been
conducted to investigate the stability of the existing karst, l'eatures and to develop a method
to predict the magnitude and lateral extent of the karst-induced surface subsidence.

The analysis consists of four major aspects:

1. Field reconnaissance, level surveying, and mapping of the numerous karst features
identified on the site. Contour maps of eight significant features were produced.

2. The development of profile functions to mathematically predict the surface
subsidence. Profile functions, similar to those employed in the mining industry,
were developed based on the observed subsidence profiles.

3. A series of finite element (FE) analyses covering the anticipated range of soil
overburden thicknesses and soil cavity radii were conducted. These analyses were
conducted to evaluate the stability of possible soil voids that may exist above
bedrock cavities, and to predict the surface subsidence,. I_,aboratory test data
reported from samples taken ft'ore the site were used to characterize the material
behavior in the FE analyses.

4. Development of hybrid FE/profile functions to estimate the magnitude and lateral
extent of surface subsidence at the East Chestnut Ridge site.

The results of the stability analysis indicate that although substantial surface subsidence
can occur, the soil void system is essentially stable, provided the soil wild radius is small with
respect to the overburden thickness. A normalized w_idradius r,JIq2 of approximately 0.003
is the limit of stability. Based on the results of the numerical analysis, a profile function has
been developed to predict the vertical displacement of a point on the surface as a function
of the void radius and overburden thickness. For the East Chestnut Ridge site, this function
is expressed as"

d _ /p (7.1)
S(x) = 0.074rl'ile- \0.-5_1 ,

where: tt = 2.50 and 13= 3.30 are site specific paramctcrs, and r and 1f define geometry.
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The conclusions of this investigation can be summarized as follows:

1. The size of the soil void controls the magnitude of subsidence for a given
overburden depth.

2. The numerical results indicate a constant angle of draw, controlled by soil
properties, notably the effective friction angle of the soil. Thus,_the lateral extent
of subsidence will be governed by the thickness of the residual soil above bedrock.

3. A numerical expression can be obtained to describe the shape of the subsidence
profle as a function of the void and overburden dimensions.

4. The East Chestnut Ridge site is stable provided the normalized void radius, r_-I _,
is less than about 0.003.

5. The magnitude of predicted subsidence obtained from the finite element analysis
is much less than observed. This indicates that other mechanisms (for example,
seepage forces and erosion) are also involved.

Use of the finite element method can, with an adequate material model, provide
reasonable estimates of the distribution of stress and stress states. Empirically derived profile
functions can provide an estimation of the lateral extent of subsidence consistent with
observed field conditions. Integration of the two in a hybrid approach provides a prediction
tool for the complete subsidence basin profile. This is critical in the determination of the
slope and curvature of the profile necessary for the damage assessment of structural
components such as clay or geotextile hmdfill liner systems.

7.2 RECOMMENDATIONS FOR FURTHER STUDY

The analysis described in this report contributes significantly to our understanding of
the mechanisms governing the stability and deformation oil the ground surface in karst terrain.
Several simplifying assumptions were employed in this analysis. At least two areas warrant
additional study: (1) effects of factors not considered in current analysis and (2) field
verification and application of results.

7.2.1 Effects of Factors Not Considered in Current Analysis

Because this tudy was a first approximation, the following effects were not considered
in the analysis. These effects should be considered ira subsequent evaluations:

• Cyclic water table. A constant water table within the cavernous bedrock was
assumed in the present analysis. Fluctuations in the water table result in the
cycling of the effective stresses within the soil and load reversal in the region
surrounding the soil void. This causes caving within the void, thereby increasing
instability. The cyclic loading effects from water table variations can be evaluated
by repeating the analysis for numerous cycles of water table variaticms. However,
an appropriate material model must be used for the soil.

• Seepage h_rct_. Seepage forces resulting from the. downward flow of water from
the surface increase the body forces applied to the soil cavity system. The effects
of the seepage forces will most likely increase the computed stresses, deformaticms,
and magnitudes of subsidence. Seepage forces were neglected in the present
analysis.
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s Mass transport. Mass transport was also not considered in the current analysis.
The effects of erosion and mass transport, both at the ground surface and within
the soil void, can be expected to affect the surface profile and the stress state
around the soil void.

Figure 2.5 supports the premise that hydraulic effects are important. ']'he majority of the
sinkholes were lbrmed during periods of rainfall. Rain-induced groundwater fluctuations
affect sinkhole stability, particularly in cavernous underground systems where the groundwater
table responds quickly to precipitation. The cavern system provides an efficient means of
groundwater recharge, resulting in rapid surges in the water table elevation, The water table
variations are accompanied by the cyclic loading of the system and mass transport or erosion
effects. The effects of these hydraulic variables on sinkhole behavior should be investigated.
This investigation may include an analysis of the East Chestnut watershed and an evaluation
of the subsurface hydrologic system.

s Additional geometric effects. The current analysis employed a plane strain
idealization to investigate the stability around circular soil voids of large linear
extent, such as those that would occur along a fracture in the bedrock. The
analysis could be extended to include multiple or adjacent voids, sloping ground
surfaces, or three-dimensional effects.

7.2.2 Application of Rcsults and Verification by Field Studies

Future investigations should include some field verification of the results of this analysis
and the practical application of the results to engineering problems.

• Field Vcdficatiom The analysis rcsultcd in threshold values for thf_,soil void and
overburden thickness, such that the system is stable. Geophysical mcthods can bc
used to detect voids in the residual soil and estimate the void size. These

investigations should be conducted in areas where a range of overburden
thicknesses occurs, These field data can be used to verify the results of the
numerical analysis or provide assurance that voids larger than a given size do not
exist. Quality field data can also be used to tune the numerical model to better
approximate the conditions on East Chestnut Ridge.

• Practical Application of Analysis Rc.suits. This investigation was conducted to
evaluate the stability of tt_c residual soils for thc possible construction of waste
facilities. The results should now be applied to determine the effects of the
predicted surface deformations and curvatures on containment structures, clay
liners, and gco'tcxtiles. An investigation t_t' this type should include both
laboratory/field testing of liner materials and shc_ukl bc supported by additional
numerical analysis. Through such an investigation of the effects of surface
deformations c_nconstructed facilities, the logical application of this research can
be achieved.

• Data requirements for additional invc.'stigation. Existing water table records
(piezomcter data) could be used in the numerical analysis to investigate effects of
water table variation on stresses and dcfc_rmations of the rc;;idual soils. A study of
the surface and subsurface hydrt_logic system could bc helpful in relating this to
actual rainfall activity.
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Because the Knox Group soil properties tire well-defined, additional soll testing is
probably nc3twarranted, and such an analysis could be conducted with the existing data,
However, if additional analysis were to be conducted to int,lude hydraulic effects, some
additional, limited specialized testing is necessary,
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APPENDIX B: DI_FERMINATION OF CAP MODEL PARAMI_TERS

In numerical analysis techniques, such as the finite element method, the stre'_seswithin
the system are related to the calculated strains through a material, or constitutive, model,
Constitutive models vary widely in terms of their ability to represent observed material
behavior, Generally, improved representations oi' material response are accompanied by
increased complexity in both the model and the numerical solution. However, the choice of
material model and the values chosen for the material parameters can significantly affect the
results of a numerical analysis,

Depending on the location within a soil mass, an element of soil may undergo a wide
range of stress paths or loading ' '._..ortes. Because the behavior of most geologic materials
is stress-path dependent, the use of a constitutive model capable of representing stress-path
dependency is important.

Unlike piecewise linear elastic models that are essentially curve-fitting models, an
incremental elastic-plastic model can represent different types of response when loaded or
unloaded under different stress paths, In addition, the nonlinear, inelastic, strain hardening
response observed in most geologic materials may be represented, The Sandier cap model
(DiMaggio and Sandier, 1971) used in this analysis has these important attributes, The cap
model and the parameter determination process arc:,briefly described in this Appendix.

The cap model can represent a range of different materials, depending on the values
of the material parameters chosen, Typically, the parameters arc determined from a series
of laboratory tests conducted over several stress paths. This ensures that the material model
can represent the behavior over a range of loading histories, The parameters are then used
in the model to verify the laboratory test response. The parameters may be adjusted or
calibrated to improve the predictive capability of the model. However, at some point,
improvement in the response over one stress path is usually obtained at the expense of the
behavior over another stress path.

Determination of Material Constantn

As a minimum, a series of triaxial compression tests and one hydrostatic stress test are
required to properly determine the material parameters. Drained testt; with volumetric
measurements are required, and triaxial extension tests are often desirable. In this
investigation, a series of drained triaxial tests with volume change measurements and
undrained tests with pore pressure measurements (Geologic Associates, 1989) were used for
the determination of the material parameters. A total of four drained tests and
three undrained tests were conducted. The shear stresses at failure arc summarized in

Fig. B.I, The stresses plotted in terms of the stress invariants Jl and J_ were as
follows:

Jt = °t + °:z + o._ , (B,1)
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1 _ 02)2S2a= g [(o, + (o2 - o3)2 + (o,.-03)a] , (B.2)

and

ol, ol, o3 = principal stresses,

The values for the parameters used in the analysis are provided in Table B,1, The
parameter determination process is described below.



Table B.1. Summary of cap modt_lparametcr_

E = II,532E+5 kPa la = 0,30 ,f = 1/,1,81kN/m:_

= 103,4 kPa 13= ,t),(X)1279kPa"t y = 68,95 kPlt

O = 0,0997 Tt,ut = 50 kPa

Z = 0.0 kPa XLtnltla I = 30 kPa

Elastic Paramcatcr_

Young's modulus, E, Is taken as 1530 MPa from the apprt_xlmately linear, unloading
portion o[' the trlaxial data from Sample ST.9 shown in Fig, B,2, The unloading portiere of
the hydrostatic curve from satnples ST.9 and ST-13 (Fig, B,3) yields a value of the bulk
modulus, K = 120,6 MPa, Thus, Polssc_n's ratlc_, it, is determined as:

-,-_ 1- _ -..0,29 or 0,3 ,3K

The parameters E and _ are sufficient tt_ describe tt_e llnetu' elastic components c_l'the
stress-strain rel_t_,lc_nship,

Fixed Failure ,_urface

The stresses at failure obt_lned frc)nathe trtaxial tests are used tc_detcrrnine a fixed

failure surface,/_'l, in the Jt" _/J_ stress space (Fig. B,I) where:

Ft(J t, _3-z]) = _,]_ - [a - 5, e (_#')- 0Jt] , (B.4)

where _,1_,O, and _, are material pat'i_meters. The l'uncticm F t, used in the analysis, is

superimposed on the labc_r_!toryd_lta in Fig. B,I. The V/,]_ intercept of the t'uneticm F1

corresponds to the difference _ - y, This results in the lk_rm_ltic_n¢_l'_ tensicm zc_newhere
the function FI is less than zerc_. Ata adttiticm_llparameter 7'_,,,is a tensic_ncut-c_fl'utilized to
limit the magnitude c_t'the tensile stresses that can develc_p in the soil, A wdue of 7",,,,_= 50
kPa was used in this _li_alysis,No,tc that the mc_delslightly cwerestimates the shear strength
at low values c_l'Ji.

Plasticity Parameters and Hardening Yield Surfltce

Ata elliptical yi_'ld c_tp,which tx'_nslatcs with the stress I_c_intin stress space during
Ic_ading,del'ines the strain h_v'tlening response _1' the sc_il, q'his t:_l_is the yield l'unctic_nFa,
expressed as an ellipse in the stress inw_rl_nt sp_ce and is dcl'incd as:
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where

R = theaspectratiooftheellipticalcapsurface
X(x) = theJlvalueatwhichthecurrentcapIntersectstheJ1axis
L(t:) = the Jl value at which the current cap intersects the fixed failure surface,/;'t
_: = the hardening par_lmeter,

The value of X(K), which corresponds to the position of the cap, depends on the plastic
volumetric strain and Is exprcssed as:

X(_:) ,, .oln_t_ 1- + Z

where D, I4",and Z are material parameters, The location of the initial hardening cap ts
defined by parameter Z, which is the value of J_ at the intersection of the Jl axis and the
initial cap, Parameter Z is related to the preconsolidation stress In the soil, As in analysis
described here, Z is often assumed to be zero, resulting in the development of plastic stralm
from the onset of loading,

The hardening parameter Kis implicitly defined as a function of the plastic volumetric
strain by the tbllt)wlng hardening rule:

P = X(*O_ 1],

Hydr()static test data are used to determine the values for D and W, which gtwcrn the
magnitude wfiumetrtc plastic strain. Parameter W is taken as the wllue of strain asymptotically
approached by a hydrostatic sample at large stresses,

From Fig. B,3, the constant W is estimated to be 7% ()r 0,07 m/m, Knowing W and
Z, c(_nstant D is then determined by a trial and error process tc) provide a satisfactory ['it to
the hydrostatic data. A value c)l'D = ().(X)IkPa J was selected to represent the range of
respotase exhibited in Fig, B.3,

The aspect ratio of the yield cap, represented by parameter R, governs the relative
magnitudes of the volumetric and deviant plastic strains, and plays an important role in the
behavior ()t'the model. To determine parameter R, contours oi'equal volumetric plastic strain
are pk)ttcd in the invariant stress space. These c()nt()urs define yield surfaces and can be
appr()ximated by a family of ellipses, The aspect ratio o1'the ellipses, which corresponds to
parameter R, was t'ound to wiry from less than 2 tc) greater than 4. Consequently, the
parameter calibration prc)cel_sor tuning ()f the model was c()ncentrated ()n parameter R.
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Calibration of Cap Model Parameters

With the initial estimates of the cap model parameters, the model was calibrattzd by
pcrK)rming a series c_f'finite element analyses on ldcalizatkms _1'the laboratory teats, l:lascd
on a comparison of thz stress-strain response (_t'the laboratory data and that predicted by the
finite element analysis, a value tftr = 6,0 was chosen, N(, other parameters were modified,
The perlbrmance t_t'the material mod_:l with the selected parameters can be evaluated by
comparing the labmatory stress.strain response with that predicted by it finite ¢:lemcnt analysis
or laboratory tests,

The final finite element prediction or the hydrostatic compression response ts shown
with the actual data in Fig, B,3, The model parameters were selected to beat represent the
runge o1'hydrostatic response observed in the laboratory, A prediction or the conventional
trlaxial compression test with a confining stress of 621 kPa (90 psi) Is provided In Fig, B,2, A
similar comparison with a confining stress of 207 kPa (.30 psi) is shown In Fig, B,4,
Considering the variations in the observed test data, the predictions can be considered to be
excellent, Fig, B,5 compares the stress-strain response of three finite element Idealizations
tit different confining stresses, lt should bc noted that the finite clement prediction at a
confining stress o[' 103 kPa (15 psi) Indicates a shear strength of about 2(X)kPa (29 psi),
which is s_3mewhatgreater than that measured in the hd,oratory test ST-24, Fig, B,1, Tiffs is
because of the dilTercncc between the chosen ultimate railure ('unction F I and the measured
l'ailure stresses at low c(ml'lnlng pressures,

Noto that the cap model captures the unloadlng-rcl()ading rcsl)Onsc oi' the triaxlal test
ST.9, Fig, 1t,2, This unloading can t_ccur around the void In the residual soil tta the stresses
arc redistributed and must bc properly represented in the material nat)dci,
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C-I Field profiles and the exponential function

Profile So (m) L (m) a 13 R 2

O1 west 1.28 15.2 4.35 4.44 0..997
O1 east 1.31 15.2 3.78 4,82 0.996
O1 south 0.88 10.7 4.38 3.24 0.974

O1 north 1.04 1.5.2 2.93 2.59 0.973

02 west 0.23 9.1 2.65 3.82 0.957
02 east 2.44 18.3 3.06 3.87 0.996

02 south 0.20 6.7 3.15 3.11 0.997
02 north 1.53 15.2 2.96 3.31 0.978

03 west 0.94 15,2 4.16 4.11 0.998
03 east 2.61 18.3 2.76 4.27 0.994
03 south 0.96 12.2 3.65 3.40 0.994
03 north 2.59 21.3 2.44 5.47 0.987

04 west 4.68 30.5 3.15 3.69 0.995
04 east 2,57 22,9 3,01 6.64 0.994
04 south 2,57 24.4 3.30 3.53 0.999
04 north 4.69 36.6 2.76 5.21 0.983

06 east 2.08 34.23 2,07 2.32 0.942
06 south 1.22 13.(}8 2.95 3.33 0.995
06 west 1,17 5,85

07 north 1.74 8.81 3.44 4,15 0,999
07 east 1,26 8.75 2.78 2.82 0.995
07 west 1.49 8.81 2.53 2.46 0.988

08 west 0.30 8.53 2.69 1.33 0.992
08 east 1.87 14.51 2.54 2,79 0.987
08 north 1.31 11.61 2.21 1.78 0.971
08 south 1.96 14.63 2.62 2.92 0.995

(}9 north 1.45 16.58 3.46 4.69 0.999

09 south 1.20 16.98 2.39 4.47 0.989
09 east 2.58 20.45 3.77 5.78 0.990
09 west 2.21 14.81 2.56 4.02 0.991

10 south 5.40 63.79 2.40 4.11 0.968
10 north 1.67 23.53 2.35 3,08 0.991

10 north/east 2.55 35.30 2.50 2.74 0.996
!0 north/west !.!2 2.{}.32 !:{-}q 2:_7 0.956

i
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Table C.1 (continued)

Profile SO(m) L (m) a II R 2

10 south/east 2.26 23.16 2.54 2.31 0.993
10 south/west 5,14 46.24 ,2.52 3.51 0.997

11 north 1,23 9.75 2.85 1.87 0,995
11 south 4.60 14.26 2.97 2.45 0.972
11 west 4.50 14.48 2.84 1.91 0.999

Average ali profiles: 2.93 3.49
Composite best fit: 2.50 3.30 0.926

86



Tabbz C.2. Field profilc.'.'sand the hyperbolic function

Profile S o (m) B (m) C R _

Ol west 1.28 10.00 3.36 0.996
O1 east 1,31 10,85 3.67 0.990

Ol south 0.88 6.37 2.42 0.970
01 north 1.04 9.54 2.07 0.961

02 west 0.23 6.49 2.65 0.956

02 east 2.44 12.53 2.84 0.994
02 south 0.20 4.15 2,32 0,995
02 north 1.53 10.24 2.54 01975

03 west 0.94 10.03 3,10 0.995
03 cast 2.61 13.47 3.21 0.987
03 south 0.96 7.77 2.67 0.990
03 north 2.59 16.98 3.99 0.983

04 west 4.68 20.30 2.69 0.995
()4 east 2.57 18.23 4.83 0.993

04 south 2,57 15.73 2.65 0.997
04 north 4.69 28.41 3.78 0.978

06 cast 2.08 24.38 1.90 0.914
06 south 1.22 8.96 2.63 0.985
06 west 1.17 3.78 2.30 0.989

07 north 1.74 5.97 3.28 0.998
07 cast 1.26 5.36 2.09 0.994
07 west 1.49 5.33 1.86 0,987

08 west ().3() 3.05 1.05 0.956
08 e_ast 1.87 9.51 2.12 0.986
08 llorth 1.31 6.68 1.44 0,971
08 sc_uth 1.96 9.24 2.16 0.993

09 nc_rth 1.45 11.blO 3.50 0.998
09 south 1.20 13.11 3.34 0.983
09 cast 2.58 14.94 4.37 0.990

09 west 2.21 10.82 2.94 0.988

10 south 5.40 48.49 2.92 0.964
10 north 1.67 16.34 2.32 0.987
10 north/cast 2.55 21.70 2.00 (I.992
Ii) north/west 1.12 18.99 1.69 I).971
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Table C.2. (continued)

Profile , S(i (m) B (m) C R 2

10 south,'l._ait/,,2,26, 13.53 1.74 0,995
10 south/west 5,14 32,10 2.59 0.996

11 north 1,23 4,48 1.46 0.981
11 south 4.60 7.35 1.70 0.952
11 west 4.50 6.92 1.40 0,993

Average ali profiles: 2.60
Composite best fit: 2.63 0,967
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Table C3. Hylmrbolic model profiles, geometric parameters

Profile (m) rat So (m) L (m) B (m)
p

r = 0.3, H = 15.0 0.0200 0.001 20,85 10,5
= 22,5 0.0130 0.003 31.08 16.3
= 30.0 0,0100 0.005 41.57 22.2
= 37.5 , 0,0080 0.007 54,98 28.8
= 45,0 0.0067 0,(X)8 68.14 35.8

r = 0,6, H = 15.0 0.0400 0.006 20.90 10.3
= 22.5 0.0267 0.012 31.35 15.8
= 30.0 0.0200 0.019 41.86 21.4
= 37,5 0,0160 0.020 56.49 28.5
= 45.0 0.0133 0.031 68,20 35.0

r = 1.0, H = 15.0 0.0667 0.019 21.08 9.9
= 22.5 0.0444 0.036 31.52 18.3
= 30.0 0,0333 0.058 42.21 20.5
= 37.5 0.0267 0,084 55.99 22.6
= 45.0 0.0222 0.076 67.55 33.4

r = 2.0, H = 15.0 0.1333 0.158 19.08 8.7
= 22.5 0.0889 0.432 26.99 10.5
= 30.0 0.0667 0.882 35.34 13.7
= 37.5 0.0533 0,721 50.25 18.9
= 45.0 0.0444 0.429 65.55 28.7

r = 4.0, H = 15.0 0.2667 6.904 15.46 8.7
= 22.5 0.1778 6,677 23.83 13.7
= 30.0 0.1333 7.001 29.25 15.0
= 37.5 0.1067 19.080 41.11 20.5
= 45.0 0.0889 20.760 41.59 24.8

i
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Table C.4. Cap model profiles, geometric parameters

Profile (m) r/H So (m) L (m) B (m)

,,,, • ,,, , , , . ,,

r = 0.3, H = 1.5,0 0,0200 0,029 10.38 8.57
= 22.5 0.0130 0,021 10.74 8,50
= 30,0 0,0100 0.019 15,95 9,19
= 37.5 {).008(/ 0,016 19,32 9.98
= 45.0 0.0067 0,013 22,50 12.01

r = 0.6, H = 15,0 0.04(X) 0,032 5,57 4,20
= 22,5 0.0267 0,047 10,75 5.06
= 30,0 0.0200 0,055 13.49 6,4.0
= 37.5 0,0160 0,054 24.94 8.40
= 45.0 0,0133 (I,048 21.35 10.42

r = 1.0, H = 15.0 0,0667 0,036 8,38 3,66
= 22.5 0.0444 0,056 10.32 6,42
= 30.0 0.0333 0,066 9,11 7,10

= 37.5 0.0267 0,107 16.82 6.47

= 45.0 0.0222 0.108 16.45 9,04

r = 2.0, H = 15,0 0,1333 0,106 3.89 2.47
-- 22.5 0.0889 0.119 7.87 3.79
= 30.0 0.0667 0.160 11.53 5.46
= 37,5 0,0533 0.193 15.02 7.69
= 45.0 0.0444 0,205 18.38 9.56

: = 3.0, H = 15.0 0.2000 0.204 9.90 3.42
= 22.5 0.1333 0.241 8.22 2,22
= 30.0 0.1000 0.170 11.28 6.39
= 37.5 0.080(} 0.260 18.21 7.13

= 45.0 0.0667 0.274 18.67 10.68

r = 4.0, H = 15.(.) 0.2667 0.322 10.69 4.78
= 22.5 0.1778 0.595 11.29 3,94

= 30.0 0.1333 0.373 11.51 4.91
= 375 0.1067 0.336 14.27 9.33
= 45.0 0.0889 0.368 19.13 9.73
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