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FOREWORD

READ THISFIRST

This policy is designed to assist owners of regulated waste containment facilities in demonstrating that
stability requirements set forth in Ohio EPA's rules have been satisfied. The information provided in this
policy may be applied to all plans, applications, or requests submitted to any division of Ohio EPA for
approval, concurrence, or comment. This policy is particularly applicable to waste containment facility
designs that include natural or engineered components where the movement of soil, rock, waste,
geosynthetics, or other materials may occur because of gravitational influence.

The information in this policy will be useful to anyone proposing any excavating, stockpiling, filling, or
construction activity that is at, or close to, an Ohio EPA regulated waste containment facility.

The information contained herein is intended to apply to design, requests for authorization, construction,
and closure of waste containment facilities to assist facilities in satisfying Ohio EPA's rule requirements
for demonstrating stability. However, the applicable statutes and rules should also be consulted directly,
asthis policy isintended to ensure the activities undertaken to demonstrate stability satisfy the
requirements of the appropriate statutes and rules. In addition, individual site-specific circumstances
may exist that affect the stability analyses for any given facility, thereby requiring alternativesto the
procedures and methods included in this policy to be used by the responsible party.

This policy recommends specific items be included in geotechnical and stability analyses and includes
definitive performance criteria established by rule to use for documenting stability to Ohio EPA. This
policy addresses when stability analyses are needed, the content of geotechnical and stability analyses
reporting documents, subsurface investigation, materials testing, static and seismic stability analyses,
and certain other geotechnical analyses.

Any examples or case studies referred to in this policy are intended to demonstrate how compliance may
be achieved, but are not intended to establish a requirement for how the applicable statutes or rules must
be satisfied. The methods and procedures included in this policy have been evaluated by Ohio EPA and
have been shown to be useful for demonstrating that a waste containment facility will meet the rule
requirements for stability. Alternative methods or procedures may be used if they are fully documented
as being valid and appropriate for demonstrating compliance with stability requirementsin rule and are
acceptable to Ohio EPA.



THE USE OF REQUIREMENTSVS. RECOMMENDATIONS
This policy describes requirements when:
» agpecific or general Ohio statute or rule exists that includes the requirement,

*  published standards, such as American Society for Testing and Materials (ASTM) methods, contain
the requirement, or

* theassumptions of atheoretical model or method being used for analysis and/or calculations
require it for the analysis or calculations to be valid and applicable.

Reguirements are notated in this manual with language such as "shall," "must," or "required.”

This policy describes recommendations when:

*  none of the above criteria apply,

*  published standards or state of the practice offer multiple acceptable aternatives, or

+  the state of the practice is not sufficiently developed to provide a definitive selection of a best
practice. When this occurs, the manual reflects the best understanding of a current approach that
seems appropriate for use in Ohio.

Recommendations are notated in this manual with such language as "should," "may," or " recommends."

Responsible parties are obligated to comply with rule requirements even if the same activities are
included in this policy as recommendations.



DEFINITIONSAND ACRONYMS

Throughout this policy the defined words and phrases are italicized to remind the reader that the terms
are defined. Although not necessarily defined in Ohio’ s regulations, the following definitions are useful
for understanding this policy.

AASHTO
ASCE
ASTM

Bedrock

Book values

Borings

CERCLA

Compressible layer

Conformance testing

Consolidated material

Consolidated
stratigraphic unit

CPT

Critical layer

American Association of State Highway and Transportation Officials.
American Society of Civil Engineers.
American Society for Testing and Materials.

Solid rock underlying unconsolidated materials (soil units). Syn: consolidated
stratigraphic unit.

Values derived from charts, tables, or other generalized presentations of data
found in textbooks, periodicals, and manuals. Book values often represent
broad generalities derived from data that are unlikely to accurately portray
localized site-specific conditions, but may be useful when used in avery
conservative manner and in accordance with proper assumptions. For example,
using book values to estimate the sheer strength of competent bedrock is likely
to be appropriate.

Any means of mechanical penetration into the subsurface for the purposes of
characterizing material properties or collecting material samples.

Comprehensive Environmental Response, Compensation, and Liability Act

Sail or filled materials that may settle after establishing afacility, and may
continue to settle after afacility has closed.

Testing conducted before construction on samples from materials that will be
used during construction, the results of which are compared to the approved
design specifications to ensure that the materials used in construction will
perform as required. Syn: Preconstruction testing

See: Bedrock.

See: Bedrock.

Cone Penetrometer Test.

A potentialy liquefiable layer, or athickness of soil or waste material that has a
drained or undrained shear strength that may cause afailureif al or part of the
mass of afacility were suddenly put in place. Critical layers may be only afew
inches thick to tens of feet thick. Critical layers may include parts of one or
more stratigraphic soil units.

Xi



Cu
DERR

Differential settlement

DL

Drained conditions

Drained shear strength

EPA

Facility bottom

Final slopes

Consolidated-Undrained.
Division of Emergency and Remedial Response

The difference in settlement across arelatively small areathat may result in
damage to engineered components due to increased stresses.

Granular drainage layer.

The state that exists when a soil layer cannot experience excess pore water
pressure given the expected stress conditions. This may occur because the
layer has a high enough hydraulic conductivity that pore water pressure
dissipates quickly when loading occurs.

The shear strength exhibited by a soil layer when no excess pore water pressure
ispresent. Drained shear strength is used for conducting an effective stress
analysis.

Environmental Protection Agency.

The base of afacility that is usually sloping five (5) percent or less so that
water, leachate, and other liquids can drain from afacility. The term “facility
bottom” excludes internal slopes or interim slopes (see Figuref-1). Interfaces
on facility bottoms that have grades of 5 percent or less may be assigned peak
shear strength during stability analyses, if appropriate.

Slopes that exist when the final grades for afacility have been achieved,
including the cover system, if any (see Figuref-1). Interfaceson final slopes
that will never be loaded with more than 1,440 pounds/ft* (psf) may be
assigned peak shear strength during stability analyses, if appropriate.

Figuref-1 An example of atypical landfill progression showing
internal, interim, and final slopes, and the facility bottom. These
types of dopes may aso be present at other types of waste
containment facilities.
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FML
fps
FS
GCL
GDL
HDPE

Higher quality data

Interim slopes

Internal slopes

Lower quality data

MSW
OCR
ODNR
OoDOT

Overall settlement

pcf

Flexible membrane liner. Syn: Geomembrane

Feet per second.

Factor of sefety.

Geosynthetic clay liner.

Geocomposite drainage layer.

High density polyethylene.

Data produced from laboratory methods or cone penetrometer tests (CPTs)
that, when properly conducted, provide the most definitive measurements
obtainable of the characteristics of a specimen.

Slopes that exist at a waste containment facility because of daily filling or
because a phase or unit has reached its limits, including cover soils. Aninterim
slope will exist for only part of the facility life and is not part of the engineered
components of the facility (see Figuref-1 on page xii).

Slopes excavated below grade and/or constructed using berms, including, as
applicable, the liner/leachate collection system, protective layers, and other
engineered components (see Figure f-1 on page xii). Interfaces on internal
slopes that exceed a grade of five (5) percent must be assigned residual shear
strength during deep-seated failure analysis, but may be assigned peak shear
strength during shallow failure analysis, if appropriate.

Data produced by field testing (other than CPTs) that are good for relative
comparison of characteristics, but even when the test is run properly, do not
necessarily provide a definitive measurement of the characteristic. Examples
of methods that produce lower quality data include, but are not limited to, blow
counts and pocket penetrometers.

Municipal solid waste.

Overconsolidation ratio.

Ohio Department of Natural Resources.

Ohio Department of Transportation.

The settlement of an entire waste containment facility, asit relates to facility
geometry, appurtenances, pipes, roads, culverts, leachate drainage ways, and

surface water drainage ways.

Pounds per cubic foot.
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Peak shear strength

Phreatic surface

Piezometric surface

Primary consolidation

Primary settlement

Protective layer

psf

QA/QC

Residual shear strength

The maximum shear stress recorded during a shear test as strain is
increased (see Figur e f-2) on page xiv.

A surface that represents the water level in an unconfined saturated zone.
Examples: saturated portions of soil or waste that are not confined by an
overlying layer; the surface created by leachate on alandfill liner; the
water level in awaste water lagoon; or the saturated portion of a clay soil
layer, all create phreatic surfaces. Syn: Water table.

A surface that represents the
actual pressure head relative
to a confined saturated zone.
For example, the surface 0 peak strength
created by water level —
readings from wells screened
in a saturated sand overlain
by heavy clay such that the
water level surfaceis
measured above the top of

A

Post-peak strength

Stresso

residual strength

A Y

the sand. n: »
> 0 Strain ¢

Potentiometric surface.

See: Primary settlement. Figuref-2 Typical stress-strain response of a soil

specimen. After: Bardet, 1997, Experimental Soil
Thereductionin volume of a  Mechanics. Figure 1. (b), pp. 362
soil mass caused by the
application of a sustained load to the mass and due principally to a
squeezing out of water from the void spaces of the mass and accompanied
by atransfer of the load from the soil water to the soil solids (ASTM D
653). Syn: Primary consolidation.

A layer made of soil or granular material designed to protect underlying
geosynthetics and recompacted soil layers from damage due to
construction, operations, maintenance, freezing, or weathering. Examples
of protective layersinclude, but are not limited to, a granular leachate
collection layer with underlying geotextile cushion layer, a soil layer
placed on top of adrainage layer in acap, or agranular material with an
underlying geotextile cushion layer used to protect lagoon and pond liners.

Pounds per square foot.

Quality assurance and quality control.

The steady state shear stress recorded after the strain isincreased beyond
the peak shear strength of a specimen (see Figur e f-2 on page xiv).

Residual shear strength is measured or can be conservatively estimated
based on the results of applicable tests.
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Responsible party

RSL

Sample

Saturated

Secondary compression

Secondary settlement

Soil stratigraphy

Soil unit

Specimen

SPT

The persons in control of the property, facilities, and activities that occur at a
waste containment facility, including, but not limited to, applicant, permittee,
owner, operator, or potentially responsible party (PRP).

Recompacted soil layer (liner or barrier layer depending upon context).

noun: Used in this manual to describe a volume of material from which
specimens are prepared for testing. One sample may provide one or more
specimens for testing. verb: Used in this manual to refer to the activities
necessary to collect samples of materials.

a: for shalow failure analysis: the protective layers over a cap drainage layer or
over a geocomposite leachate collection layer are at field capacity, and are
discharging water to underlying drainage layers at arate equal to the effective
hydraulic conductivity of the protective layer. When a protective layer isa
leachate collection layer prior to waste placement, then saturated means the
state when head exists due to the occurrence of adesign storm. b: for
|aboratory methods: a specimen has, to the extent possible, all voids full of
water. c: for subsurface conditions, one or more soil units, or part of a soil unit
has most of the voids filled with water.

See: Secondary settlement.

The reduction in volume of a soil mass caused by the application of a sustained
load to the mass and due principally to the adjustment of the internal structure
of the soil mass after most of the load has been transferred from the soil water
to the soil solids (ASTM D 653). Syn: secondary compression.

The vertical and lateral or spatial arrangement of soil units at afacility.

a: A discrete layer or body of unconsolidated material that can be readily and
consistently distinguished from adjacent materials based on one or more
characteristics or features, usually composition (e.g., grain size distribution,
mineralogy, or percent organic material); structure (e.g., layering, interbedding,
or fracturing/jointing); and/or soil engineering (physical) properties (e.g.,
plasticity, bulk density, or permeability). Depending on facility conditions,
designation of layers or bodies of minespoil or fill materials as soil units may
be appropriate. Individual soil units might not be laterally continuous across a
facility. b: astratum of soil within the soil stratigraphy of the facility. Syn:
Unconsolidated stratigraphic unit.

A specific volume of material subjected to testing. For example, avolume of
soil material trimmed out of a sample and placed into atriaxial compression
apparatus to be tested for shear strength.

Standard Penetration Test.
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Strain incompatibility

Total settlement

Unconsolidated

Unconsolidated
Sratigraphic Unit

Undrained conditions

Undrained shear strength

Unsatur ated

USACOE
USDA
USGS
USCS

uu

The condition that exists when the displacement necessary to mobilize the
peak internal or peak interface shear strength is different for two or more
materials that comprise a composite system, such as aberm and its
foundation, or different layers of a composite liner system. If strain
incompatibility is not taken into account, it may cause computer modeling
software to overlook the critical failure surface.

The settlement at any given point caused by the sum of immediate,
primary, and secondary settlement.

In geology, used to differentiate between bedrock (consolidated material)
and other materials such as weathered bedrock and soils (unconsolidated
material). Thisisdifferent from the geotechnical terms of
“unconsolidated,” “normally consolidated,” and “overconsolidated” used
to describe the stress history of a soil material.

See: Soil unit.

The state that exists when a soil layer experiences excess pore water
pressure. This occurs during loading of a compressible layer of saturated
soil and may occur during loading of a compressible layer of partialy
saturated soil.

The shear strength exhibited by a saturated soil when experiencing an
increase in stress that causes excess pore water pressure to develop.
Undrained shear strength is used for conducting atotal stress analysis.

a: Asused in shalow fallure analysis, it means that the protective layer
over acap drainage layer or a protective layer over a geocomposite
leachate collection layer has not reached field capacity, and is not
discharging sufficient water to the drainage layer to create head on the
underlying layer. When the protective layer is the leachate collection
layer, it means that no head exists within the collection layer. b: Asused
in discussing laboratory methods, it means that a specimen has a
measurable amount of void space that is not filled with water. ¢: Asused
in the discussion of subsurface in situ conditions, it means that no portion
of asoil unit has most of the voids filled with water.

United States Army Corps of Engineers.
United States Department of Agriculture.
United States Geological Survey.
Unified Soil Classification System.

Unconsolidated-undrained.
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Waste containment facility

Waste containment system

Waste containment unit

Oneor moretracts of land that contain one or more waste containment units.
Thisincludes, but is not limited to, facilities regulated by Ohio EPA under
the authority of Ohio Revised Code Chapters 3734, 6111, and 3714, and
Federal Regulations, such as RCRA and CERCLA.

One or more engineered components used singly or in aggregate to control
waste that has been placed onto or into the ground.

A group of waste containment systems or a discrete area within afacility

used for storage, treatment, or disposal of wastes, such as waste piles,
landfills, surface impoundments, and closure units.

XVii
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BAsIC CONCEPTSOF SLOPE STABILITY

Slope and foundation materials can move due to shearing stresses created within a material or at material
interfaces by external forces (e.g., gravity, water flow, tectonic stresses, seismic activity). Thistendency
isresisted by the shear strength of the materials and interfaces and is expressed by the Mohr-Coulomb
theory as:

t; =c+s xanf (see Figur e f-3 on page xx)
where  t; = shear strength of material,
c = cohesion strength of material,

s =normal stress applied to material, and
f =friction angle.

In terms of effective stress (drained condition):
t; =c +(s- u)tanf’

where  t{’ = shear strength of material,
¢ = effective cohesion strength of material,
s =normal stress applied to material,
u = pore water pressure, and
f- =friction anglein terms of effective stress.

The relationship between the angle of failure and the internal angle of friction can be described as:

f
a =45+ P (see Figur e f-3 on page xx)

where, a =angleof failureinthe material, and
f =friction angle.

XiX



G; >

e

Failure Plane T

Shear Strength

Ci

Figur e f-3 Mohr-Coulomb envelope. (@) Soil element. (b) Shear strength envelope. Adapted from
Abramson, et a, 1996, Slope Stability and Stabilization Methods, Figure 1.20, pg 37, and Holtz and Kovacs, 1981, An
Introduction to Geotechnical Engineering, Figure 10.7a.

Symbolsfor Figuref-3.

t; = shear strength of material,

c = cohesion strength of material,
S =dtress applied to material,

S, =major principal stress,

S, = minor principal stress,

f =friction angle, and

a =angleof failureinthe material.
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CHAPTER 1

INTRODUCTION

Stability failures at waste containment facilities
are associated with many risks. These include
risks to human health, the environment,
communities, governments, and responsible
parties. Risksto human health include the
possibility of injury or death to individuals and
disease from exposed waste. Many risksto the
environment exist from stability failures.
Ground water contamination can occur from
ruptured lining systems or infiltration through
an impaired cover system. Surface water
contamination and flooding can occur from
waste, wastewater, or engineered components
that dlideinto rivers, creeks, and lakes; and

Figure 1-1 An Ohio landfill near Cincinnati experienced a
massive slope failure in 1996 that resulted in 18 fires during the 9
months it took to cover the exposed waste.

from contaminated runoff from exposed waste
due to adamaged cover system. Air

contamination can occur from fires that ignite
exposed waste or gases released during

stability failures. Waste collection, treatment, and disposal may be interrupted for communities or for
the responsible party (for a captive facility) serviced by a particular waste containment facility.

Stability failures can present large unanticipated
costs to federal, state, and local governments for
oversight of mitigation and remediation efforts.
Responsible parties may accrue liabilities that
include financial and legal responsibility for
injuries, damages, lost income, redesign, agency
re-approval, repair, and extended monitoring and
mai ntenance.

The complexities involved in estimating the
stability of a modern waste containment facility
cannot be overstated. These projects are often
massive structures that heavily affect the

Stability failures are not necessarily large mass
movements of materials. Damaging stability failures can
be dight movements of awaste mass or cover system that
may not be detectable through casual observation.

In 1996, at an Ohio landfill near Y oungstown,
approximately 300,000 cubic yards of waste shifted and
destroyed several acres of the composite liner system.
The only indications that a slope failure occurred were
the appearance of cracksin the daily cover soilsand a
slight heave near the toe of the slope (Stark et al, 1998).
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Chapter 1 - Introduction

structural integrity of the in situ soils, support structures, and geosynthetics. Often, the largest variables
to contend with are the interactions that occur between the individual components of a waste
containment system. Interactions between these materials occur during the construction, filling, and any
settlement or deformation of the facility, and are difficult to predict with a high degree of accuracy.
Because of this, site-specific, higher quality data, state of the practice analysis, and factors of safety are
employed to ensure that waste containment facilities will be stable when they are constructed.

FACTORS CONTRIBUTING TO STABILITY FAILURES

Stability failures are often caused by processes that increase the applied shear stress or decrease the shear
resistance of a soil mass, an interface between two geosynthetics, or an interface between a geosynthetic
and soil (see Table 1 on page 1-3). Engineering design attempts to identify any vulnerable materials or
configurations so that waste containment facilities can be designed to account for natural forces such as
gravity, water flow, and biodegradation. Even so, construction and operational activities trigger most
slope failures at waste containment facilities. These activities are often planned or performed
independently of the design process and subsequently cause circumstances that were unforseen during
the design of the facility. Examples of these activities include, but are not limited to:

¢+ placement of soil or waste from the top of a slope downward,

+  lengthy or unplanned excavations,

+  regrading of waste for operational or closure purposes,

1+ leachate recirculation,

+ overfilling,

v blasting,

v stockpiling materials,

'+ wasterelocation,

+  relocation of access roads,

+  suddenly increasing or reducing the freeboard in lagoons, and

+  inadequate base liner length on the facility bottom to resist driving forces caused by the waste on
the associated internal slope.

The numerous failures that have occurred due to these activities underscore the need for ongoing
coordination and involvement between the personsinvolved in design, construction, and operations.

An example of an operational or construction activity that may
affect the stability of a waste containment facility is the necessity
for providing ample tie-in distance beyond the previously
constructed portion of the facility. Thisis so that no excavation
of previously placed waste, cover soils, or berms will be needed
in order to expose the engineered components from the previous
construction. Thisisimportant for stability purposes because
removing waste or soil from the tie-in areamay decrease the
resisting force for that portion of the facility and trigger a stability
failure, especidly if thetie-in is at the toe of a slope.
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Table 1. Some factors that can adversely affect stability of waste containment facilities.

TYPES COMMON CAUSES

Removal of toe support

Natural causes Erosion due to flow of ditches, streams, and rivers; wave action or lake currents;
successive wetting and drying.

Natural movement due to gravity such asfalls, slides, and settlements away from toe;
reduction in water levels after flooding.

Human activity Cuts and excavations; removal of retaining walls or sheet piles; draw-down or filling of
bodies of water (e.g., ponds, lagoons); excavation of waste; quarrying; borrowing soil.

Removal of underlying
materials that provide support

Natural causes Weathering; underground erosion due to seepage (piping); solution of foundation
materials from groundwater.

Human activity Excavating; mining.

Decreasing the shear resistance

of materials

Natural causes Water infiltration into cracks, fissures, and interfaces of engineered components;
freeze/thaw cycles; expansion of clays; hydrostatic uplift.

Human activity Using different materials causing lower interface shear strengths; using different or
inappropriate construction methods causing lower internal or interface shear strengths
of installed materials.

Increasing shear stresses

Natural causes Weight of precipitation (e.g., rains, snow, ice); increase in water levelsin lagoons and
ponds due to flooding; earthquakes.

Human activity Stockpiling or overfilling; equipment travel or staging; water leakage from culverts,
water pipes, and sewers; constructing haul roads; regrading of waste; increasing water
levelsin lagoons and ponds; increasing the density or |oading rate of waste; blasting;
vibrations from long trains passing by alocation.

WHEN GEOTECHNICAL AND STABILITY ANALYSES ARE NEEDED

The appropriateness of conducting geotechnical and stability analyses must be considered whenever a
responsible party is applying to Ohio EPA for authorization to permit, establish, modify, alter, revise, or
close any type of waste containment facility. Usually, geotechnical and stability analyses are required by
rule for these types of projects. Geotechnical and stability analyses should also be considered whenever
circumstances indicate that doing so is prudent. Examples of circumstances indicating the need for
geotechnical and stability analyses to be conducted include, but are not limited to:
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+  Thefacility experiences an earthquake that has a horizontal ground acceleration that approaches or
exceeds the acceleration used in the stability analyses.

+ A phreatic surface exceeds the maximum level evaluated in the stability analyses. This appliesto
flood waters against exterior berms, increased water levelsin lagoons and ponds, and excessive
leachate head in landfills, anong others.

+  New information is discovered about the characteristics of the soil units or engineered components
that indicates the data used in the stability analyses may be incorrect or unconservative.

v After afailure, dlip, or Sslump occurs that affects any engineered component of the facility.

+ |t becomes apparent to the responsible party that the design in the authorizing document must be
changed while construction is occurring.

When afacility has experienced afailure or an earthquake or flood that approaches or exceeds design
assumptions, a forensic geotechnical investigation and subsequent stability analyses should be
conducted. These activities are conducted to evaluate the effects, if any, that the occurrence had on the
engineered components and the stability of the waste containment facility. The results of all

geotechnical investigations, stability analyses, and forensic investigations must be promptly submitted to
Ohio EPA for review.

REFERENCES

Abramson, L. W., Leg, T. S., Sharma, S., and Boyce, G. M., 1996, Slope Stability and Stabilization
Methods. John Wiley and Sons, Inc. New Y ork.

Stark, T. D., Arellano, D., Evans, W. D., Wilson, V., and Gonda, J., 1998, "Unreinforced Geosynthetic

Clay Liner Case History," Geosynthetics International Journal, Industrial Fabrics Association
International (IFAI), Val. 5, No. 5, pp. 521-544.
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CHAPTER 2

CONTENT OF GEOTECHNICAL AND STABILITY ANALYSES

This chapter summarizes the components that should be considered parts of the geotechnical and
stability analyses of awaste containment facility in Ohio. This chapter aso summarizes the minimum
information that should be reported to Ohio EPA once the analyses are complete. The specific contents
for any given geotechnical and stability analyses report may change depending upon the specific set of
circumstances surrounding each individual facility.

REPORT CONTENT

More details regarding report content can be found in the e e e e e

reporting section of each chapter of this policy. All this policy that are already present in another
drawings and cross sections should be referenced to the part of the geotechnical and stability
facility coordinate system, and northing and easting lines analyses report can be referenced rather than
should be shown. Using tabs and a clear organizational duplicated in each section. Itis helpful if

format for the datawill make it easier to find information Lol e e LR/ U A G CLecs
items are easy to locate and marked to show

when needed. the appropriate information.

Subsurface I nvestigation

Ohio EPA recommends that the results of the subsurface investigation be included in their own section
of the geotechnical and stability analyses report (see Chapter 3 for more details). At a minimum, the
following information about the subsurface investigation should be reported to Ohio EPA:

+ A summary narrative describing the rationale behind the site investigation, assumptions used,
methodologies used, the identification of the critical layers, compressible layers, temporal high
phreatic surfaces, and temporal high piezometric surfaces, why they were selected, and what
characteristics they have,

+  Oneor more tables summarizing all field test data and laboratory test data gathered from all borings
conducted and samples collected at the facility. The tables should clearly identify the sample
locations and borings associated with each test result, the units of measurement of the test results,
and test results associated with the critical layers and the compressible layersto be used in
geotechnical and stability analyses,
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+  One or more topographic maps that show and identify each boring location and sample collection
point at the facility. The maps can be used to identify the cross sections provided in the report.
They can also be used to show the lateral extent of each critical layer and each compressible layer
that exists at the facility, the elevations of the temporal high phreatic surfaces, and the elevations of
the temporal high piezometric surfaces. Plan view maps should show the limits of the waste
containment unit(s),

+  Cross sections that clearly show the soil stratigraphy, temporal high phreatic surfaces, and
temporal high piezometric surfaces at the facility, and the characteristics of each soil unit,

+  Thepreliminary investigation results, including a discussion of the findings of the preliminary
investigation, and the sources of information used,

+ A description of the site characterization results stating the activities, methods, and findings,

+ A description of the investigation of critical layers, compressible layers, phreatic surfaces, and
piezometric surfaces, and

+  Any figures, drawings, or references relied upon during the investigation marked to show how they
relate to the facility.

Materials Testing

Ohio EPA recommends that the results of all materials testing completed during the design of the waste
containment facility be included in the subsurface investigation report. The subsurface investigation
report is described in Chapter 3. At a minimum, the following information about materials testing
results should be reported to Ohio EPA whenever testing is conducted (see Chapter 4 for more details):

+ A narrative and tabular summary of the scope, extent, and
findings of the materials testing,

The results of conformance testing
of materials completed after the
+ A description of collection and transport procedures for design work, but prior to use of the
samples, materialsin construction must be
reported to Ohio EPA in their own
report prior to use of the materials.
In addition to the reporting
requirements listed in this chapter

v Thetest setup parameters and protocols for each test,

+  The characterization of each specimen used in each te<t, and Chapter 4, a comparison of
conformance test results to the
Theintermediate data created during each test, requirements contained in rule, the

authorizing document, or the
assumptions used in the
geotechnical and stability analyses
should be included.

1 The results of each test, and

+  Any figures, drawings, or references relied upon during the
testing marked to show how they relate to the facility.
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Liquefaction Potential Evaluation and Analysis

Ohio EPA recommends the liquefaction evaluation and analysis results be included in their own section
of the geotechnical and stability analyses report (see Chapter 5 for more details). At a minimum, the
following information about the liquefaction evaluation and analysis should be reported to Ohio EPA:

+ A summary discussion of the findings of the liquefaction evaluation and analysis,

+ A detailed discussion of the liquefaction evaluation including:

Evaluation of the geologic age and origin, fines content, plasticity index, saturation, depth below
ground surface, and soil penetration resistance of each of the soil units that comprise the soil
stratigraphy of the waste containment facility,

The scope, extent, and findings of the subsurface investigation as they pertain to the liquefaction
evaluation,

A narrative description of each potentialy liquefiable layer, if any, at the facility, and

Any figures, drawings, or references relied upon during the evaluation marked to show how they
relate to the facility.

' If the liquefaction evaluation identifies potentially liquefiable layers, then the following information
should be included in the report:

A narrative and tabular summary of the results of the liquefaction analysis completed for each
potentially liquefiable layer,

Plan views of the facility that include the northings and eastings, the lateral extent of the
potentially liquefiable layers, and the limits of the waste containment unit(s),

Cross sections of the facility stratigraphic soil units that fully depict the potentially liquefiable
layers, the characteristics that identify them as such, and show the engineered components of the
facility,

The scope, extent, and findings of the subsurface investigation as they pertain to potentially
liquefiable layers,

A description of the methods used to calculate the factor of safety (FS) against liquefaction,

Liquefaction analysis input parameters and assumptions, including the rationale for their
selection,

The actual calculations and/or computer output, and

Any figures, drawings, or references relied upon during the analysis marked to show how they
relate to the facility.
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Settlement Analyses and Bearing Capacity

The results of the settlement analysis for the facility, and the results of the bearing capacity analysis for
vertical sump risers, if any are used, should be included in their own section of the geotechnical and
stability analyses report (see Chapter 6 for more details). At a minimum, the following information
about the bearing capacity analysis for vertical sump risers, if any are used, and the settlement analysis
should be reported to Ohio EPA:

+ A narrative and tabular summary of the results of the settlement analyses,

+ A summary and adetailed discussion of the results of the subsurface investigation that apply to the
settlement analyses and how they are used in the analyses,

+ A summary of the approach, methodologies, and equations used to model settlement of the facility,

' If any of the settlement parameters were interpolated by using random generation or another
method, then information must be provided that explainsin detail, including equations and
methodology, how the settlement parameters were generated,

+  Plan view maps showing the top of the liner system, the liquid containment and collection system,
the location of the points where settlement is calculated, the expected settlement associated with
each point, and the limits of the waste containment unit(s).

+  Drawings showing the critical cross sections analyzed. The cross sections should include the:

'+ Soil stratigraphy,

+  Tempora high phreatic surfaces,

+ Therange of the tested settlement parameters of each layer,

+  Depth of excavation,

+ Location of engineered components of the facility that may be adversely affected by settlement,
+  Theamount of settlement calculated at each point chosen along the cross section,

+  The detailed settlement calculations of the engineering components,

+ Any figures, drawings, or references relied upon during the analysis marked to show how they
relate to the facility, and

+  Thedetailed tensile strain analysis.
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v If vertical sump risersare included in the facility design,
then include: Ohio EPA discourages the use of vertical

sump risersin solid waste and hazardous

waste containment units. Thisisdueto the

1 A narrative and tabular summary of theresults of the | i harent difficulties they present during

bearing capacity analysis, filling operations and the potential they
create for damaging liner systems.

+ A summary and a detailed discussion of the results of
the subsurface investigation that apply to the bearing
capacity and how they were used in the analyses,

+ A summary of the approach, methodol ogies, and equations used to model the bearing capacity
of the facility.
Hydrostatic Uplift Analysis
Ohio EPA recommends the results of the hydrostatic uplift analysis be included in their own section of
the geotechnical and stability analyses report (see Chapter 7 for more details). At aminimum, the
following information about the hydrostatic uplift analysis should be reported to Ohio EPA:

+ A narrative and tabular summary of the results of the hydrostatic uplift analysis,

+ A summary and discussion of the results of the subsurface investigation that apply to hydrostatic
uplift analysis and how they were used in the analysis,

+ A summary of the worst-case scenarios used to analyze the hydrostatic uplift potential of the
facility,

+  Isopach maps comparing excavation and construction grades with temporal high phreatic surfaces
and temporal high piezometric surfaces as applicable to the facility. These drawings should show
the limits of the waste containment unit(s),

+  The cross sections that were analyzed showing the characteristics of the soil stratigraphy, temporal
high phreatic surfaces, temporal high piezometric surfaces, excavation grades, and engineered
components, as applicable,

+  Thedetailed hydrostatic uplift calculations, and

+  Any figures, drawings, or references relied upon during the analysis marked to show how they
relate to the facility.
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Deep-Seated Failure Analysis

Ohio EPA recommends the results of the deep-seated failure analysis be included in their own section of
the geotechnical and stability analyses report (see Chapter 8 for more details). At aminimum, the
following information about the deep-seated failure analysis should be reported to Ohio EPA:

+ A narrative summary of the results of the deep-seated failure analysis,

i+ One or more tables summarizing the results of the deep-seated failure analysis on all the analyzed
Cross sections,

+  Oneor more tables summarizing the internal and interface shear strengths used to model the various
components of the internal, interim, and final slopes,

i+ Graphical representations of the failure envelopes of each interface, material, and composite
system,

+  The scope, extent, and findings of the subsurface investigation as they pertain to the analysis of
potential deep-seated failures at the waste containment facility,

+ A narrative description of the logic and rationale used for selecting the critical cross sections for the
internal, interim, and final slopes,

+ A narrative justifying the assumptions made in the cal culations and describing the methods and
logic used to search for failure surfaces,

' Plan views of the internal, interim, and final slope grading plans clearly showing the location of the
analyzed cross sections, the northings and eastings, and the limits of the waste containment unit(s),

+  Theanalyzed cross sections, showing the

engineered components and the underlying soil The effective shear strength of a soil unit should
stratigraphy, including the temporal high phreatic be used when modeling conditions where excess
surfaces and the temporal high piezometric pore water pressures have completely dissipated,
surfaces or when the soil layers at the site will not become
' saturated during construction and filling of a
facility.
v Static stability calculations (both inputs and Y
outputs) for internal, interim, and final slopes, The unconsolidated-undrained shear strength of
assuming drained conditions in the soil units asoil (as determined by shearing fully saturated
beneath the facility, specimens in a manner that does not allow for
drainage from the specimen to occur) should be
. . . . used whenever one or more soil units exist at a
+  Asappropriate, static stability calculations for site that are or may become saturated during
internal, interim, and final slopes assuming construction and operations. Thiswill produce a
undrained conditions in the soil units beneath the worst-case failure scenario, sinceit is unlikely

less shear strength than this.

that may devel op excess pore water pressure
during loading, the static factor of safety must be
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determined using the undrained shear strength of the foundation materials. The undrained shear
strengths must be determined by shear strength testing of site-specific, undisturbed samples of al
critical layersthat may develop excess pore water pressure,

Seismic stability calculations for internal, interim, and final slopes assuming drained conditions,
and if applicable, undrained conditions, beneath the facility,

Any other calculations used to analyze the deep-seated trandlational and rotational failure
mechanisms for the facility, and

Any figures, drawings, or references relied upon during the analysis marked to show how they
relate to the facility.

Shallow Failure Analysis

Ohio EPA recommends the results of the shallow failure analysis be included in their own section of the
geotechnical and stability analyses report (see Chapter 9 for more details). At a minimum, the following
information about the shallow failure analysis should be reported to Ohio EPA:

A summary narrative describing the results of the shallow failure analysis,

One or more tables summarizing the results of the shallow failure analysis for each cross section
analyzed,

One or more tables summarizing the internal and interface shear strengths of the various
components of the internal slopes and final slopes,

Graphical portrayal of any non-linear failure envel opes being proposed for each interface and
material,

A narrative justifying the assumptions used in the calculations, including a discussion of the
applicable data from the subsurface investigation,

Plan views of the internal slope and final slope grading plans, clearly showing the location of the
worst-case cross sections, and the limits of the waste containment unit(s),

The worst-case cross sections showing the engineered components, underlying soil units, waste,
and the temporal high phreatic surfaces, and the temporal high piezometric surfaces,

Stability calculations for unsaturated internal slopes and unsaturated final slopes assuming static
conditions,

Stability calculations for saturated internal slopes and saturated final slopes assuming static
conditions,

Stability calculations for unsaturated final slopes assuming seismic conditions,
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'+ Any other necessary calculations used to evaluate shallow translational and rotational failure
mechanisms at the facility, and

+  Any figures, drawings, or references relied upon during the analysis marked to show how they
relate to the facility.

THE COMPONENTSOF GEOTECHNICAL AND STABILITY ANALYSES

The geotechnical analyses should include a subsurface investigation and evaluations of hydrostatic
uplift, liquefaction, settlement, and bearing capacity. The stability analyses should include a static
evaluation and a seismic evaluation for internal, interim, and final slopes, each for deep and shallow
trandational failure surfaces and deep and shallow rotational failure surfaces.

Several unique conditions should be evaluated for any given facility. Examples of these conditions
include, but are not limited to:

+  drained conditions (no excess pore water pressure exists in the soil),
+ undrained conditions (excess pore water pressure exists in soil materials), and
+  saturated protective layers causing head in the drainage layers during the design storm.

Figure 2-1 on page 2-9 and Figur e 2-2 on page 2-10 provide an overview of the components of stability
analyses that should be completed for any given waste containment facility. Figure 2-3 starting on page
2-11 isaflowchart of a complete geotechnical and stability analyses for a waste containment facility.
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Deep-Seated Failure Analysis

Deep-Seated Failures

| Internal Slopes

—] Translational Failure Surfaces Shtic Conditions

Undrained Conditions|—| Seismic Conditions |

1]

Drained Conditions'——‘ Seismic Conditions |

L— Rotational Failure Surfaces Static Conditions

Undrained Conditions|—| Seismic Conditions |

I | Interim Slopes

1]

Drained Conditions'——‘ Seismic Conditions |

—— Translational Failure Surfaces S lic G onditions

Undrained Conditions|—| Seismic Conditions |

Nl

Drained Conditions'—' Seismic Conditions |

—— Rotational Failure Surfaces Static Conditions

Undrained Conditions|—| Seismic Conditions |

N

Drained Conditions'—' Seismic Conditions |

L—| Final Slopes

—] Translational Failure Surfaces Sl lic Conciitions

Undrained Conditionsl——‘ Seismic Conditions |

i

Drained Conditions'—' Seismic Conditions |

L— Rotational Failure Surfaces Static Conditions

Undrained ConditionsH Seismic Conditions |

Nl

Drained Conditions'—' Seismic Conditions |

Figure 2-1 Organizational chart of the components of a deep-seated failure surface stability analysis. Note: If there are no
soil units that may exhibit excess pore water pressure at afacility, then undrained analysis may not be required, and slope
stability analysis of internal slopes and interim slopes under seismic conditions may not be necessary (see Chapter 8 for
details).
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Shallow Failures

Shallow Failure Analysis

——| Internal Slopes

Translational Failure Surfaces

Static Conditions Saturated Conditions |

Unsaturated Conditions |

Rotational Failure Surfaces

——| Final Slopes

Static Conditions Saturated Conditions |

Unsaturated Conditions |

Translational Failure Surfaces

Static Conditions Saturated Conditions |

Unsaturated Conditions HSeismic Conditions

Rotational Failure Surfaces

Static Conditions Saturated Conditions |

Unsaturated Conditions HSeism[c Conditions |

Figure 2-2 Organizational chart of the components of a shallow failure stability analysis. Note: Seismic analysis of internal
dopes assuming unsaturated conditions may be required in some circumstances (see Chapter 9 for details).
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Geotechnical and Stability Analyses Process

f Gather information on

Relocate
Facility

preliminary design of facility,
footprint, depth, and height.

Search local, state and federal records
and do site reconnaissance to obtain
information about regional landslides,
soil stratigraphy, soil strengths, etc.

Chapter 3

Information indicates area
susceptible to landslides
or soils have variable
characteristics.

Additional

Bori

ngs

Needed

Determine increased
frequency of borings
and boring grid
locations.

Information does not rule out
variable soil characteristics
or susceptibility to landslides.

Information with
confirmatory site borings
rules out variable soil
characteristics and
landslides in the area.

Use a minimum of 1
boring for each 4 acres
on a grid across the
facility.

Determine decreased
frequency of borings
and boring grid
locations.

Perform borings, evaluate field
test data, take samples for lab
testing where appropriate,
including, critical layers (weak
layers, & potentially liquefiable
layers), compressible layers, etc.

Conduct additional borings as necessary to
better define suspected critical layers and

compressible layers. Take samples of critical

layers, (weak layers, & potentially liquefiable
layers), compressible layers, etc.

&

Figure 2-3 Page 1. Geotechnical and stability analyses flow chart.
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2¢c 2b 2a

Chapter 4

Perform lab testing to characterize
soils and determine shear strength,
settlement parameters, etc.

Additional
Borings

Needed Direct Shear Test

UU Triaxial Compression Test
CU Triaxial Compression Test w/Pore Water Pressure Measurement
Consolidation Test, etc.

Relocate
Facility

Yes Validate lab testing
results, correlate lab test
data with field test data,
and compare testing
results to make sure they
make sense.

Are there enough
good quality
samples available
for retesting?

Were samples collected,
transported, prepared and
tested in accordance with
appropriate standards?

- o

Were samples prepared
and lab tests performed
modeling appropriate
site specific conditions?

o— N\

Does lab and field data
from one type of test
support data from other
similar types of tests?

Page 2. Geotechnical and stability analyses flow chart.
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S
A

J Chapter 3

Create preliminary
topographpical maps
and cross sections of
stratigraphy.

Additional
Borings
Needed

Are additional borings
necessary to better
define critical layers or
compressible layers?

No

!

Select critical layer(s) and
compressible layer(s) to
use in geotechnical and

stability analyses

Relocate Create Subsurface
Facility Investigation Report

If Redesign Facility

Chapter 5

Evaluate liquefaction potential of each soil unit for the following:
1. Is the soil unit in question of young geologic age?

2. Are fines content <20%7?

3. Is the soil unit or will it be < 50 feet deep?

4. |s the SPT<30 or CPT < 157 tsf?

5. Is the soil unit fully saturated at any time during the year?

Additional in-situ testing
of the potentially
liquefiable soil units is [4—VYes
necessary. Do a detailed
liquefaction analysis

Is the answer to 3 or more
of the above questions
"Yes'" for one or more soil
units?

Is the FS against
liquefaction >1.00?

Page 3. Geotechnical and stability analyses flow chart.
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Redesign or
Relocate
Facility

@

Chapter 5
Can liquefiable layer
\ be mitigated (e.g. Yes
removed)?
Evaluate adequacy of the Chapter 6

Do bearing capacity
evaluation including
down-drag
calculations for the
vertical sump risers.

Does the bearing
capacity for the soils

under the vertical
sump risers have a
FS>3.07

bearing capacity of the soils
beneath the facility.

Does the facility
design include
vertical sump risers?

No

l

Evaluate the effects of expected
immediate, primary, and
secondary settiement (both
overall and differential) on facility
components such as:
geosynthetics, pipes, liners,
berms, grades, etc. Include
engineered components that will
be constructed in or over placed
fill, e.g.,solid waste, added
geologic material, etc.

Do all components meet their minimum
design requirements once immediate,
primary and secondary settlement
(both overall and differential) of in-situ
and placed fill materials is completed?

Page 4. Geotechnical and stability analyses flow chart.
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Redesign or
Relocate
Facility

@

3

y

Do hydrostatic uplift analysis for
excavation depths and for below-grade
engineered components. Use worst case
interaction between potentiometric
surface and excavation/engineered
component depth

Is FOS

hydrostatic uplift
>1.407

against

Yes

Chapter 7

A

y

in situ soils, as applicable, and residual int

Analyze deep-seated failure potential for internal, interim, and final slopes. Find all
cross sections with FOS <1.50 using drained and undrained shear strengths of

erface shear strengths for geosynthetics

on slopes >5% and with more than 1,400 psf load. Analyze for rotational failures
through in situ and fill materials; analyze for translational failures through liner

systems, in situ materials, and fill materials.

Do an analysis that
represents staged
construction and/or
operations.

Do any cross
sections have

giss a factor of

afety < 1.507

Does staged construction

all cross sections with a
factor of safety < 1.50

and/or operations eliminate

Select worst case
deep-seated translational
and rotational failure
surfaces and analyze
using seismic conditions.

Do an analysis that
represents staged
construction and/or
operations.

Do any cross
sections have a
FOS< 1.00 under
seismic
conditions?

Does staged construction

all cross sections with a
factor of safety < 1.00

and/or operations eliminate

Page 5. Geotechnical and stability analyses flow chart.
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Redesign or
Relocate
Facility

@

Analyze all internal and final slopes for shallow translational failure using
peak shear strengths and unsaturated conditions (also, analyze for
shallow rotational failures in slopes with no geosynthetics or where

berms and benches are built above geosynthetics). Find all internal and

final slopes with a FS < 1.50 against shallow failure.

Do any internal or final
slopes have a FS <

1.50 against shallow
failure?

No

!

Analyze all final slopes (and internal slopes, if applicable) for shallow
translational failure using peak shear strengths, unsaturated conditions,
and seismic stresses (also, analyze for shallow rotational failures in
slopes with no geosynthetics, or slopes with berms and benches built
above the geosynthetics). Find all final slopes with a FS < 1.00 against
shallow failure.

Do any final slopes (and
internal slopes, if

e applicable) have a FS<
1.00 against shallow failure

under seismic conditions?

No

¥

Analyze all final and internal slopes for shallow translational

failure using peak shear strengths and saturated conditions

(also, analyze for shallow rotational failures in slopes with no

geosynthetics, or with berms and benches built on top of the

geosynthetics). Find all final and internal slopes with a FS <
1.10 against shallow failure.

Do any final or internal
slopes have a FS <

WS 1.10 against shallow

failure?

Chapter 9

Page 6. Geotechnical and stability analyses flow chart.
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@

Redesign or
Relocate
Facility

Analyze the anchor trench and
runout design to see if
geosynthetics will pull out or

Chapter 9

Does the facility
design include
anchor trenches or

tear if an interface failure
occurs. Pull out is
recommended.

Does the analysis
indicate that the

Yes

runouts for
geosynthetics?

geosynthetic
anchorages will
function as intended?

Page 7. Geotechnical and stability analyses flow chart.

2-17

Chapter 2

Create geotechnical
and slope stability
analyses report.

Incorporate the assumptions and results
of the geotechnical and stability
analyses in the design shown in the
proposed authorizing document, and in
the construction specifications in the
QA/QC plan.

Submit the geotechnical and slope stability
analyses report, and quality assurance/quality
control plan to Ohio EPA for review. This is
usually done as part of a PTI application,
closure plan or alteration, etc.
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CHAPTER 3

SUBSURFACE INVESTIGATION

This chapter provides information to use when characterizing the unconsolidated stratigraphic units
(soil units) beneath a proposed or existing waste containment facility in Ohio. This chapter also includes
the recommended format for submitting the results of a subsurface investigation to Ohio EPA for

review.

The purpose of characterizing subsurface conditionsisto determineif the soils beneath afacility exhibit
properties that ensure the facility will remain stable under static and seismic conditions during
construction and operation and after it isclosed. A complete comprehensive soil stratigraphy should be
developed that will adequately characterize the lateral and vertical extent of all soil units beneath the
proposed facility. Characteristics to be measured include, but are not limited to, shear strength,
liquefaction potential, compressibility, phreatic surface elevations, piezometric surface elevations, and
the water content of the soil materials. Any piezometric surfaces associated with bedrock that may affect
the facility during excavation, construction, operations, or closure must also be identified. Part of this
investigation involves identifying all critcal layers beneath the facility . A critical layer isany thickness
of soil material that has a drained or undrained shear strength suspected of being capable of causing a
failureif all or part of the mass of afacility were suddenly put in place. Critical layers may beonly a
few inchesthick to tens of feet thick. Critical layers may include parts of one or more soil units. Any
layer that is potentially liquefiable must also be identified as acritical layer.

In addition, the subsurface investigation must be used to identify and characterize all compressible
layers. Compressible layers are soil or fill materials that may settle after establishing afacility, and may
continue to settle after afacility has closed. Compressible layers must be identified and characterized to
determine the bearing capacity and settlement potential of the in situ soils, fill, and stabilized materials
that exist on the site. Analysis must show that bearing failure will not occur. Analysis must also show
that the engineered components of the facility will meet minimum design requirements during
construction, operation, closure, and post-closure of the facility after settlement is complete (at least
100% of primary settlement, and the secondary settlement expected using a time-frame of 100 years or
another time-frame acceptable to Ohio EPA).

A subsurface investigation is typically performed in distinct stages, although some activities of one stage
may overlap with other stages. First, a preliminary investigation is conducted to gather and review all
available regional and site-specific information. Second, a site-specific investigation is conducted to
identify and characterize the soil stratigraphy of the site and identify those soil units that need further
investigation. The phreatic and piezometric surfaces that exist at the facility are also determined.
Finally, samples are gathered to be used to produce higher quality data from the critical and
compressible layers.
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REPORTING SUBSURFACE INVESTIGATION RESULTS . . .
Any drawings or cross sectionsreferred to in

this policy that are already present in another

Ohio EPA recommends that all of the information be part of the geotechnical and stability analyses
organized and presented so the conclusions are clear and report can be referenced rather than
have been justified. The location, extent, and duplicated in each section. It ishelpful if the

characteristics of all soil units, including the critical layers | responsible party ensures the referenced items
are easy to locate and marked to show the

appropriate information.

and the compressible layers, and the elevations of the
temporal high phreatic surfaces and the temporal high
piezometric surfaces should also be included (see Table 2
on page 3-8). Laboratory test reports should include all
intermediate data gathered during the test along with the results. Reporting should be performed
according to the ASTM reporting requirements for the methods being used when reporting requirements
exist. Rejected and failed test results should also be reported to Ohio EPA. A brief narrative describing
the reasons each test was rejected or considered failed should be included. Ohio EPA recommends that
all data be organized and tabbed so that they can be easily located.

To expedite the review process, present the results and conclusions of the investigation with the
following sections in the order described. Specific recommendations for each section of the subsurface
investigation report are discussed below.

Summary Narrative

The summary narrative should describe the rationale behind the site investigation, the assumptions and
methodologies used, the critical layers and compressible layers selected, the temporal high phreatic
surfaces and temporal high piezometric surfaces defined, and the characteristics of each item identified.
The summary narrative should a so include recommendations for the values for the characteristics of
each material and interface tested to use during modeling, design, and construction.

Summary Table

A summary of all field test data and laboratory test data obtained from all borings conducted and
samples collected at the facility should be presented in one or more tables. The data in these tables that
represent the critical layers and compressible layers should be identified as such. Each record in the
table should be referenced to the laboratory testing data sheets, boring logs, or other appropriate source.

Topographic Maps

The summary and conclusions section should include one or more topographic maps of the facility that
show the location and identification of each boring and sample collection point at the facility. The
limits of the waste containment unit(s) should also be shown. These maps can be used to identify the
cross sections provided in the report, to show the lateral extent of each critical layer and each
compressible layer that exists at the facility, and to show the elevations of the temporal high phreatic
surfaces, and the elevations of the temporal high piezometric surfaces.
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Cross Sections

Cross sections should be included for each length and width of the grid created by the site
characterization borings. All borings that intersect each cross section should be shown in two cross
sections oriented roughly perpendicular to each other. Any additional borings that intercept the critical
layers or the compressible layers should aso be included on appropriate cross sections.

The cross sections should show the vertical and lateral limits of each soil unit using the Unified Soil
Classification System (USCS) or the American Association of State Highway and Transportation
Officias (AASHTO) unconsolidated material classification. The vertical and lateral limits of soil units
should be grouped together or further divided based on the characteristics that affect the geotechnical
and stability analyses. These characteristicsinclude, but are not limited to, shear strength,
compressibility, liquefaction potential, Atterberg limits (including liquidity index), corrected blow
counts, cone penetrometer data, and permeability. When samples have been taken from a boring, the
classification and characterization data obtained from the samples should be shown with the boring at
the sample elevation in each cross section that it appears. The critical layers and compressible layers
should be noted as such on the cross section, along with the temporal high phreatic and piezometric
surfaces that exist at the facility. The cross sections should show the proposed and/or existing vertical
and lateral limits of the facility excavation and engineered components as encountered by each cross
section.

Preliminary Investigation Results

This section of the report should include a discussion of the findings of the preliminary investigation and
the sources of information used. The information included in this section should describe evidence that
was found, if any, that indicates critical layers or compressible layers may exist in the area. It should
also include a summary of the evidence, if any, of historical mass movements of soil or bedrock
materials or settlement sufficient to cause damage at the facility or intheregion. If critical layers,
compressible layers, occurrences of mass movements of soil or bedrock materials, or landslides exist in
the region, then a discussion must be included to describe the steps taken to incorporate these findings
into the site characterization.

Site Char acterization Results

A summary of the activities, methods, and findings that resulted from the site characterization should be
included at the front of this section. A description of the information used to identify the possible
critical layers and the compressible layers designated for further investigation should be included in this
section. Also included in this section should be the information used to determine the temporal high
phreatic and piezometric surfaces. All data gathered during the site characterization and field testing
should be organized, tabbed, and included in this section. Thisincludes all boring logs for the
subsurface investigation, blow counts, field test results, and any other information used for defining the
potentially critical layers and the potentially compressible layers.
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Results of the Investigation of Critical Layersand Compressible Layers

A summary of the activities, methods, and findings that resulted from the investigation of potentially
critical layers and compressible layers should be included in the front of this section. This section
should aso include a detailed description of data that were relied upon and why they were used to
determine the lateral and vertical extent and characteristics of the critical layers and the compressible
layers. This section should include the methodologies used for |aboratory testing, and a discussion that
identifies the criteria used to determine the meaning of each test. The laboratory sheets and field data
sheets created during sampling and analyses of the critical layers and the compressible layers should be

organized, tabbed, and included in this section.

CONDUCTING THE INVESTIGATION

Preliminary Investigation

The purpose of a preliminary investigation isto
gather existing information regarding in situ soils
and bedrock material strengths, liquefaction
potential, and compressibility of the soils from the
facility and the surrounding region. All potential
sources of information should be checked for
evidence of landslides, mass movements of soil

material or bedrock, strength data, and stratigraphy.

Many potential sources for thisinformation exist,
such as:

' Field reconnaissance, including asite
walkover and field mapping,

' Existing site information such as boring logs,
open excavations, and utilities installations,

' L ocal sources such as the health department,
soil and water conservation districts, building
inspection departments, the county auditor’s
office, and local newspaper articles,

Site topography can reveal evidence of historic slope
failures and the potential for failures occurring. For
example, some indications that downslope movement
has occurred or is occurring include:

L eaning trees, telephone poles, and fence lines,
Sections of roads, fences, or telephone lines that
are displaced relative to others on either side,
Hummocks of grass and vegetation that look like
rumpled carpet at the toe of slopes,

Surface springs or artesian wells,

Flood plain (alluvium) or erosion deposits
(colluvium),

1 Cracks near the shoulder of a slope running
roughly parallel to the toe of the slope,

Cracks that when viewed from a distance create an
inverted arc,

The existence of near vertical escarpments, and
Aeria photographs that show what appears to be a
flow of material down and away from an elevated
area

1+ State sources such as the Ohio Department of Natural Resources (ODNR's), Division of
Geological Survey and Division of Mineral Resources Management, the Department of

Transportation (ODOT), Ohio EPA,

' Federal sources such as the United States Department of Agriculture (USDA), the Natura
Resources Conservation Service under USDA, and the United States Geologica Survey (USGS).
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These and other sources can provide information such as aerial photographs, boring logs, and reported
incidences of mass movements of bedrock and soil material that may have occurred in the area.
Information about the soil stratigraphy in the area can also be gained from these types of sources.

During the preliminary investigation, existing field and laboratory test data from the site might be
obtained. When this happens, the data must be evaluated to determine if they were appropriately
validated and are thus till usable. This evaluation can be done by applying many of the same
procedures to the data as they are discussed later in this chapter and in Chapter 4. If the data are valid
and applicable, they can be used, as appropriate, along with newly acquired data. However, any data that
cannot be verified to be valid and reliable must be excluded for use.

Site Characterization and Screening

The purpose of site characterization and screening is

to identify the temporal high phreatic surfaces, the Besides gravity, water is one of the most important

factorsin stability. Water can affect stability in at

temporal high piezometric surfaces, and thevertical | |east five ways:

and lateral extent of all potentially critical layers,

and all potentially compressible layers. Site 1. Reduces shear strength,
characterization and screening are generally 2. Changesthe mineral constituents through

performed using investigation and sampling 3 gﬁ%ﬁ tﬂfﬂfggﬁ?l Lo

methods that produce lower quality data. The data 4. Generates pore pressures, and
obtained are often well-suited for comparing G e o

relative characteristics of different soils, but are
unreliable for determining the best obtainable
definitive measurement of any given characteristic.

The areas to be investigated should include the soil units from the original ground surfaceto at least 50
feet below the depth of the deepest excavation proposed at the facility. Extending the investigation
deeper to ensure the facility will remain stable may be necessary, especially when evidence exists of
critical layers or compressible layers more than 50 feet below the deepest excavation. All phreatic
surfaces and piezometric surfaces that are likely to affect the stability of the facility must be identified,
regardless of the depth or materials associated with the surfaces.

Critical layers may be relatively thin. The site characterization should be planned and conducted so that
all critical layerswill be found, even if they are only afew inchesthick. Critical layers may be only
part of asingle broader stratigraphic or hydrogeologic soil unit. Averaging of strength values across part
or al of asoil unit is unacceptable because it may mask the lower strength values of the critical layer(s)
within a soil unit.

Averaging the characteristics of compressible layers should also be avoided so that differential and total
settlement can be properly estimated. Enough valid data must be provided to ensure the identification of
all critical layers and compressible layers and all temporal high phreatic and piezometric surfaces that
may affect the stability of the facility. To accomplish this, initial exploratory borings should be
performed at a minimum frequency of one (1) boring for every four (4) acres on afairly uniform grid
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acrossthe facility. Thisisto help ensure the data gathered
are representative and increase the likelihood that local
geological discontinuities are discovered. Borings may be
moved laterally from the grid to accommodate site
topography and features. Site-specific knowledge should
always be used to enhance the site investigation. Some
borings must be conducted near areas of a site where
engineered components will be placed that may be
especialy sensitive to settlement (e.g., landfill sumps,
shallow grade piping, waste water outlet structures, or dikes
having relatively little freeboard).

A lower frequency of borings may be acceptable to Ohio
EPA at facilities that have comprehensive and reliable
information from the preliminary investigation and
information from existing or confirmatory site borings that
demonstrate that soil materials at the facility are uniformin
liquefaction potential, shear strength, and compressibility.
Sitesthat have little preliminary investigation data available,
exist in areas where landslides or mass movements of soil
materials have occurred, or have evidence of variable soil
characteristics will likely be required to increase the
frequency of borings. Additional borings may also be
necessary to define the lateral and vertical extent of potential
critical and compressible layers adequately.

Figure 3-1 Drill rig and operator conducting a
standard penetration test (SPT).

Except as modified in this policy or in the Ohio
Administrative Code, the procedure for exploratory
borings should follow ASTM D 420 “Guide to Site
Characterization for Engineering, Design, and
Construction Purposes.” Standard penetration tests
(SPTs) with corrected blow counts, CPTSs, or another
method should be conducted in each boring. To find
thin critical layers, initial exploratory borings
conducted on a grid pattern should be sampled and
logged continuously for aminimum of 50 feet below the
elevation of the deepest excavation (see Table 3 on page
3-9). Borings may need to be sampled and logged
continuously even deeper if evidence exists indicating

In some cases, it is hecessary to stabilize a
borehole due to heaving soils. The use of
hollow-stem augers, or drilling mud has been
proven effective for stabilizing a borehole
without affecting the blow counts from a standard
penetration test. Casing off the borehole asit is
advanced has also been used, but it has been
found that for non-cohesive soils, such as sands,
it has an adverse effect on the standard
penetration test results (Edil, 2002).

that deeper critical layers or compressible layers may affect the stability of the waste containment

facility.

If CPTs are used, though blow counts will not be measured, the other physical testing discussed below
will still need to be performed during the investigation of the critical layers and the compressible layers.
If hydrological data are not otherwise available, temporal high phreatic and piezometric surfaces must be
determined in relation to the local soil stratigraphy via piezometers, on-site groundwater monitoring

wells, or other field methods.
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Investigating Critical Layersand Compressible Layers

Oncethe critical layers and compressible layers

are located, additional borings may be needed to Residual soil and weathered bedrock can be weakened
obtain samples of each layer, to determine the by preexisting discontinuities such as faults, bedding
lateral and vertical extent of each layer, and to surfaces, foliations, cleavages, sheared zones, relict
define the range of shear strengths and joints, and soil dikes. Relict joints and structuresin
compressibility parameters, along with other re@i dual ;oi Is often lose shear .strength when satur_atgd.
characteristics that may affect the stability of a Slickensided seams or week dikes may &lso preexistin
facility. To accomplish this, a representative residual soil and westhered rock slopes. Faults,
number of samples of each critical layer and sie It senles el Lol Uar e da 1o
compressible layer must be collected and analyzed more influence on rock stability than soil stability.
When borings, in addition to those performed

during the site characterization and screening, are

being conducted specifically to obtain samples of

critical layers or compressible layers, logging is not required beyond what is necessary to ensure that
samples are being collected from the targeted critical layers and compressible layers.

Characterizing critical layersis generally accomplished using investigation and sampling methods that
produce higher quality data. The data obtained are well-suited for determining the best obtainable
definitive measurement of any given characteristic. To provide enough accurate and reliable higher
guality data to characterize afacility adequately, undisturbed samples from each critical layer and each
compressible layer encountered should be collected and laboratory tested from at least ten (10) percent
of the borings passing through such layers, or a minimum of three (3) undisturbed samples from each
critical layer and each compressible layer should be collected and laboratory tested, whichever is
greater.

If CPT data or other valid definitive field shear strength data can be used to identify the critical layer(s),
and if for analytical purposes, it can be appropriately assumed that the weakest layer exists under the
entire facility, then undisturbed samples from only the weakest critical layer need be collected and
analyzed, unless evidence suggests doing otherwise. However, consolidation parameters must be
obtained from all compressible layers to anayze differential settlement properly. The lateral and vertical
extent of each critical layer and each compressible layer are to be defined based on results of testing and
the location of borings.

Laboratory testing and analyses should include, but are not limited to, determining Atterberg limits
(including liquidity index), grain size distribution, natural moisture content, dry density, soil
classification, consolidation parameters, and shear strength testing. The stress history and existing
overburden stresses experienced by each sample while in situ must be taken into account during shear
testing. Consolidation testing must be conducted to provide information for estimating immediate
settlement, primary settlement, and secondary settlement associated with the facility and its underlying
soils (see Chapter 4 for more details about testing methods).

In addition to testing critical layers and compressible layers, it is recommended that any soils that are
identified for use as structural fill or recompacted soil layers be tested during the site investigation. The
testing should be conducted at the lowest density and the highest moisture content that is likely to be
specified for use during construction. Care should be taken to ensure that soils expected to exhibit the
weakest shear strengths are included in the testing. Thiswill allow the use of appropriate values for the
shear strength of structural fill and recompacted soil components during stability analyses.
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Table 2. An example subsurface investigation report table of contents.

Section No. Section Title
1.0 Summary and Conclusions
11 Site Description
12 Rationale of Investigation
13 Assumptions
14 Methodologies
15 Description of Critical Layers due to Shear Strength
16 Description of Critical Layers due to Liquefaction Potential
17 Description Compressible Layers
18 Tables
1.9 Figures
110 Topographical Maps
111 Cross sections
20 Preliminary Investigation Results
21 Results and Conclusions of the Preliminary Investigation
22 Description of the Preliminary Investigation
3.0 Site Characterization
31 Results and Conclusions of the Site Characterization and Screening
32 Description of Site Characterization and Screening
33 Field Test Results
Tab FT1 Field Test Type 1
Results
Methods
Tab FT #... Field Test Type#...
Results
Methods
4.0 Investigation of Critical and Compressible Layers
41 Laboratory Test Results
TabLT1 Laboratory Test Type 1
Results
Methods, QA/QC, Data Validation, etc.
Tab LT #... Test Type#...
Results
Methods, Laboratory QA/QC, Data Validation, etc.
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Table 3. An example boring |og.

OHIO LANDFILL
LOG OF BORING NO._SPT-3
COORDINATES
- — N 2418.60 E 4159.13
@ g £
S ’,f H* © > SURFACE EL: 681.08
4 ~ [} ~ (]
R - > 0
| 2 | ¢ g 810
3 ) < = o 7} ] .
2 Qo n = o z|lx | D Description
680 H |1 SPT 2 2 213 4 | 19 | ML |Top soil soft orange-brown, moist to wet, no laminations, silt
and clay w/ trace fine sand
| | | 2 SPT 3 7 |11 ] 14 | 18 | 23 | CL |tiff to very stiff, orange-brown and gray, moist, mottling no
laminations, silt some clay trace fine sand and gravel
L & 3 SPT 5 9 |12 118 |29 | 20 | ML |sameasabovelessclay
| | | | 4 SPT 4 |16 | 8 |13]|18 | 20 | CL |sameasabovemoreclay
L 10 H 5 SPT 5 6 | 8 |11 | 17 | 23 | CL |same asabove more clay
670 | | | | 6 SPT 4 4 4 4 9 | 24 | CL |tiff, orange-brown and yellow-brown, wet, no mottling
laminations, silt and very fine sand trace clay
| | | 7 SPT 2 14|17 |15]12 | 24 | CL |stiff, orange-brown and yellow-brown, wet, mottled, silt some
clay trace fine sand and gravel
M 15
| | | | 8 SPT 9 |10 |11 |18 | 22 | 24 | CL |sameasabove
| | |1 9 SPT 4 16 7 9 | 13 | 24 | CH |tiff, red-brown, laminated, moist, clay trace silt, highly plastic
| | | | 10 SPT 2131313 6 | 24 | SC |loose, yellow brown sand, wet
1 20
660 | | | | 11 SPT 2 2 3 2 5 | 24 | SC |sameasabove
| | || 12 SPT 2 2 2 2 4 | 24 | CH |soft, yellow brown silt, laminated with red brown clay, moist to
wet, highly plastic.
. 13 SPT 50 | - - - - - refusal
Date Project Began: 12- 3-97 ground water elev:__ 662 Date; 12- 7-97 notes: (boring continues)
Date Project Ended: 12-12-97 ground water elev: Date: Below 5' N has been normalized
Field Geologist: CLW Drilling method: 4 1/4" 1.D. H.S. Auger with continuous using a method recommended in
standard split spoon sampling w/liner, w/standard safety Peck Hansen and Thornburn, 1974
Checked By: FTR hammer.
N = N4, 0.77109,,(20/ overburden pressure

Note: Shelby tube samples should be taken from the layers with relatively lower blow counts at the site and from layers with
compressible materials present.

Note: Though Shelby tube samples of the loose sand at 20" are not necessary, the sand layer would be considered a compressible materia to be
taken into account during settlement analysis. In thisinstance, immediate settlement of the sand would be the primary concern.

Note: If anonstandard sampler or nonstandard hammer was used, the characteristics of the nonstandard equipment must be described.
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CHAPTER 4

MATERIALSTESTING PROGRAM METHODS AND ASSUMPTIONS

This chapter provides information to use when conducting or reviewing testing results that will be used
in geotechnical and stability analyses for a waste containment facility in Ohio. It aso addresses selecting
appropriate test results for materials and interfaces that will be used for design or construction.

At aminimum, testing of in situ soil materials must occur during the subsurface investigation when
preparing to design a waste containment facility. Testing of soil materials that will be used for structural
fill, recompacted soil layers, and other engineered components can be conducted during the subsurface
investigation (recommended) or as conformance testing before construction. Testing of the interface
shear strengths of geosynthetics and the internal shear strengths of geosynthetic clay liners (GCL), is
likely to occur as conformance testing. Thisis due to frequent changes in geosynthetic materials on the
market and the time between design and construction. However, designers may want to evaluate their
designs against appropriate test results for typical materials that are available. Thiswill allow the
designer to evaluate the likelihood that appropriate materials will be available when needed.

It is expected that the appropriate ASTM test methods or other applicable standards will be followed
whenever testing of materialsis being performed. When using approved test methods, ensure the testing
apparatuses and the specimens are prepared and used so that the test results are appropriately
conservative in representing the field conditions in which the soils and geosynthetics will be used.
Common tests used during geotechnical investigations addressed in this chapter are:

For soils;

' Standard Test Method for Direct Shear Test of Soils Under Consolidated Drained Conditions
(ASTM D 3080),

+  Standard Test Method for Unconsolidated-Undrained Triaxial Compression Test on Cohesive Soils
(ASTM D 2850),

+  Standard Test Method for Unconfined Compressive Strength of Cohesive Soil (ASTM D 2166),

+  Standard Test Method for Consolidated-Undrained Triaxial Compression Test for Cohesive Soils
(ASTM D 4767), and

+  Standard Test Method for One-Dimensional Consolidation Properties of Soils (ASTM D 2435).
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For interface testing;

+  Standard Test Method for Determining the Coefficient of Soil and Geosynthetic or Geosynthetic
and Geosynthetic Friction by the Direct Shear Method (ASTM D 5321), and

+  Standard Test Method for Determining the Internal and Interface Shear Resistance of Geosynthetic
Clay Liner by the Direct Shear Method (ASTM D 6243).

GENERAL CRITERIA FOR MODELING SITE
CONDITIONSWHEN PREPARING SAMPLES
AND RUNNING TESTS

In 1974, Ladd stated, “ The results of research
have shown that major variations in strength
can be caused by sample disturbance, strength
anisotropy, and strain-rate effects. None of
these effectsis explicitly included in present
design practice. The reason the present
methods generally work is that the variations
frequently tend to be self-compensating. Itis
therefore quite possible for the resulting design
to be either unsafe or overly conservative,
particularly in view of the large scatter often
found in triaxial test data.” Additional research
since then has continued to confirm these
findings (e.g., Jamiolkowski, et al, 1985).

Failure planes propagate through the materials
and interfaces that exhibit the weakest shear
strength at any given loading. The materials
and interfaces that are the weakest are likely to
change as the normal load and displacement
changes. Asaresult, failure planes may
propagate through several different interfaces
and materials. At many waste containment
facilities, alarge array of materials and
combinations of materials often exist under
varying normal |oads that need to be evaluated
for shear strength. Furthermore, waste
containment facilities can have widely varying
site conditions that may affect the applicability
and/or validity of testing results, and the site
conditions are likely to change over time.
Because of these variables, it is extremely
important to ensure that samples of soil and

Factor s Affecting the Validity and Accuracy
of Soil Shear Strength Testing

The commonly used unconfined compression tests and
unconsolidated-undrained triaxial compression tests tend to
produce values of undrained shear strengths that exceed
field values because of the triaxial compression stress
condition and the high strain rate used (60%/hr). However,
sample disturbance, on the other hand, tends to cause lower
values of undrained shear strength provided that drying of
the sample is avoided. These effects may compensate each
other and yield a reasonable average design shear strength.
However, the method is highly empirical and these
compensating factors are not controlled or controllable, but
in practice, the disturbance effects can be greater than the
testing effects and thus the resulting undrained shear
strengths are often conservative. The situation is further
confused by the tendency for sample disturbance effects to
increase with depth and to obscure shear strength variations
in the profile. Sample disturbance typically underestimates
the undrained shear strength of a sample from 20 to 50%.
Stress-strain anisotropy can cause differences between the
undrained shear strength obtained by different teststo vary
by afactor of 1.5t0 2.5. For triaxial compression tests, each
log cycle decreasein strain rate is typically accompanied by
a 10 to 15% decrease in undrained shear strength. For
highly plastic, creep susceptible clays, triaxial compression
strength obtained from consolidated samples failed at an
axial strain rate of 60%/hr (typical for UU triaxial and
Unconfined Compression tests) can be 1.2 to 1.3 times the
shear strength obtained at 0.5%/hr (typical for CU triaxial
tests w/pore water pressure measurement) (Quoted and
adapted from Ladd, 1974). The variability discussed by
Ladd islargely independent of the triaxial compression test
conducted and thus is inherent in the variability of soil
material properties and the difficulties experienced during
sampling. Asaresult, variations in values of undrained
shear strength are still found in testing today (Stark, 2002).

construction materials are prepared and tested so that they conservatively represent the expected worst-
case field conditions for each facility-specific design.
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It isimportant to model failure surface propagation
through a composite system at varying normal
loads. To do this, theindividual failure envel opes
of each material and interface in the composite
system can be plotted on one shear stressvs.
normal stress graph. The weakest compound
envelope (see Figur e 4-1) can then be determined
and used for calculating or verifying the stability of
the composite system (see Conformance Testing
starting on page 4-15 for more details).

At some facilities, the shear strength of a material
cannot be ascertained through laboratory testing.
Using empirical relationships then becomes the
only aternative. On the rare occasion that thisis
necessary, the theoretical or empirical correlation
that produces the weakest reasonabl e estimate of
the shear strength should be used. For example,
when using correlations between liquid limit and
shear strength, the highest liquid limit measured
that is representative of the soil unit should be used

Peak Shear Strength Envelope

Interface 1
- — Interface 2
—-— Interface 3
mmmm Composite Envelope

Shear Strength

Normal Load

Figure 4-1 Example of acompound peak shear strength
envelope for a multi-layered engineered component of a
waste containment facility.

to estimate the shear strength, instead of averaging a number of liquid limits from several samples.

In situ foundation materials and project-specific
materials must be tested for internal and interface
shear strengths over the entire range of normal
stresses that will be encountered by the materials
and interfaces for agiven design. The range of
normal stresses that need to be evaluated can be
extensive, varying from low values at the
perimeter of afacility to much higher values under
the deepest areas of afacility. For cover systems,
this range includes the low normal stresses caused
by the cap materials and any additional stresses
that may be induced by surface water diversion
benches, roads, or other structures constructed
above the cover system, and equipment.

If areasonable expectation exists that at a future time
the waste containment facility may be expanded in a
manner that will increase the normal stresses associated
with the facility, then the responsible party should
ensure that materials and interfaces selected for
construction are tested at the higher normal loads.
Otherwise, future expansion may be precluded because
it will be unknown if the existing materials can maintain
stability under the higher normal loads, and the
materials that were used may no longer be
manufactured or otherwise available for testing.

Shear strength tests are performed by shearing different specimens of the same material or interface at
three to five different normal loads to develop the failure envelope. For each test, at |east one specimen
should be sheared at aload that is as near as possible, or preferably below, the lowest expected normal
stress that will be experienced by the material or interface in the field. One specimen should be sheared
at aload that is at least 110 percent of the maximum normal stress expected to be experienced by the
materia or interface in the field. The remaining specimens should be sheared at normal 1oads well

distributed between the low and high loads.
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Care must be taken to prevent damage or changes to undisturbed samples that would invalidate test

results. For example:

+  Undisturbed samples of soil should be sealed in moisture-proof containers immediately after

collection.

+  During shipping, the samples should be protected from vibration, shock, and extreme heat or cold
in accordance with ASTM D 4220, “ Standard Practices for Preserving and Transporting Soil

Samples.”

+  Preparation of undisturbed specimens should be conducted in an environment that will minimize
the gain or loss of moisture, disturbances, and changes in cross sections.

The hydration necessary for determining the shear
strength of in situ materials is dependant upon
site-specific conditions. Any fine-grained material
that is currently, or may become, saturated in the
field should be tested for undrained shear strength
in afully saturated condition using the UU triaxial
compression test. It istypically assumed that fine-
grained in situ materials are or will be saturated.
For rare cases when fine-grained in situ materials
are not saturated and are unlikely to become
saturated in the field, an effective stress analysis
using drained shear strengths may be conducted
using the CU triaxial compression test with pore

“...the shear strength of agiven soil is also dependent
upon the degree of saturation, which may vary with
timeinthefield. Because of the difficulties
encountered in assessing test data from unsaturated
samples, it isrecommended that laboratory test samples
be saturated prior to shearing in order to measure the
minimum shear strengths. Unsaturated samples should
only be tested when it is possible to smulate in the
laboratory the exact field saturation (that is matric
suction) and loading conditions relevant to the design.”
(Abramson, et al, pp 270)

water pressure measurements and the appropriate site-specific range of normal loads.

The procedures specified in each test method must be followed closely. Other procedures such as setting
the rate of the shear stress and the amount of confining stress should be selected carefully to mimic field
conditions as much as possible and to avoid obtaining questionable results.

REPORTING

Theresults of all materials testing completed during the design of the waste containment facility should
be included in the subsurface investigation report. The subsurface

investigation report is described in Chapter 3. At a minimum, the
following information about materials testing results should be

reported to Ohio EPA whenever it is conducted:

+ A narrative and tabular summary of the scope, extent, and

findings of the materials testing,

+ A description of collection and transport procedures for samples,

In addition to the other items
included in this chapter, when
reporting the results of
conformance testing, include a
comparison of the test results
with the requirements contained
in rule, the authorizing
document, and the assumptions
used in the geotechnical and
stability analyses, whichever is
applicable.
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i+ Thetest setup parameters and protocols for each test,

1+ The specimen preparation and pre-test characterization used in each test,

+  Theintermediate data created during each test,

1 The results of each test, and

+  Any figures, drawings, or references relied upon during the analysis marked to show how they

relate to the facility.

STANDARD TEST METHOD FOR DIRECT SHEAR TEST OF SOILS UNDER CONSOLIDATED DRAINED

CONDITIONS (ASTM D 3080)

Recommended Uses

The test results from this method are used to assess the
shear strength of the material in afield situation where
consolidation has occurred under existing normal
stresses and No excess pore water pressure is expected
to develop during construction or placement of loads
on the material. Examples of components that may be
tested using this method are granular drainage layers
and soils that will be used for structural fill.

The direct shear device consists of two metal
boxes, or “frames,” oriented so their open sides
face each other. A specimen isplacedin the
direct shear device and consolidated using a
normal compressive load representative of field
loading conditions. Then one frameis displaced
horizontally while the other frame remains at rest.
The displacement must be at a constant rate
resulting in the ability to measure the shearing
force and horizontal displacements during the
shearing process.

Thistest is not usually used when trying to determine the drained shear strength of fine-grained
cohesive soils, such asin situ foundation soils or recompacted soil liners. Several reasons for this are:

+  The consolidation of the specimen and the shear rate during testing must be performed very slowly
for these types of materialsto ensure that the soil specimen remainsin a drained condition during
thetest. This makes the test inconvenient and often expensive for testing fine-grained cohesive

soils.

+  Theresults of thistest may not be applicable to fine-grained cohesive in situ foundation soils and
recompacted soil layers that will be subjected to high normal loads after they are constructed. This
is because the loading experienced by these layers during construction and operations can cause

€XCcess pore water pressure to develop.

+  During thetest, arotation of principal stresses occurs that may not model field conditions.

+  Theweakest failure plane through the material may not be identified because the test forces the
failure plane to be horizontal through the middle of the specimen.

Ohio EPA recommends using triaxial compression testing methods for determining the drained and

undrained shear strengths of fine-grained cohesive soils.
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The testing must be continued until aresidual shear
strength is determined or can be conservatively
estimated. For slopes that will be permanently loaded
with less than 1,440 psf (i.e., final cap), determining the
residual shear strength may not be necessary. However,
it should be carefully considered whether knowing the
residual shear strength of such a slope will be needed in
the future and if it is appropriate for use in current design
analysis.

occurred. As

be repeatedly

specimen can

Data Validation

Numerous parameters exist that can be checked to verify

Residual shear strength should be achieved or
able to be conservatively estimated once the full
displacement of the direct shear device has

an alternative, especially for

designswhereit iscritical to know the residual
shear strength of amaterial, the shear device can

returned to zero displacement

without disturbing the specimen, and the

be sheared again at the same

normal load. Another aternativeisto usea
torsion ring shear device to determine residual
shear strength for soils and many types of
interfaces (Stark and Poeppel, 1994).

that the test was performed correctly resulting in valid data. Some of these parameters are:

+  Adherence to the maximum particle size restrictions of this method.
If these size restrictions are not used, then the ASTM method
requires that the grain size distribution of the specimen be reported
with the shear test results.

+  Remolded specimens may be adequate to assess the shear strength
of structural fill and recompacted soil materials. However, to
ensure that the results are applicable to the design or construction of
the facility, the materials should be remolded to represent the
lowest density and highest moisture content specified during
construction, and materials should be chosen from the soils

Exceeding the maximum
grain size restrictions of the
method may result in erratic
and inaccurate test results,
due to interference with shear
plane development and scale
effects created by shearing
the larger particles. (ASTM
D 3080)

expected to exhibit the lowest shear strengths at those specifications.

STANDARD TEST METHOD FOR UNCONSOLIDATED-UNDRAINED TRIAXIAL COMPRESSION TEST ON

COHESIVE SOILS(ASTM D 2850)

Recommended Uses

Thistest is used to determine the undrained shear strength of soil. It
is applicable to situations where fine-grained soilswill beina
saturated condition and loading is expected to take place at arate
that overwhelms the ability of the soil materialsto dissipate excess
pore water pressure.

If specimens are saturated at the beginning of thistest, it isunlikely
that consolidation will take place because the drainage lines are
closed, allowing the undrained shear strength to be determined. The
undrained shear strength of severa similar specimenswill be
approximately the same at different normal loads, resulting in an

46

During atriaxial compression test,
acylindrical specimen that is
wrapped in amembraneis placed
into the triaxial chamber, which
consists of atop and bottom plate
with a stiff walled cylinder in
between. A confining pressure
using fluid and air is created
within the traxial chamber. The
specimen is then subjected to an
axial load until the specimen fails.
No drainage is alowed to occur

during the test.
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internal angle of friction of zero. This shear strength measurement should be representative of field
conditions that exist when afine-grained soil material is experiencing excess pore water pressure. Ohio
EPA recommends the use of this test when fine-grained soils exist at afacility that are or may become

saturated.

If specimens are partially saturated at the beginning of this test,
compaction (densification by expelling air) will occur before
shearing. The shear strength exhibited by the specimen will be
different at different normal loads, resulting in an angle of
friction greater than zero. The shear strength exhibited by the
specimen will be applicable only when the soils represented by
the specimen exist in the field at the same saturation as the
specimen and are subjected to the same range of normal |oads
asthose used in thetest. Thisisunlikely to occur at most
facilities that have in situ fine-grained soils in their foundation.
For example, afine-grained soil sample collected in August
may have a saturation of 75 percent and exhibit a higher shear
strength than the same sample if it were collected in April,
when it may have a much higher level of saturation. Partially
saturated specimens should not be used for determining the

Undrained shear strength testing is
appropriate when the field conditions
are such that the loading rate allows
insufficient time for induced pore water
pressures to dissipate, reducing the
shear strength of the materials.
Accepted practice isto assumein situ
clay materials will be saturated for the
purposes of shear strength testing,
unless site investigation provides a
conclusive determination that they are
not currently saturated and will not
become saturated at any point during
construction, operations, or closure of
the waste containment facility.

shear strength of in situ foundation soils using the UU triaxial compression test. Thisis because the
conditions represented by the partially saturated specimen are unlikely to represent worst-case

conditions that are reasonably expected to occur.

Data Validation

A comparison of the pretest density and moisture content vs. the post-test density and moisture content
should show that little or no change has occurred, and thus the specimen was saturated at the start of

testing.

It is expected that any given specimen of soil will exhibit a similar undrained shear strength despite the
normal stress used during the test. However, due to variability in the accuracy and precision of the test
procedure, Ohio EPA recommends multiple specimens of the same soil be sheared at different normal

|oads as confirmation.

STANDARD TEST METHOD FOR UNCONFINED COMPRESSIVE
STRENGTH OF COHESIVE SOIL (ASTM D 2166)

Recommended Uses

Thistest is used to obtain a rapid approximation of the undrained
shear strength for saturated fine-grained cohesive soils. It can be

conducted on undisturbed, remolded, or compacted specimens.

Thistest isrun by placing atrimmed
specimen of soil between two
platens. The specimen is not
wrapped or confined in any way.
Theloading platen islowered at a
constant speed until the specimen
shears. Both the displacement and
the shear force are recorded.
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Thistest is not appropriate for dry or cohesionless soils. If thistest is used, the saturation of each
specimen before beginning the test must be reported.

If the specimen is completely saturated at the beginning of the test, the results approximate undrained
shear strength of the specimen. If the specimen isonly partially saturated, then the results approximate
the total stressanalysis, similar to conducting a UU Triaxial Compression test on a partially saturated
specimen.

ASTM D 2166 is not a substitute for ASTM D 2850. Ohio EPA recommends ASTM D 2850 be used to
develop more definitive data regarding undrained shear strength of cohesive soils. Because of the
speed, low cost, and potential inaccuracy of ASTM D 2166, Ohio EPA recommends using thistest asa
screening test to identify weak soil layers that should then have specimens tested using ASTM D 2850.
ASTM D 2166 results can also be used to augment the understanding of the shear strength of cohesive
soils at afacility in conjunction with the results of ASTM D 2850. To do this, the soil specimen must be
saturated and a confining membrane should be used around the specimen. ASTM D 2850 includes
testing at |east three specimens from each sample, thus producing at least three data points at three
different normal stresses. ASTM D 2166 involves testing only one specimen from each sample. Asa
result, ASTM D 2166 would need to be run three times for each sample under the preceding conditions
to produce the same number of data points as one test run in accordance with ASTM D 2850.

Data Validation

The saturation level of each specimen needs to be known to
determine whether the results are approximating undrained

shear strength or total stress analysis. The expulsion of water from the
specimen during compression indicates
No water should be expelled from the specimen during Uz ses s e He(aUlinets el
trimming or compression. If this occurs, the material must be oceurring. The consolidtion will
? . L increase the apparent shear strength of
tested using the UU triaxial compression test. the specimen, rendering the test results

unusable for undrained analyses.

Dry and crumbly soils, fissured or varved materials, silts, peats,
and sands cannot be tested with this method.

Multiple tests should be conducted for confirmation of
the results.

A sample of in situ fine-grained soil has been
subjected to overburden stresses from overlying

STANDARD TEST METHOD FOR CONSOLIDATED soils and possibly other geologic accurrences
) prior to retrieving it from the field. When a

4767) relieved, and the sample may also be disturbed.
To increase the representativeness of the shear

strength obtained from the CU triaxial test, itis
important that a specimen is sheared under

) . . . conditions that mimic, as closely as possible,
Thistest is used to determine the total stress, effective thein situ stresses.

stress, and axial compression of cohesive soils by
measuring axial load, axial deformation, and pore-water

Recommended Uses
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pressure. Thistest isto be conducted using undrained conditions, while measuring pore water pressure
to determine the drained shear strength of the specimen. The test is applicable to field conditions where
soils have been consolidated and are subjected to a change in stress without time for consolidation to
recur. To ensure that the test results are applicable to the design of the facility, the test should be run
using stress conditions that are similar to the expected worst-case field conditions for the facility. Ohio
EPA recommends the use of this test whenever in situ or compacted materials are partially saturated and
conclusive data shows that it is unlikely that excess pore water pressures will occur during construction
of the facility. Ohio EPA aso recommends using this test when stability of the waste containment
facility is being analyzed for the point in time when the pore water pressure in the materials has
dissipated (e.g., a staged loading sequence, the point in time after the maximum mass of the facility has
been placed and the pore water pressure has dissipated).

Data Validation

For the test results to be meaningful, the over consolidation ratio (OCR) of the specimen that existed at
the beginning of the test must be known. To accomplish this, the specimen must be reconsolidated back
toitsvirgin compression line. For specimens that were normally consolidated in situ, the OCR is equal
to unity. Therefore, the specimen can be sheared after consolidation back to an effective stress greater
than that experienced in situ. For specimens of overconsolidated in situ materials, the in situ OCR must
be calculated from the results of higher quality data such as those obtained from oedometer tests. The
specimen must be reconsolidated back to the virgin consolidation line, and then the effective stress
should be reduced to bring the specimen back to thein situ OCR. Once the OCR of the specimen in the
test apparatus matches that of the sample in situ, shearing can take place.

.The st.ress history of ez_;\ch sample must be Caref.UI ly Shear testing of quick clays and naturally cemented
investigated to determine how much consolidation | 4 ays are unlikely to exhibit normalized behavior

must occur to get the specimen to return to its becausse the structure of the soil is significantly altered
virgin compression curve. Usually, specimens will during consolidation to higher stresses. Varved clays
need to be consolidated between 1.5 and 4 times may also create difficultiesin properly estimating shear

P essu : strength due to the anisotropy of the soil (Ladd & Foott,
the in situ overburden pr re before shearing, 1974). For soils such asthese, several different types of

For samples that were overconsolidated in situ, the | 4 oo texts may be necessary, including the direct shear
apparatus stresses are then reduced so that the test, to determine the weakest shear plane.

OCR in the apparatusis equal to thein situ OCR.
The apparatus is set to the normal stress applicable
to the design of the facility and to record pore water pressure measurements. The specimen is then
sheared at a recommended rate of 0.5 percent to 1 percent axial strain/hr.

STANDARD TEST METHOD FOR ONE-DIMENSIONAL
CONSOLIDATION PROPERTIESOF SOILS(ASTM D 2435)

The test apparatus consists of acylindrical
dish that contains the specimen. A pistonis
pushed into the dish under aload to compress
Recommended Uses the specimen. The apparatus allows drainage
from the specimen asiit is being consolidated.
The displacement is measured during the test.

The consolidation (oedometer) test is used to determine the
rate of primary compression and secondary compression of
asoil. Thistest will provide the effective stress-void ratio
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(log s’-e curve), the swelling index (Cy), the compression index (C,), the preconsolidation pressure (s,,'),
the variation of the consolidation coefficient (C,) vs. effective stress (s’), and the secondary
compression coefficient (C,). The compressibility (M,), the permeability coefficient (k)*, void ratio vs.
effective stress plots, the average degree of consolidation as afunction of the time factor [U(T,)] vs.
sguare root of time plots, the void ratio vs. log pressure plots, and the dial reading vs. log time curves
should also be reported. The results of thistest can be used to evaluate the settlement that islikely to
occur under the design loads of a waste containment facility.

Data Validation

The test method assumes the following:

+  The specimen is saturated and has isotropic properties (i.e., the specimen tested must be
representative. The more variation encountered in a soil unit, the more samples that will need to be

tested),

+  The compressibility of soil particles and pore water is negligible compared to the compressibility of
the soil skeleton,

v Thestress-strain relationship is linear throughout the load increment,

+  Theratio of soil permeability to soil compressibility is constant throughout the load increment, and

+  Darcy’slaw for flow through porous media applies.

+  Thevoid ratio vslog time plot can be used to ensure that the consolidation made a transition from
primary to secondary before the next load was added. If no transition isvisible in the curve, then
check with the lab to find out why subsequent |oading was done before the transition into secondary

consolidation of the specimen had occurred.

+  Thevoid ratio vs. log pressure plot can be used to ensure that the void ratio decreased with each
new load. If it does not, then thisindicates a problem with the test.

If the above assumptions do not apply to the specimen, then this test method may not be appropriate for
the selected specimen.

Thetest results are strongly affected by the saturation of the specimen. Fully saturated specimens must
be used. The pre-test saturation level of each specimen must be determined and reported.

If more than one compressible layer exists at afacility, each layer should be tested to be able to calculate
the differential and total settlement for the facility properly. In addition, enough samples from each
compressible layer should be tested to be able to identify lateral and vertical differencesin consolidation

a Bardet, J., 1997, Experimental Soil Mechanics. Prentice-Hall, New Jersey. pp. 350.
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and compressibility parameters. For example, if the facility has alower glacial till that is partly overlain
by an upper lacustrine deposit, both layers should be tested to obtain an understanding of the lateral and
vertical variability of their respective consolidation/compressibility parameters.

The range of the applied stress during the test should cover from the lowest to the highest normal
stresses expected to be exerted by the facility.

During testing, the load should be changed after the consolidation caused by the current load reaches 100
percent. However, the load may be changed at convenient times if consolidation exceeds 90 percent for
the current load. Generally, each load isin place for 24 hours. For some soils, more than 24 hours under
each load may be necessary to alow complete consolidation to occur.

To be able to calcul ate secondary settlement, the load should be

intai , Obtaining the coefficient of
maintained at each stage for as long as necessary to determine the Sl

secondary compression through

secondary compression coefficient. testing is only necessary for plastic
materials. Published literature can

If excavations are to occur during the construction of the facility be used to estimate secondary

that will befilled later with water, waste, or other materials; or if compression coefficients for non-

plastic materialsif they are

the fagility will befilled and then cut duripg construction.or_ appropriately representztive of the
operations; one or more rebound cycles will be created within the non-plastic materials found at the
foundation soils. A description of the loading that identifies the site.

rebound cycles should be evaluated and communicated to the lab.
Thisis so the loads representing the cutting and filling can be
included in the testing.

Test results are affected by sample disturbance, affecting the preconsolidation pressure most
significantly. The specimen selection and preparation methods should not disturb the specimen any
more than is absolutely necessary when collecting and preparing the specimen for testing.

STANDARD TEST METHOD FOR DETERMINING THE COEFFICIENT OF SOIL AND GEOSYNTHETIC OR
GEOSYNTHETIC AND GEOSYNTHETIC FRICTION BY THE DIRECT SHEAR METHOD (ASTM D 5321)

Recommended Use The test is usually run within a“large

box” direct shear apparatus. A
Thistest is used to determine the shear resistance of a constant normal stress is applied to
geosynthetic against soil or another geosynthetic. Using site- ot seeTu T2 AT
specific geosynthetic material and remolded or undisturbed appliedto the apparatus.

specimens of soils from the waste containment facility is
important. Ohio EPA recommends using this test for determining
the peak shear strengths and residual shear strengths for al interfaces with a geosynthetic that are part
of the facility design. However, this test should not be used when testing GCL. Instead, use ASTM D
6243 when testing internal or interface shear strength of a GCL. Sometimes, Ohio EPA may require
composite systems containing multiple geosynthetic interfaces to be tested to determine which interface
or material will be the locus of the failure surface throughout the range of normal stresses expected in
thefield. Thismay entail using adirect shear device or other appropriate device to test specimens
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comprising al the layersin a composite system. For
example, if al of the peak shear strengths for each
interface and material are near each other, but awide
range of residual shear strengths exists, either the
lowest residual shear strength measured will need to be
used, or specimens comprising all thelayersin a
composite system will need to be tested.

The test must be continued until the residual shear
strength has been determined or can be conservatively
estimated. Sometimes, such as for geosynthetics with
maximum permanent loads less than 1,440 psf (e.g.,
final cap systems), determining the residual shear
strength may not be necessary. However, even here, it

Residual shear strength should be determined or
able to be conservatively estimated once the full
displacement of the direct shear device has
occurred. Asan alternative, especially for
designs whereit is critical to know the residual
shear strength of a material, the shear device can
be repeatedly returned to zero displacement
without disturbing the specimen, and the
specimen can be sheared again at the same
normal load. Another alternativeisto usea
torsion ring shear device to determine residual
shear strengths for many types of interfaces.
(Stark and Poeppel, 1994)

should be carefully considered whether knowing the residual shear strength of the interfacesis

necessary for current or future design needs.

Data Validation

To ensure the appropriateness of thistest, it must be set
up to represent the expected worst-case field
conditions. When testing interfaces between
geosynthetics and soils, careful consideration should be
given to the following:

+  Soils used during the test should be recompacted
using the highest moisture content and lowest
density specified during construction.

+  The soil selected should represent soils with the
lowest internal shear strength of the soils that will
be placed during construction.

Conformance testing of the internal and interface
shear strengths of construction materials must be
conducted prior to use to verify that they will
provide the shear strengths necessary to meet the
stability requirements of the design. Interface
testing is often not performed during design
testing, but is performed during conformance
testing due to the length of time from design to
construction and the changes that may occur in
materialsthat are available. However, at a
minimum, designers should review published
literature pertaining to the materials anticipated
for usein construction to ensure that it is likely
that they can meet the minimum required design
shear strengths. If no literature exists, thenitis
recommended that testing occur during the design
phase of aproject.

Shear strength tests of interfaces with a geomembrane should be conducted fully wetted. Thisis

performed by following the ASTM recommendation for

submerging the soil specimen before shearing or using a spray

bottle to wet the interface thoroughly.

Samples of geosynthetics used for testing interface shear strength
should be selected from the geosynthetic rolls that will be used at
the facility or from rolls that represent the materials that will be
used at the facility. Materials are considered representative if they
are from the same manufacturer, use the same raw materials, use

the same manufacturing process, and have the same
manufacturing specifications.

4-12

Interfaces with the top of aflexible
membrane liner (FML) become
wetted in the field either from
precipitation or from the liquids
contained by the unit. Interfaces with
the bottom of an FML become wetted
in the field from condensation and
from consolidation water.
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STANDARD TEST METHOD FOR DETERMINING THE INTERNAL AND INTERFACE SHEAR RESISTANCE
OF GEOSYNTHETIC CLAY LINER BY THE DIRECT SHEAR METHOD (ASTM D 6243)

Recommended Use . e
Thetest isusualy run within a“large

. . . . box” direct shear apparatus. A
Thistest is used to determine the shear resistance of a GCL constant normal stress is applied to

against soil or ageosynthetic. It isaso used to determine the the specimen while a shear forceis
internal shear strength of a GCL. Site-specific GCL, geosynthetic | applied to the apparatus.
materials, and undisturbed specimens of soils or specimens of
soils from the facility remolded using construction specifications
and then hydrated to mimic field conditions must be used. Ohio EPA recommends using this test for
determining the peak shear strengths and residual shear strengths of interfaces with GCL, and for
determining the internal peak shear strength and residual shear strength of a GCL.

The test must be continued until residual shear strength has been determined or can be conservatively
estimated.

Data Validation Residual shear strength should be determined or

able to be conservatively estimated once the full
The test must be set up and performed to represent the displacement of the direct shear device has

expected worst-case field conditions that will be occurred. As an alternative, especially for
experienced by the GCL. When testing GCL internal or | designswhereit iscritical to know the residual
interface shear strength, careful consideration should be | shear strength of a material, the shear device can
given to the following: be repeatedly returned to zero displacement
without disturbing the specimen, and the
: The soil selected should represent soilswiththe | SPecimen can be sheared again a the same
lowest internal shear strength of the soils that e e e e
the GCL will be placed in contact with during torsion ring shear, can also be considered for
. : determining residual shear strengths. (Stark and
construction and should be recompacted using Poeppel, 1994)
the highest moisture content and lowest density
specified during construction.

' Samples of geosynthetics that will create interfaces with the GCL should be selected from rolls of
materials that are representative of the materials that will be used at the facility. Materials are
considered representative if they are from actual rolls that will be used during construction. They
are also considered representative samples if they are collected from rolls that are from the same
manufacturer, use the same raw materials, use the same manufacturing process, have the same
manufacturing specifications, and are selected from rolls that will create the weakest interfaces.

' Samples of GCLs should be selected from rolls of materials that are representative of the
materials that will be used at the facility. Materials are considered representative if they are from
actual rollsthat will be used during construction. They are also considered representative
samplesif they are collected from rolls that are from the same manufacturer, use the same raw
materials, use the same manufacturing process, have the same manufacturing specifications, and
are selected from rollsthat will create the weakest interfaces or the weakest internal shear
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strength. 1f needle punched GCL is selected for
testing, the test specimen should have a peel
strength similar to the lowest peel strength sold
by the manufacturer (15 pounds with ASTM D
4632 or 2.5 ppi with ASTM D 6496 isthe
typical minimum average roll value accepted in
the United States) or the lowest peel strength
specified for use during construction at the
facility. An example of thiswould be choosing
samples of needle punched GCL from aroll
created just before replacing the needles.

The hydrating of GCL test specimens should be
preformed by submerging the GCL specimen at
anormal seating load approximately equivalent
to theinitial load placed on the GCL in thefield
(e.g., 0.8 psi for aone foot drainage layer with a
120 pcf gravel). ASTM D 6243 requires that
the swelling of the specimen come to

An accelerated hydration procedure can be used
to reduce the in-device time for GCL specimens
to reach hydration time (Fox et al. 1998a).
According to this method, a GCL specimenis
hydrated outside of the shearing device for two
days under avery low normal stress (-1 kPa) by
adding just enough water to reach the expected
final hydration water content (estimated from
previous tests). The specimen is then placed in
the shearing device and hydrated with free access
to water for two additional days under the desired
(normal sesting load) s ;.. Most GCL specimens
attain equilibrium in less than 24 hours using this
procedure (Fox et al. 19983, Triplett and Fox
2001) (Fox et al. 2004).

equilibrium before beginning to load the test specimen. A GCL can be considered fully hydrated
when swelling has slowed to less than a five percent change in thickness in twelve hours (Gilbert

etal., 1997).

The loading of GCL test specimens from the hydration normal stress to the shearing normal
stress should be performed in a manner that allows time for the specimens to consolidate. If
insufficient time is allowed between loading increments, bentonite will extrude from the
specimen. If insufficient timeisallowed for the final load to consolidate, excess pore pressures
will remain in the specimen at the start of shearing. These improper loading procedures will
produce inaccurate results. A normal stress increment of no more than 50% every half-day (e.g.,
0.8 psi, 1.2 psi, 1.8 psi...) hasresulted in successful consolidation. If bentonite extrudes from
the specimen during loading, the test should be repeated with alower normal stress increment.

The rate of shear displacement for shear strength tests of interfaces with a GCL should be slow
enough so that insignificant excess pore water pressure exists at failure. However, the rate of
shear displacement should not exceed 1.0 millimeters per minute (mm/min) until the shear box

traverses its maximum length.

Most studies indicate that internal shear strength increases with increasing displacement rate,
although some key studies have produced contradictory results. Until thisissueisresolved, a
maximum displacement rate of 0.1 mm/min is recommended for GCL internal shear tests. It
should be noted that some data sets indicate that an even slower displacement rate is necessary.
More research is needed on thisissue (Fox et al., 2004).

A falled GCL or GCL interface test specimen should be inspected after shearing to assess the
surface(s) on which failure occurred and the general nature of the failure. Unusual distortion or

tearing of the specimen should be recorded and may indicate problems with the gripping system.
The condition of the geosynthetics at the end clamps (if present) should also be recorded.
Evidence of high tensile forces at the clamps, such as tearing or necking of the geosynthetics, is
an indication that progressive failure probably occurred during the test. Depending on the extent
of localized distress, such atest may be invalid and may need to be repeated using an improved
gripping system (Fox et al., 2004).
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CONFORMANCE TESTING

Conformance testing is conducted on materials that will be used for constructing a waste containment
facility. Conformance testing is used to verify that the materials being used during construction will
exhibit the internal and/or interface shear strengths necessary to provide the minimum required factors of
safety approved by Ohio EPA. The shear strengths of in situ foundation and construction materials must
be verified by comparing the results of the conformance testing with the shear strengths specified in the
authorizing document as follows:

' In situ foundation soils must be thoroughly tested during the subsurface investigation.
Additional testing during construction should not be needed, unlessin situ materials are
encountered during excavation that may exhibit weaker shear strengths than the values used
during the stability analyses (see previous sections of this chapter and Chapter 3 for more
information about investigating and testing in situ foundation materials).

' Materials that will be used for structural fill or recompacted soil layers (RSL) will need to be
tested during the subsurface investigation (recommended) or during conformance testing. These
types of materials must be tested using the lowest density and highest moisture content specified
for use during construction. The results of two or more compl ete tests of each type of material
being used for structural fill and RSL are needed. If the tests confirm that the materials will
exhibit shear strengths that exceed the minimums specified in the authorizing documents, then
the materials should not need to be tested again unless construction specifications change, or
materials are encountered that may exhibit weaker shear strengths than those already tested (see
previous sections of this chapter and Chapter 3 for more information about investigating and
testing structura fill and RSL materials).

' Geosynthetic materias, including GCLs, need to be tested for interface shear strength (GCLs aso
need to be tested for internal shear strength) during conformance testing. A minimum of two
complete shear tests must be conducted of each interface (as well asinternal shear strength of
each GCL) before the material is used for the first time at afacility. After that, one complete test
must be conducted before each construction project (see previous sections of this chapter for
more information regarding testing geosynthetic interfaces and internal shear strengths of GCLS).

The conformance test data for drained and undrained internal shear strengths, interface peak shear
strengths, and interface residual shear strengths should be used to create compound nonlinear shear
strength envel opes with each envelope starting at the origin. The type of shear strength (i.e.,
drained/undrained, peak/residual) used to compare to the specifications in the authorizing document
must be the same type of shear strength that was assumed during the stability analyses. The type of
shear strengths used during the stability analysis will typically be as follows:

' Peak shear strengths may be used for interfaces with a geosynthetic on slopes of 5 percent or less
or slopes that will never be loaded with more than 1,440 psf. This allows the use of peak shear
strength, if appropriate, for most facility bottoms during deep-seated failure analysis. Thisalso
allows peak shear strengths to be used, if appropriate, for shallow analysis of most final caps,
granular drainage layers, and protective layers on internal slopes prior to the time waste has been
placed.
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' Residual shear strengths are required for interfaces with a geosynthetic on slopes greater than 5
percent that will be loaded with more than 1,440 psf. This requires the use of residual shear
strengths during deep-seated failure analysis for all interfaces that are on internal slopes.

' Internal peak shear strengths may be used for reinforced GCL, aslong as the internal peak shear
strength of the GCL exceeds the peak shear strength of at |east one of the interfaces with the
GCL.

' Internal and interface residual shear strengths are required for unreinforced GCL.

' Drained or undrained shear strengths, as appropriate, are required to be used for foundation and
construction soil materials. When aslopeis underlain by a material that may develop excess
pore water pressure during loading, the static factor of safety must be determined using the
undrained shear strength of the foundation materials. The undrained shear strengths must be
determined by shear strength testing of site-specific, undisturbed samples of all materials that
may develop excess pore water pressure.

Residual shear strengths may have been substituted for peak shear strengths, especially for interfaces,
during the stability analyses. Thisis done when thereis reason to believe that the design, installation, or
operation of afacility islikely to cause enough shear displacement within amaterial or interface that a
post-peak shear strength will be mobilized (see Figuref-2 on page xiv). If thisassumption was used,
then residual shear strengths derived from corresponding materials during conformance testing must be
used instead of the peak shear strengths.

During stability analyses, a composite liner or composite cap system is often modeled as one layer using
alinear shear strength envelope, adjusting the strength during modeling until the minimum required
factors of safety are provided. To simplify comparison of the conformance testing results to the
minimum shear strengths specified by the authorizing documents, a compound nonlinear shear strength
envelope can be created for an individual material, interface, or system containing multiple interfaces
and layers. Determining which shear stresses to plot when creating a compound nonlinear envelope
depends upon the type of shear strength envelope being created as follows:

' For compound nonlinear peak shear strength envelopes, select the lowest peak shear strength
measured for any material or interface at each tested normal compressive stress to define the
envelope,

' For compound nonlinear residual shear strength envelopes, select the residual shear strength
associated with the lowest peak shear strength exhibited by an interface or material at each tested
normal compressive stress to define the envelope,

' For compound nonlinear drained shear strength envelopes, select the lowest drained shear
strength measured at each tested normal compressive stress to define the envelope.

' Compound nonlinear undrained shear strength envelopes should not be used, select the lowest

representative undrained shear strength measured for each materia regardless of normal
compressive stress.
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Compound nonlinear shear strength envelopes can be helpful for describing the shear strength of a
material and interface when:

' Several complete interface friction tests of the same interface are conducted, resulting in multiple
shear stress values for each normal compressive stress used during the testing. The compound
nonlinear shear strength envelope can be used, in this case, to represent the minimum expected
shear strength that will be exhibited in the field by that one interface when subjected to the range
of normal compressive stresses used during testing.

' A composite system (e.g., a composite liner/leachate collection system, or composite cap system)
has each interface and material tested for shear strength multiple times, resulting in multiple
shear stress values at each normal compressive stress used during the testing. The compound
nonlinear shear strength envelope can be used, in this case, to represent the minimum expected
shear strength that will be exhibited by the entire composite system in the field when subjected to
the range of normal compressive stresses used during testing.

' A soil material to be used for structural fill, RSL, or anin situ material is tested several times
resulting in multiple shear stress values at each normal compressive stress used during the test.
The compound nonlinear shear strength envelope can be used, in this case, to represent the
minimum expected shear strength that will be exhibited by the soil material in the field when
subjected to the range of normal compressive stresses used during testing.

An example methodology for creating compound nonlinear shear strength envelopes can be found
starting on page 4-18.

Sometimes, Ohio EPA may require composite systems using multiple materials and having multiple
interfaces with geosynthetics to be tested to determine which interface or material will be the locus of
the failure surface throughout the range of normal stresses expected in thefield. Thismay entail using a
direct shear device or other appropriate device to test specimens comprising all the layersin a composite
system. For example, if all of the peak shear strengths for each interface and material are near each
other, but awide range of residual shear strengths exists, either the lowest residual shear strength
measured will need to be used, or specimens comprising all the layersin a composite system will need to
be tested.
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Developing Compound Nonlinear Shear Strength Envelopes - Example M ethodology

A stabilization plan for heavy metal contaminated soil at several locations on a property has been approved
by Ohio EPA, DERR as part of a negotiated settlement. The plan includes a CERCLA retention unit. The
unit will hold a maximum of 30 feet of stabilized soils. It has 3:1 internal slopes and 4:1 external slopes.
The approved composite liner system includes four (4) feet of 1x10”7 cm/sec RSL and is overlain with 60
mils thick textured high density polyethylene (THDPE). The drainage layer includes a geocomposite with
aone-foot thick protective layer of #57 gravel on top. Figure 4-2 on page 4-20, Figure 4-3 on page 4-21,
and Figur e 4-4 on page 4-22 show the results of the interface shear strength testing of the three interfaces
at 1000 psf, 2000 psf, and 4000 psf normal compressive stress. The graphs show the lowest peak shear
strength for each interface selected from the results of multiple tests of each interface. The 1000-psf test
represents the normal compressive stress of about seven (7) feet of stabilized waste (@130 pcf). The
4000-psf test represents 110% of the normal compressive stress of the weight per square foot of the waste
at its deepest point. To ensure that the full range of normal compressive stresses experienced in the field
areincluded, another set of interface tests should have been run for each interface at a smaller normal
compressive stress to represent one foot or less of the waste. This would be particularly important if these
interfaces were also to occur in the composite cap system. Fortunately for this site, the shear stressfrom 0
psf to 1000 psf can be adequately estimated by connecting aline from the origin to the shear stress
measured at 1000 psf for each interface (see Figur e 4-5 page 4-23 and Figur e 4-7 on page 4-25).

Compound Nonlinear Peak Shear Strength Envelopes

This methodology is appropriate when using peak shear strengths. It is used for composite systems
comprising multiple layers and interfaces (e.g., composite liners and caps). It also applies when devel oping
anonlinear shear strength envelope for a single material or a single interface tested several times with
varying results at each normal compressive stress. 1n this example, a compound nonlinear peak shear
strength envelope will be created from the test results shown on Figur e 4-2 on page 4-20, Figure 4-3 on
page 4-21, and Figur e 4-4 on page 4-22. Figure 4-5 on page 4-23 shows the non-linear shear strength
envelopes for three interfaces, and was created by taking the lowest peak shear stress measured from
multiple tests of each interface at each normal compressive stress and plotting the points on a graph
showing shear stress on the y-axis and normal compressive stress on the x-axis. The data points used to
create Figure 4-5 are found in Table 4.

To create a compound nonlinear shear strength envelope, select the lowest peak shear stress measured for
any interface or material in the composite system at each normal compressive stress (see highlighted values
in Table 4). Next, plot the selected peak shear stress values vs. the corresponding normal compressive
stress values to produce a graph showing the compound nonlinear peak shear strength envelope. The shear
stress of the system below the lowest normal compressive stress tested is estimated by connecting aline
from the origin to the peak shear stress measured at the lowest normal compressive stress. The peak shear
strength used when modeling the composite system is then plotted on the graph to verify that the entire
nonlinear peak shear strength envelope plots above it (see Figur e 4-6 on page 4-24).

Table4. Anexample of the lowest peak shear stress measured for three interfaces from a composite liner system at three different normal
compressive stresses (data points obtained from Figur e 4-2 on page 4-20, Figur e 4-3 on page 4-21, and Figur e 4-4 on page 4-22).
The highlight marks the interface with the lowest peak shear stress at each normal compressive stress.

Peak Shear Stress (psf)
Interface
1000 psf Normal Compressive Stress 2000 psf NCS 4000 psf NCS
RSL vs. THDPE 782 1042 2371
THDPE vs. Geocomposite 465 1450 2040
Geocomposite vs. Protective L ayer 568 1013 2354

4-18




Chapter 4 - Materials Testing Program Methods and Assumptions

Compound Nonlinear Residual Shear Strength Envelopes

This methodology applies to any composite system comprising multiple layers and interfaces (e.g., composite
liners and caps). It also applies when developing a nonlinear residual shear strength envelope for asingle
material or interface tested several times with varying results at each normal compressive stress. The process for
developing a compound nonlinear residual shear strength envelope is the same as the process for developing the
compound nonlinear peak shear strength envelope with one exception. When creating the compound nonlinear
residual shear strength envelope, instead of choosing the lowest peak shear strength at each normal compressive
stress to plot, choose the residual shear stress associated with the lowest peak shear stress at each normal
compressive stress (see highlighted valuesin Table 5).

Notice that in Table 5, for anormal compressive stress of 2000 psf, the residual shear stress of 984 psf was
selected rather than the lowest residual shear stress of 614 psf. Thisis because 984 psf isthe residual shear stress
associated with the interface that has the lowest peak shear stress. To create a compound nonlinear residual shear
strength envelope, use the selected residual shear stresses and the associated normal compressive stresses (see
highlighted values in Table 5) to plot shear stress values vs. normal compressive stress values. To ensure that the
full range of normal compressive stresses to be experienced in the field are included, another set of interface tests
should have been run for each interface at a smaller normal compressive stress to represent one foot or less of the
waste. Thiswould be particularly important if these interfaces were to also occur in the composite cap system.
To estimate the shear stress below the lowest normal compressive stress used during testing, connect aline from
the origin to the residual shear stress measured at the lowest normal compressive stress used during the testing.
Theresidual shear strength used when modeling the composite system is then plotted on the graph to verify that
the entire nonlinear residual shear strength envel ope plots above it (see Figur e 4-8 on page 4-26).

Table5. Examples of the lowest residual shear stresses measured from multiple tests of three interfaces from a composite liner system at
three different normal compressive stresses (data points obtained from Figur e 4-2 on page 4-20, Figur e 4-3 on page 4-21, and
Figure 4-4 on page 4-22). The highlight marks the interface with the residual shear stress associated with the lowest peak shear
stress at each normal compressive stress.

(Peak) and Residual Shear Stress (psf)

Interface 1000 psf Normal 2000 psf Normal 4000 psf Normal
Compressive Stress Compressive Stress Compressive Stress

RSL vs. THDPE

Peak (782) (1042) (2371)
Residual 684 1003 2320
THDPE vs. Geocomposite
Peak (465) (2450) (2040)
Residual 270 614 1187
Geocomposite vs. Protective Layer
Peak (568) (2013) (2354)
Residual 555 984 2300
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Figure 4-2 An example of interface friction test results for three interfaces of a composite liner system at 1000 psf hormal
compressive stress. Multiple tests of each interface were conducted. This graph shows only the results of the test for each
interface that resulted in the lowest peak shear stress at this normal compressive stress.

4-20



Chapter 4 - Materials Testing Program Methods and Assumptions

Interface Friction Test Results
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Figure 4-3 An example of interface friction test results for three interfaces of a composite liner system at 2000 psf normal

compressive stress. Multiple tests of each interface were conducted. This graph shows only the results of the test for each
interface that resulted in the lowest peak shear stress at this normal compressive stress.
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Interface Friction Test Results
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Figure 4-4 An example of interface friction test results for three interfaces of a composite liner system at 4000 psf nhormal
compressive stress. Multiple tests of each interface were conducted. This graph shows only the results of the test for each
interface that resulted in the lowest peak shear stress at this normal compressive stress.
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Interface Friction Test Results (ASTM D 5321)
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Figure 4-5 An example of individual nonlinear peak shear strength envelopes derived from the lowest peak shear testing
data at each normal compressive stress for each of three interfacesin a composite system. The shear stress below 1000 psf
normal compressive stress was estimated by drawing aline from the origin to the shear stress at 1000 psf normal
compressive stress for each interface. If normal compressive loads greater than 4000 psf are expected at the facility, then
additional testing at higher normal compressive loads will be necessary.
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Compound Nonlinear Peak Shear Strength Envelope

Shear Stress vs. Norma Compressive Stress

Shear Stress (psf)
S
S
3

1500 ra '
A

A O Compound nonlinear

1000 =
| shear strength env.

7 / // - -
500_ ’ / v Minimum required
ol | L L L L L | ] shersren
0 1000 2000 3000 4000
500 1500 2500 3500 4500

Normal Compressive Stress (psf)

Figure 4-6 An example of acompound nonlinear peak shear strength envelope created from the individual nonlinear peak
shear strength envelopes of three interfaces of a composite system. When the peak shear strength envelope is compared to
the minimum peak shear strength specified in the authorizing document, it can be seen that the composite system exhibits
enough peak shear strength at al normal compressive stresses expected at the facility, and thus the minimum required peak
shear strength is exceeded. Thisensuresthat all the tested materials can be used during construction of composite systems
when peak shear strength conditions are expected. |If norma compressive loads greater than 4000 psf are expected at the
facility, then additional testing at higher normal compressive loads will be necessary.
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Interface Friction Test Results (ASTM D 5321)
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Figure 4-7 An example of individual nonlinear residual shear strength envelopes derived from the lowest residual shear
testing data at each normal compressive stress for each of three interfaces in a composite system. The shear stress below
1000 psf normal compressive stress was estimated by drawing aline from the origin to the shear stress at 1000 psf normal
compressive stress for each interface. 1f normal compressive loads greater than 4000 psf are expected at the facility, then
additional testing at higher normal compressive loads will be necessary.
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Compound Nonlinear Residual Shear Strength Envelope
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Figure 4-8 An example of acompound nonlinear residual shear strength envelope created from the individual nonlinear
residual shear strength envelopes of three interfaces of a composite system. When the residual shear strength envelopeis
compared to the minimum residual shear strength specified in the authorizing document, it can be seen that the composite
system exhibits enough residual shear strength at all normal compressive stresses expected at the facility that, and thus
minimum required residual shear strength is exceeded. Thisensuresthat all the tested materials can be used during
construction of composite systems when residual shear strength conditions are expected. If normal compressive loads
greater than 4000 psf are expected at the facility, then additional testing at higher normal compressive loads will be
necessary.
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CHAPTER S

LIQUEFACTION POTENTIAL EVALUATION AND ANALYSIS

This chapter provides information to use when
evaluating and analyzing the potential for failure
due to liquefaction during a seismic event at an
Ohio waste containment facility. Ohio EPA
requires that the soil units at any waste contai nment
facility be able to withstand the effects of a
plausible earthquake and rule out the possibility of
liguefaction. Thisisbecauseit isgeneraly
expected that the engineered components of awaste
containment facility will lose their integrity and no
longer be able to function if afoundation soil layer
liquefies.

REPORTING

This section describes the information that should be

submitted to demonstrate that afacility is not susceptible
to liquefaction. Ohio EPA recommends that the following

information be included in its own section of a

geotechnical and stability analyses report. At aminimum,
the following information about the liquefaction evaluation

and analysis should be reported to Ohio EPA:

+ A narrative and tabular summary of the findings of the

Soil liquefaction occursin loose, saturated
cohesionless soil units (sands and silts) and sensitive
clays when a sudden loss of strength and loss of
stiffnessis experienced, sometimes resulting in large,
permanent displacements of the ground. Even thin
lenses of loose saturated silts and sands may cause an
overlying sloping soil massto dlide laterally along the
liquefied layer during earthquakes. Liquefaction
beneath and in the vicinity of awaste containment
unit can result in localized bearing capacity failures,
lateral spreading, and excessive settlement that can
have severe consequences upon the integrity of waste
containment systems. Liquefaction-associated lateral
spreading and flow failures can aso affect the global
stability of awaste containment facility.

Any drawings or cross sections referred to in
this policy that are already present in another
part of the geotechnical and stability analyses
report can be referenced rather than
duplicated in each section. It ishelpful if the
responsible party ensures the referenced
items are easy to locate and marked to show
the appropriate information.

liquefaction evaluation and analysisincluding all soil

units evaluated.

+ A detailed discussion of the liquefaction evaluation including:

' A discussion and evaluation of the geologic age and origin, fines content, plasticity index,
saturation, depth below ground surface, and soil penetration resistance of each of the soil
units that comprise the soil stratigraphy of the waste containment facility,
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Chapter 5 - Liquefaction Potential of Evaluation and Analysis
The scope, extent, and findings of the subsurface investigation as they pertain to the
liquefaction potential evaluation.
A narrative description of each potentialy liquefiable layer, if any, at the facility, and

All figures, drawings, or references relied upon during the evaluation marked to show how
they relate to the facility.

If the liquefaction evaluation identifies potentially liquefiable layers, then the following information
should be included in the report:

A narrative and tabular summary of the results of the analysis of each potentially liquefiable
layer,

Plan views of the facility that include the northings and eastings, the lateral extent of the
potentially liquefiable layers, and the limits of the waste containment unit(s),

Cross sections of the facility showing soil units, full depictions of the potentially liquefiable
layers, and the following:

- location of engineered components of the facility,

- materia types, shear strengths, and boundaries,

- geologic age and origin,

- fines content and plasticity index,

- depth below ground surface,

- soil penetration resistance,

- tempora high phreatic surfaces and piezometric surfaces, and

in situ field densities and, where applicable, the in situ saturated field densities.

The scope, extent, and findings of the subsurface investigation as they pertain to the analysis
of potentially liquefiable layers,

A description of the methods used to calculate the factor of safety against liquefaction,

Liquefaction analysis input parameters and assumptions, including arationale for selecting
the maximum expected horizontal ground acceleration,

The actual calculations and/or computer inputs and outputs, and

All figures, drawings, or references relied upon during the analysis marked to show how
they relate to the facility.
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FACTOR OF SAFETY

The following factor of safety should be used, unless superseded by rule, when demonstrating that a
facility will resist failures due to liquefaction.

The number of digits after the decimal point indicates

Liquefaction analysis: FS> 1.00 that rounding can only occur to establish the last digit.

For example, 1.579 can be rounded to 1.58, but not 1.6.

The above factor of safety is appropriate, only if
the design assumptions are conservative; site-
specific, higher quality data are used; and the cal culation methods chosen are shown to be valid and
appropriate for the facility. It should be noted, however, that historically, occasions of liquefaction-
induced instability have occurred when factors of safety using these methods and assumptions were
calculated to be greater than 1.00. Therefore, the use of afactor of safety against liquefaction higher

than 1.00 may be warranted whenever:

+ A failure would have a catastrophic effect upon human health or the environment,

+  Uncertainty exists regarding the accuracy, consistency,
or validity of data, and no opportunity existsto
conduct additional testing to improve or verify the
quality of the data,

+  Large uncertainty exists about the effects that changes
to the site conditions over time may have on the

Designers may want to consider increasing
the required factor of safety if repairing a
facility after afailure would create a hardship
for the responsible parties or the waste
disposal customers.

stability of the facility, and no engineered controls can be carried out that will significantly reduce

the uncertainty.

Using afactor of safety less than 1.00 against liquefaction
is not considered a sound engineering practice. Thisis
because afactor of safety lessthan 1.00 indicatesfailureis
likely to occur. Furthermore, performing a deformation
analysis to quantify the risks and damage expected to the
waste containment facility should liquefaction occur is not
considered justification for using afactor of safety less
than 1.00 against liquefaction. Thisis because the strains
allowed by deformation analysis are likely to result in
decreased performance and loss of integrity in the
engineering components. Thus, any failure to the waste
containment facility due to liquefaction islikely to be
substantial and very likely to increase the potential for
harm to human health and the environment. If afacility
has a factor of safety against liquefaction less than 1.00,
mitigation of the liquefiable layers will be necessary, or
another site not at risk of liquefaction will need to be used.

If the liquefaction analysis does not result in a
factor of safety of at least 1.00, consideration
may be given to performing amore
sophisticated liquefaction potential
assessment, or to liquefaction mitigation
measures such as eliminating the liquefiable
layer, or choosing an alternative site.

A variety of techniques exist to remediate
potentially liquefiable soils and mitigate the
liquefaction hazard. Liquefaction of Soils
During Earthquakes (National Research
Council, Committee of Earthquake
Engineering, 1985) includes atable
summarizing available methods for
improvement of liquefiable soil foundation
conditions. However, Ohio EPA approval
must be obtained prior to use of any methods
for mitigation of liquefiable layers.




Chapter 5 - Liquefaction Potential of Evaluation and Analysis

The responsible party should ensure that the designs and specifications in all authorizing documents and
the quality assurance and quality control (QA/QC) plans clearly require that the assumptions and
specifications used in the liquefaction analysis for the facility will be followed during construction,
operations, and closure. If the responsible party does not do this, it is likely that Ohio EPA will require
the assumptions and specifications from the liquefaction analysis to be used during construction,
operations, and closure of afacility through such means as are appropriate (e.g., regulatory compliance
requirements, approval conditions, orders, settlement agreements).

From time to time, changes to the facility design may be needed that will alter the assumptions and
specifications used in the liquefaction analysis. If this occurs, arequest to change the facility designis
required to be submitted for Ohio EPA approval in accordance with applicable rules. The request to
change the facility design must include a new liquefaction analysis that uses assumptions and
specifications appropriate for the change.

LIQUEFACTION EVALUATION

Ohio EPA requires the assessment of liquefaction potential as a key element in the seismic design of a
waste containment facility. To determine the liquefaction potential, Ohio EPA recommends using the
five screening criteriaincluded in the U.S. EPA guidance document titled RCRA Subtitle D (258)
Seismic Design Guidance for Municipal Solid Waste L andfill Facilities, EPA/600/R-95/051, April 1995,
published by the Office of Research and Development. As of the writing of this policy, the U.S. EPA
guidance document is available at www.epa.gov/clhtml/pubtitle.html on the U.S. EPA Web site.

Recommended Screening Criteria for Liquefaction Potential

The following five screening criteria, from the above reference, are recommended by Ohio EPA for
completing aliquefaction evaluation:

+  Geologic age and origin. If asoil layer isafluvial, lacustrine or aeolian deposit of Holocene age, a
greater potential for liquefaction exists than for till, residual deposits, or older deposits.

+  Fines content and plasticity index. Liquefaction potential in asoil layer increases with decreasing
fines content and plasticity of the soil. Cohesionless soils having less than 15 percent (by weight) of
particles smaller than 0.005 mm, aliquid limit less than 35 percent, and an in situ water content
greater than 0.9 times the liquid limit may be susceptible to liquefaction (Seed and Idriss, 1982).

+  Saturation. Although low water content soils have been reported to liquefy, at least 80 to 85 percent
saturation is generally deemed to be a necessary condition for soil liquefaction. The highest
anticipated temporal phreatic surface elevations should be considered when evaluating saturation.

1+ Depth below ground surface. If asoil layer iswithin 50 feet of the ground surface, it is more likely
to liquefy than deeper layers.

54


www.epa.gov/clhtml/pubtitle.html

Chapter 5 - Liquefaction Potential of Evaluation and Analysis

1+ Soil Penetration Resistance. Seed et al, 1985, state . o
In some cases, it is necessary to stabilizea

that soil layers with anormalized SPT bl o_vvcount borehole due to heaving soils. The use of
[(Npeo] lessthan 22 have been known to liquefy. hollow-stem augers or drilling mud has been
Marcuson et al, 1990, suggest an SPT value of proven effective for stabilizing a borehole
[(N,)e] less than 30 as the threshold to use for without affecting the blow counts from a standard

: ; ; ; ; : penetration test. Casing off the borehole asitis
suspecting liquefaction potential. Liquefaction has advanced has also been used, but it has been

also been shown to occur if the normalized CPT Lk ey e s e T e
cone resistance (q,) islessthan 157 tsf (15 MPa) it has an adverse effect on the standard
(Shibata and Taparaska, 1988). penetration test results (Edil, 2002).

If three or more of the above criteriaindicate that
liquefaction is not likely, the potentia for liquefaction
can be dismissed. Otherwise, amore rigorous analysis of the liquefaction potential at afacility is
required. However, it is possible that other information, especially historical evidence of past
liguefaction or sample testing data collected during the subsurface investigation, may raise enough of a
concern that afull liquefaction analysis would be appropriate even if three or more of the liquefaction
evaluation criteriaindicate that liquefaction is unlikely.

LIQUEFACTION ANALYSIS

If potential exists for liquefaction at afacility, additional subsurface investigation may be necessary.
Once al testing is complete, afactor of safety against liquefaction is then calculated for each critical
layer that may liquefy.

A liquefaction analysis should, at a minimum, address the following:

+  Developing a detailed understanding of site conditions, the soil stratigraphy, material properties and
their variability, and the areal extent of potential critical layers. Developing smplified cross
sections amenableto analysis. SPT and CPT procedures are widely used in practice to characterize
the soil (field data are easier to obtain on loose cohesionless soils than trying to obtain and test
undisturbed samples). The data needs to be corrected as necessary, for example, using the
normalized SPT blowcount [(N,)] or the normalized CPT. The total vertical stress(s,) and
effective vertical stress (s,’) in each stratum also need to be evaluated. This should take into
account the changes in overburden stress across the lateral extent of each critical layer, and the
temporal high phreatic and piezometric surfaces,

+  Calculation of the force required to liquefy the critical zones, based on the characteristics of the
critical zone(s) (e.g., fines content, normalized standardized blowcount, overburden stresses, level
of saturation),

+  Cdculation of the design earthquake' s effect on each potentially liquefiable layer should be
performed using the site-specific in situ soil data and an understanding of the earthquake magnitude
potential for the facility, and

+  Computing the factor of safety against liquefaction for each liquefaction susceptible critical layer.
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Liquefaction Potential Analysis - Example M ethod

The most common procedure used in practice for liquefaction potential analysis, the "Simplified Procedure,” was
developed by H. B. Seed & |. M. Idriss. Details of this procedure can be found in RCRA Subtitle D (258)
Seismic Design Guidance for Municipal Solid Waste L andfill Facilities (U.S.EPA, 1995). As of the publication

date of this policy, the U.S. EPA guidance document was available from www.epa.gov/clhtml/pubtitle.html on the
U.S. EPA Web site. Due to the expected range of ground motion in Ohio, the Simplified Procedure is applicable.
However, if the expected peak horizontal ground acceleration is larger than 0.5 g, more sophisticated, truly
nonlinear effective stress-based analytical approaches should be considered, for which there are computer
programs available. The simplified procedure comprises the following four steps:

1

2.

Identify the potentially liquefiable layers to be analyzed.

Cadlculate the shear stress required to cause liguefaction (resisting forces). Based on the characteristics

of the potentially liquefiable layers (e.g., fines content, normalized standardized blowcount), the critical
(cyclic) stressratio (CSR,) can be determined using the graphical methods included in the U.S. EPA
guidance referenced above. Note: this determination is typically based on an earthquake of magnitude
7.5. If the design earthquake is of a different magnitude, or if the siteis not level, the CSR, will need to

be corrected as follows.

CR (m-m) = CR (w-75 ki 0k 0K,

where

CSR w_wy= corrected critical stressratio resisting
liquefaction,

CSR (=75 = critical stressratio resisting liquefaction
for amagnitude 7.5 earthquake,

kyw =  magnitude correction factor,

ks =  correction factor for stress levels exceeding 1

tsf, and
k, = correction factor for the driving static shear

stressif sloping ground conditions exist at the
facility. Special expertiseisrequired for
evaluation of liquefaction resistance beneath
ground sloping more than six percent (Y oud,
2001).

The k-values are available from tabled or graphical
sources in the referenced materials.

Calculation of the design earthquake's effect on the
critical zone (driving force). The following
eguation can be used.

_ et tmac0 850
SASLE SR

where CSR

total vertical overburden stress,

(7]
o
1

£
g
TRTIT

the acceleration of gravity.

(5.1)

effective vertical overburden stress,
the maximum horizontal ground accel eration, and

The correction factors can be obtained from
different sources, such asthe 1995, U.S.
EPA, Seismic Design Guidance, or the
summary report from the 1996 and 1998
NCEER/NSF Liquefaction Workshops. The
U.S. EPA document tends to be somewhat
more conservative for earthquakes with a
magnitude less than 6.5. 1n 1999, |.M.
Idriss proposed yet a different method for
calculating the empirical stress reduction
factor (ry), which was less conservative than
the method included in the U.S. EPA
guidance, but more conservative than the
method included in the NCEER method.
Designers should select correction factors
based on site-specific circumstances and
include documentation explaining their
choicesin submittals to Ohio EPA.

(5.2)

equivalent uniform cyclic stress ratio induced by the earthquake,
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Liquefaction Potential Analysis - Example Method (cont.)

B = (e (1) 53

5
=
2
(¢}
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by
|

= the maximum horizontal ground acceleration,
peak ground surface acceleration, and
= empirical stress reduction factor.

£
R
I

_:
a
|

amax@depth D

amax@surface
S 0@depth D g

r d = (5.4

Calculate the factor of safety against liquefaction (resisting force divided by driving force).

C
CR,
where FS = factor of safety against liquefaction,
CSR| (v = shear stressratio required to cause liquefaction, and
CSRgq = equivalent uniform cyclic stress ratio.
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CHAPTERG6

SETTLEMENT ANALYSES

This chapter provides information to use when analyzing the potential for failure due to settlement at an
Ohio waste containment facility. It isimportant to account for settlement in the design of awaste

containment facility because:

+  overall settlement can result in changesto liquid drainage flow paths for leachate, surface water, or
waste water, and can cause damage to pipes, destruction of geonets, and reduction or reversal of

grades; and

+  differential settlement can result in damage or failure of liner systems, piping, containment berms,

and other engineered components.

Overal settlement and differential settlement should be analyzed
for al of the following soil materialsincluding, but not limited to:
in situ soils, mine spoil, added geologic material, structural fill,
recompacted soil liners, and waste materials. Differentia
settlement analyses should focus on areas where changesin
foundation materials warrant evaluation, such as areas with high
walls, separatory liner over waste, changes in soil stratigraphy
laterally or vertically, and where significant abrupt changesin
loading occur.

The vertical and lateral variability of settlement characteristics
across asite, and the changesin the increasein vertical stress
created by the geometry of the waste containment facility will

Evaluating waste and foundation
settlement whenever a separatory
liner will be used between old and
new waste is important for
determining tensile strain on
components. For purposes of this
policy, all referencesto a separatory
liner will include any newly
constructed separatory liner system
or any previoudly placed cap system
that will be converted to a separatory
liner system.

cause each location of afacility to settle different amounts. The facility must be designed to account for
the stresses and strains that result from settlement occurring in the foundation and waste mass.

REPORTING

This section describes the information that should be
submitted to demonstrate that afacility is not susceptible to
damage from settlement. Ohio EPA recommends that the
following information be included in its own section of a
geotechnical and stability analyses report. At aminimum,
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Any drawings or cross sections referred to
in this policy that are already present in
another part of the geotechnical and stability
analyses report can be referenced rather than
duplicated in each section. It ishelpful if
the responsible party ensures the referenced
items are easy to locate and marked to show
the appropriate information.
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the following information about an overall settlement and differential settlement analysis should be
reported to Ohio EPA:

+ A narrative and tabular summary of the results of the settlement analyses,

+ A summary and a detailed discussion of the results of the subsurface investigation that apply to the
settlement analyses and how they are used in the analyses,

+ A summary of the approach, methodologies, and equations used to model settlement of the facility,

v If any of the settlement parameters were interpolated by using random generation or another
method, then information must be provided to explain in detail, the equations and methodology, and
how the settlement parameters were generated,

+  Plan view maps showing the top of the liner system, the liquid containment and collection system,
the location of the points where settlement is calcul ated, the expected settlement associated with
each point, and the limits of the waste containment unit(s).

Drawings showing the critical cross sections analyzed. The cross sections should include the:

+  Soil stratigraphy,

' Tempora high phreatic surfaces,
' The range of the tested settlement parameters of each layer,

' Depth of excavation,

' L ocation of engineered components of the facility that may be adversely affected by
settlement,

' The amount of settlement calculated at each point chosen along the cross section,
+  Thedetalled settlement calculations of the engineering components,

+  Any figures, drawings, or references relied upon during the analysis marked to show how they relate
to the facility, and

+  Thedetalled tensile strain analysis.
Ohio EPA discourages the use of vertical
. If vertical sump risersareincluded in the facility design, | SUmP risersin solid waste containment
then include: un!ts and _ha_zardous wasI_e contai nment
units. Thisis due to the inherent
difficulties they present during filling
' A narrative and tabular summary of the results of operations, and the potential they create for

the bearing capacity anaysis, damaging liner systems.
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' A summary and a detailed discussion of the results of the subsurface investigation that apply
to the bearing capacity and how they were used in the analyses,

' A summary of the approach, methodol ogies, and equations used to model the bearing
capacity of the facility.

DESIGN CRITERIA

Ohio EPA does not specify or recommend a factor of safety to use during settlement analysis. Instead,
facilities must be designed so they satisfy applicable minimum regulatory design requirements at the
time they are ready to receive waste and continue to satisfy applicable minimum design requirements
after settlement is complete (at least 100% of primary settlement plus the secondary settlement expected
using atime-frame of 100 years or another time-frame acceptable to Ohio EPA). Thisalso appliesto
any increases in weight of the facility (e.g., vertical or horizontal expansions, increases in containment
berm height). Therefore, it isimportant for responsible parties and designers to consider the possibility
for increasing the weight of the facility and account for the additional settlement during the initial
design. Failureto do soislikely to result in afacility being prevented from vertically expanding because
to do so would cause the waste containment system or the liquid removal systems to become
compromised. Applicable minimum regulatory design requirements, include, but are not limited to:

+  Maintaining the minimum slopes of liners and pipes,

+  Maintaining the integrity of soil berms, liners, barrier layers, and other engineered components,
+  Maintaining the integrity of geosynthetics,

+  Ensuring that all piping will be in working order, and

+  Showing that liquidsin the liquid control and collection systems will be below maximum levels
allowed and otherwise meet performance standards.

Ohio EPA requires that the tensile strength of geosynthetics
are ignored when evaluating the slope stability of afacility
design. Thisis because plastic materials creep under stress,

One notabl e exception to the requirement for
designing geosynthetic systems without
accounting for tensile strength of the

and over time, the thickness of the geosynthetics will materialsiswhen adlip layer of geosynthetic
decrease under constant stress. Geosynthetics may crack above an FML is purposefully included in a
under constant stress, and for geonets, constant stress may design (see Chapter 9 for more information).

cause the collapse of the drainage pathways rendering the
material useless. Tensile strain may occur in geosynthetics
when placing the materials with too little slack, dragging
subsequent layers of geosynthetic across previously placed layers during installation, placing materials
such as soil, drainage material, waste, or waste water on top of the geosynthetics, and during settlement.

When tensile strain is unavoidable, the facility should be designed to minimize tensile strain in
geotextiles, geomembranes, geosynthetic clay liners, geocomposite drainage layers, leachate collection
piping, and waste water piping. Generally, it isrecommended that strain not exceed the manufacturer’s
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recommendations for the aforementioned components. Any design that results in geosynthetics being in
strain must be accompanied with documentation and test results showing that the proposed materias
will maintain the integrity of the systems of which they are a part under the calculated strain. The testing
will need to represent the stress history that will be caused by the loading conditions experienced by the
materials at the time of installation through final loading with waste or waste water.

The above criteriato be applied during settlement analysis are appropriate if the design assumptions are
conservative; site-specific, higher quality data are used; and the cal culation methods chosen are
demonstrated to be valid and appropriate for the facility. The use of adesign that is more robust than
regulatory requirements may be warranted whenever:

+ A failure would have a catastrophic effect upon human health or the environment,

+  Uncertainty exists regarding the accuracy, consistency, or validity of data, and no opportunity exists
to conduct additional testing to improve or verify the quality of the data.

The responsible party should ensure that the design and specifications in all authorizing documents and
the QA/QC plans clearly require that the assumptions and specifications used in the settlement analyses

for the facility will be followed during construction, operations, and closure. |If the responsible party
does not do this, it islikely that Ohio EPA will require the assumptions and specifications from the
settlement analyses to be used during construction, operations, and closure of afacility through such
means as are appropriate (e.g., regulatory compliance requirements, approval conditions, orders,

administrative consent agreements).

From time to time, changes to the facility design may be needed that will alter the assumptions and
specifications used in the settlement analysis. If this occurs, arequest to change the facility designis

required to be submitted for Ohio EPA approval in
accordance with applicable rules. The request to change the
facility design must include a new settlement analysis that
uses assumptions and specifications appropriate for the
change request or contain a justification for why a new
analysisis not necessary.

SETTLEMENT ANALYSIS

A settlement analysis includes the overall settlement of a
facility to ensure that pipes will remain intact and any liquid
drainage flow paths for leachate, surface water, or waste
water will satisfy design requirements after settlement is
complete. Settlement analyses also include any differential
settlement across a facility to ensure that engineered
components will not be damaged, liquid drainage paths will
be maintained, and the facility will satisfy design
regquirements, not only at the time of construction,

In most cases, immediate settlement will not
be a concern because the immediate
settlement will occur during construction.
However, immediate settlement must be
taken into account at some facilities. Thisis
especialy true for facilities where
construction is staged to build several
phases. For example, one year, three berms
and aliner system are constructed. Then the
following year alarge berm is constructed
along the remaining upslope edge of the
liner. Inthisinstance, immediate settlement
from the placement of the last berm may
cause a portion of the liner to settle into a
grade that does not meet design criteria.
This could result in improper leachate flow
or improper drainage of lagoons and ponds.
Methods for analyzing immediate settlement
can be found in most geotechnical and
foundation textbooks (e.g., McCarthy, 2002;
Holtz and Kovacs, 1981, etc).
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but also after differential settlement is complete. At least two components of settlement are required to
be evaluated: primary settlement and secondary settlement. The strain on engineered components
created by differential settlement should also be calculated. Settlement is considered completed when at
least 100% of primary settlement and the secondary settlement expected using a time-frame of 100 years
or another time-frame acceptable to Ohio EPA is taken into account.

Due to the natural variability in soils and changes in the vertical stress across a facility, settlement
characteristics and the amount of settlement are likely to be different from one point to another both
verticaly and laterally acrossasite. The variability of settlement characteristics and the changesin
vertical stress due to the geometry of the waste containment unit(s) across a site should be discussed in
detail in the summary of the subsurface investigation submitted with the settlement calculations. This
discussion should describe each compressible layer found at the site, indicate if these layers exist under
all or just part of the site, and discuss the extent of the variability of these layers throughout their
distribution.

The vertical and lateral variability of settlement characteristics across a site and the significant damage
that settlement can cause to engineered components emphasize the need for thorough and careful
subsurface investigation. To facilitate a settlement analysis, it is recommended that severa points be
chosen aong the critical cross sections of the facility and that the location of these points be spaced at a
distance that would best characterize the facility depending on its size, geometry, and the variability of
the soil materials at the site.

Responsible parties of waste containment facilities often want to expand existing facilities. This
requires that a settlement analysis take into account the settlement of such things as natural foundation
materials, structural fill, and waste. Estimating the settlement of structural fill, waste, and some soil
units that are extremely variable can be difficult. Thisisespecialy true of municipal solid waste (MSW)
because of the diverse mechanics occurring in the waste such as biodegradation, mechanical
compression (bending, crushing, reorientation of waste caused by applied stress), and raveling
(movement of fine materialsinto waste voids by seepage, vibration, or decomposition) (Sowers 1968,
1973). Settlement of MSW requires specialized analysis, is not well understood, and is beyond the
scope of thismanual. Some publications (e.g., Ling et a, 1998; Spikula, 1996; Wall and Zeiss, 1995)
discuss the estimation of MSW settlement. They have been referenced at the end of this chapter.

For greenfield sites, the area within the entire footprint of each proposed waste containment unit must be
adequately sampled (see Chapter 3). The characterization of each compressible layer, both vertically and
laterally, isthen used to calcul ate the expected settlement at points along any flow line or for any portion
of the facility.

When a settlement analysisis being conducted for an existing waste containment facility where borings
cannot be placed within the limits of waste placement, the variability in the soil profile of the
compressible layers under the existing facility can be estimated by using the settlement characteristics
from adjacent borings outside the limits of waste placement or borings performed prior to the existing
waste placement.

For MSW landfills, when a separatory liner system is placed between existing waste and new waste, it
must be placed at a minimum ten percent slopein all areas except along flow lines augmented by
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leachate collection pipes or at some other slope

. i Many engineered components of modern waste
based on a design acceptable to the director. Ll )

containment facilities may fail if subjected to differential

Other types of facilities may wish to incorporate | settlement which increases strain on piping and liner
thisinto their designs. Nevertheless, itis system components. Because of this, responsible parties
recommended that all facilities with separatory may want to consider using additional sampling methods
such as cone penetrometers or seismic refraction to gather
as much detailed data as possible to accurately delineate
the subsurface characteristics of each type of soil material.

liner systems not only analyze the foundation
soils underlying the waste containment facility
for settlement, but also analyze the settlement of
the waste underlying the separatory liner. The
analysis should verify that the leachate
collection and management system portion of the separatory liner maintains drainage and the separatory
liner system components maintain integrity throughout the life and post closure of the facility or longer
as determined by Ohio EPA regulations.

When doing this type of analysis, the variability of the settlement parameters for the existing waste and
the foundation under the waste needs to be taken into account. A method that can be used to determine
settlement is to assign randomly varied values of settlement characteristics to the waste and the soil
materials underlying the existing waste containment facility. The settlement characteristics should be
varied both vertically and laterally for the waste. The variation of the compressible layers can be
considered by varying the values of the compression index (C,) and theinitial void ratio (e,) ina
reasonable range. The range of values representing soil materials can be based on the results from the
higher quality data retrieved from borings that surround the existing facility. Book values and/or higher
guality data retrieved from waste samples or test fills can be used for the values representing waste.

Settlement should be calculated along as many cross sections as are necessary to ensure that the expected
amount of overall and differential settlement that will be experienced by the engineered components of
the facility has been adequately estimated. If it is discovered that overall and differential settlement
along any cross section will likely cause damage to an engineered component, or cause the engineered
component to be unable to meet the minimum design criteria, then the facility must be redesigned to
eliminate the adverse effects of overall and differential settlement through methods such as overbuilding,
surcharging, removal of the material causing the problem, or engineered reinforcement.

Overall Settlement Analysis

When calculating the overall settlement for afacility, points of settlement should be located along the
length of critical liquid drainage flow paths and especialy at points where increased settlement may
occur. Points chosen along the pathways should be evaluated for each compressible layer below the
bottom of the facility and the vertical stress being applied above these points. One approach may be to
select arange for each settlement parameter for each compressible layer using the sampling and testing
procedures outlined in Chapters 3 and 4. The range of the parameters should then be utilized in such a
manner asto create the worst-case scenario for primary and secondary settlement of the chosen flow
path. Less settlement occurs at a point when the values for C_, C, (recompressive index), and Ca
(secondary compression index) are at the lowest end of their respective rangesand s, and e, are at the
highest end. The oppositeistrue of the reverse, and a combination will yield a value between these two
extremes. These aspects of the calculations should be considered when determining the settlement along
the flow path. The input parameters used in these cal culations should be conservative and based on site
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specific concerns. Once the expected settlement is It isimportant to clearly understand the
determined for each point, the slope between the points assumptions and limits of any given method for
on the flow paths can be determined. The resulting determining the increase in vertical stress and
slopes must meet any regulatory minimums for expected settlement because many methods will
drainage slopes and/or maintain drainage in the proper not be applicable to waste containment facilities.

. . For example, according to Civil Engineering
direction. Reference Manual by Lindeburg, Boussinesq's
equation applies only to small footings compared
to the depth of interest.

Differential Settlement Analysis

Differential settlement can occur due to many factors. Typically, differential settlement isaresult of
variable materials underlying the facility, such as areas of highly compressible material adjacent to less
compressible material. These transitional areas should be thoroughly investigated and sampled during
the geologic investigation (see Chapter 3 for more information). Then, acritical cross section should be
determined across the transition of the two materials. Differential settlement may also occur where
abrupt changes in loading have been applied to the facility. Cross sections should be analyzed across the
loading transition. Differential settlement also occurs at locations of mine highwalls or where vertical
risers have been incorporated into the liquids management system design. It isrecommended in the area
of mine highwalls that the settlement analysis incorporate two-dimensional stress distribution theory to
verify that the waste containment facility and liquid drainage pathways will not be compromised by the
differential settlement. In the case of vertical risers, a bearing capacity analysisis the appropriate
calculation to be performed.

Strain

After overall and differential settlement analyses have been performed, the engineered components of
the waste containment facility, such as geotextiles, geomembranes, geosynthetic clay liners,
geocomposite drainage layers, leachate collection piping, and waste water piping, should be analyzed for
tensile strain. The analysis should verify that the engineering components can maintain their integrity
when subjected to the induced strain due to the settlement determined in the overall and differential
settlement analyses. The analysis should also include a discussion of the predicted strain compared to
the manufacturers' specifications for alowable strain in the products proposed for use at the facility.

Determining Settlement and Strain

Thefirst step of calculating expected settlement (overall and differential) is to calculate the initial
effective vertical stress (s, = total vertical stress - pore water pressure) and the change in the effective
vertical stress (Ds,’) caused by the facility on a point of interest in the underlying materials. The values
added together are the effective vertical stress (s, + Ds,’) exerted upon the materials that will cause
settlement. When calculating effective vertical stressin situations where no differential settlement will
occur, aone-dimensional approximation of the settlement may be used. This can be accomplished by
calculating the weight of the material directly above the point of interest. When calculating the effective
vertical stress where strain may be developed due to differential settlement, a two-dimensional stress
distribution theory should be used. Onces_’ and Ds, have been calculated, atypical settlement analysis
would be performed using the following:
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Primary Settlement (Sc)

Primary settlement, also known as primary
consolidation settlement (Sc), is the reduction

The following equation is used to estimate the primary in volume of a soil mass caused by the
settlement in normally consolidated clays or loose granular | application of a sustained load to the mass and
materials: due principally to a squeezing out of water

from the void spaces of the mass and
accompanied by atransfer of the load from the
soil water to the soil solids (ASTM D 653). The

S = 2 C, - XH Og%+—DSO (6.1) rate of settlement is controlled by the
¢ 81+ €0 8 g permeability of the soil. Asaresult, in higher
permeability cohesionless soils, the settlement
occurs rapidly, and in lower permeability
where H =thickness of the layer after excavation cohesive soils, the process is gradual.
to be evaluated,

C. =primary compression index,

e, =initia void ratio,

s, =effectivevertical stress at the middle of the layer after excavation, but before loading,
and

Ds,’ = increase or change in effective vertical stress due to loading.

The following equation is used to estimate the consolidation settlement in overconsolidated clays.
Dense cohesionless materials do not settle significantly and thus, do not have to be evaluated using this
equation.

S = stog e T D% (62)
—x Mogeg———"1 :

81*% g S, &

where C, = recompressive index.

If theincreasein vertical stress at the middle of the consolidation layer issuch that (s, + Ds,’) exceeds
the preconsolidation pressure (s,,’) of the consolidating layer, the following equation should be used:

€e C § & 00 €e C_ © & +Ds 0U
ég + xH dog¢—++0+ eg < ><H XIoggMiu (6.3)
8 eSogp @ 1 a{

Theincrease in vertical stressis caused by the application of a surcharge to the consolidating layer.
Usually the engineered components and waste of afacility will be the surcharge. The entire vertical
stress that will be induced at the middle of each consolidating layer should be used in the calculations.
This vertical stress typically corresponds to the maximum weight of the facility (e.g., when a solid waste
facility is at its maximum waste height, or awaste water lagoon is operating at minimum freeboard).

Ohio EPA stresses the use of |aboratory data to determine the various inputs for the settlement equations.
ASTM D 2435-03 describes methods to determine s, and €, from laboratory data. Although not directly
indicated in the standard, C, can also be obtained from the same diagram that s ;' is obtained. C; isthe
slope of the virgin compression curve (i.e., the line that ends with “F” from Fig. 4 of the ASTM
standard). C, isobtained from a diagram for overconsolidated soils, where C, is the slope of the
recompression curve (see Figur e 6-1 on page 6-9).
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Secondary Settlement (S.)

Secondary settlement can be calculated using the following
eguation:

C @ets 0
S, = ——xHxlog = (6.4)
1+ & {pr @
where Ca = secondary compression index of the compressible

layer,

thickness of the layer to be evaluated after
excavation, but before loading

time over which secondary compression isto be
calculated (use 100 years plus the maximum time

H

8

Secondary settlement, also known
as creep, isthe reduction in volume
of asoil mass caused by the
application of a sustained load to
the mass and due principally to the
adjustment of the internal structure
of the soil mass after most of the
load has been transferred from the
soil water to the soil solids (ASTM
D 653). Due to the absence of pore
water pressure, the solid particles
are being rearranged and further
compressed as point-to-point
contact is experienced.

it will take to complete primary consolidation under the facility unless some other time
frame is acceptable to Ohio EPA for a specific facility), and

= time to complete primary consolidation in the consolidating layer in the field, and

e, = thevoidratio at thetime of complete primary consolidation in the test specimen of the

compressible layer.

Both t; and t; must be expressed in the same units (e.g., days, months, years).

0.9 T il T T

o
o

Void ratia, e

0.7

! Ll

b

10 100

300 1000

Effective consolidation stress, o, _ {kPa)

Figure 6-1 Overconsolidated stress diagram. From Ex. Figure 8.9, Holts and Kovacs, pp. 316
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The valuesfor g, and C, are determined graphically, such as from avoid ratio - log time curve as shown
inFigure6-2. Thevaue of C,isthe slope of the plot exceeding 100 percent primary consolidation or t,
in Figure 6-2.

The value for t, shown in Figure 6-2 is the time to complete primary consolidation for the specimen.
The value of t, which is needed in equation 6.4, isthe field value for t,. Therefore, t, (referred to ast )
should be determined from the following equation to best represent afield value for t,.

_ L th2
ty = c

Vv

(6.5)

where H, =  maximum length of drainage in the consolidating layer so that H, is the full thickness

of the consolidating layer if it is drained on one side (top or bottom), and H, is one-

half of the thickness of the consolidating layer if it is drained on both sides (top and

bottom),

time to complete primary consolidation in the consolidating layer in the field (years),

coefficient of consolidation (converted to ft?/year or m?/year as appropriate), and

T, adimensionless time factor associated with the time it takes for primary settlement to
be completed (see discussion below for more information).

O
I

C, can be determined from one of the methods described in ASTM D 2435-03.

[ 1 T \\\‘H‘ T l\\\\\‘[ T \WWTTY‘ T T T 17 T[ T T TTT

Void ratio, e

Lol Lol L | L Ll L
0.1 1.0 10 100 1000 10 000
Time (min)

Figure 6-2 Graphical determination of e, and Ca. Adapted from Figure Ex. 9.10b, Holtz and Kovacs, pp 412.

The dimensionless time factor (T,) has atheoretical relationship with the percent of primary
consolidation (U%) that can be expressed by the following two equations:

O/ w2

For U<60% T = Bg;eU 09 (6.6)
V' 4¢€1009

For U>60% T, = 1781- 0.933l0g(100- U %) (6.7)
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Plotting these two equations produces the chart solution of Terzaghi’ s theory of consolidation. Because
the equation produces an asymptotic line, Ohio EPA recommends deriving Tv using U% = 99.999 for
most facilities. ThisresultsinaTv = 4.58.

Although Ohio EPA recommends a laboratory determination of the above inputs, many can be derived
from various charts found in engineering textbooks and manuals used across the country such asthe U.S.
Army Corps of Engineers manual 1110-1-1904 (September 30, 1990). Some of these charts use a
correlation between other inputs or field/lab data, such as blow counts and liquid limits. If chartsare
used in the settlement analysis, their applicability should be validated with correlations to laboratory
data, and the analysis should include a description of how the use of the information from the chartsis
appropriate with respect to the material represented.

Strain

Once settlement has been calculated for each settlement point, the strain that will occur between each
adjacent point can be calculated. The strain can be estimated by using the following equation:

Lf ) I—o
E; (%) = —— 100 (6.8)
I—O
where E; =tensilestrain,
L, = original distance separating two location points, and
L; = thefinal distance separating the same two points after settlement is complete.
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Primary Consolidation - Example Calculations

An example of calculating the primary settlement for clay isillustrated using a landfill that has a maximum
excavation of 30 ft and a maximum waste depth of 210 feet over a 50-foot thick overconsolidated clay layer
underlain by a 40-foot thick dense gravel layer. The settlement of the dense gravel layer would not be calculated
because significant settlement is not likely due to its density. To be conservative, all the clay is assumed to be
saturated. Any amount of immediate settlement is likely to be compensated for during construction. Oedometer
tests on undisturbed specimens from three borings provided the following range of values: preconsolidation
pressure (s,,’) = 3,900 psf - 4,000 psf, C, = 0.152 - 0.158, C, = 0.023 - 0.026, €, = 0.4797 - 0.4832, C, = 0.0240 -
0.0250, Ca =0.0129 - 0.0134, and e, = 0.0866 - 0.0867. The field saturated unit weight of the clay is typically 135
pcf. Because this clay layer will be recompacted for bottom liner, we will assume that the liner will have the same
settlement parameters. Six of the points of concern for settlement in this example are shown in Figure 6-3:

For this example, settlement will be analyzed for only points#1 through #6. The average initial effective
overburden pressure at the center of the clay layer s /=3,375 psf. Because s >s,’, thein-situ clay is
overconsolidated. Since so’ + Ds,’ >s,’, equation 6.3 will be used. Theincreasein vertical stress (Ds') at points
#1 through #6 will be determined using a one-dimensional stress distribution analysis.

o mm e m oo,
| I
) I PR
! P _il ! 875 LAA’
I —~ — -~ | | ! 850 —+
— -~ | I 1
| ,/ _— | 825
I —~ -~ | | !
- -~ | s
! ~< &\\ <‘]|| || | T
| SR 1] -
] = ~ d !
- = - [ 1 700 -+
! == = |} 675 1
1 - - €L
. - -~ | | || ! g%g T ° ° * o °
: < ~<B . st
I : Horizontal Noncompressible Layer
| - Bt
| I =€
! | 825
: I 800 -+
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625 - °
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Figur e 6-3 Example plan view and cross sections showing some of the locations selected for settlement analysis.
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7

Primary Consolidation - Example Calculations (cont.)

-G —><H >40985_93 =G, —><H >409(;+—D393
$1+ez & Biren & s o
E Toc;p Toc;p Tc;)fp Hl so |—I|_§grj1t s, | c. | ¢ e |ss | >
€ | cravel | Liner | Lor | (O] ®sD |5y ’ : r "] @
1 | 600 619 732 | 19 ] 1283 113 8475 | 0.152 | 0.023 | 0.4832 | 4000 | 0.8996
2 | 600 624 ] 820 24| 1620 196 | 14700 | 0.158 | 0.026 | 0.4797 | 3900 | 1.7540
3 | 600 629 830 | 29 | 1958 201 | 15075 | 0.158 | 0.026 | 0.4797 | 3900 | 2.1350
4 | 600 635 ] 820 35| 2363 185 | 13875 | 0.158 | 0.026 | 0.4797 | 3900 | 2.4489
5 | 600 640 | 725 | 40 | 2700 85 6375 | 0.158 | 0.026 | 0.4797 | 3900 | 1.6788
6 | 600 641 ] 820 41| 2768 179 | 13425 | 0.158 | 0.026 | 0.4797 | 3900 | 2.8140
_ Tv th2 _ | &tsé
o BTN 0%
Slas| oo [aomn| o0 | | & | @
1 19 559.3 0.0250 459.2722 | 0.0867 | 0.0129 | 0.019
2 24 863.3 0.0240 763.3333 | 0.0866 | 0.0134 | 0.016
3 29 | 1215.0 0.0240 | 1114.5197 | 0.0866 | 0.0134 | 0.013
4 351 1723.0 0.0240 | 1623.4086 | 0.0866 | 0.0134 | 0.011
5 40 | 2220.4 0.0240 | 2120.3704 | 0.0866 | 0.0134 | 0.010
6 41 | 2328.0 0.0240 | 2227.7141 | 0.0866 | 0.0134 | 0.010
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Primary Consolidation - Example Calculations (cont.)

Primary Secondary .
o Settlement | Settlement e HIiss or g
of after Initial | Final
; S S, Length
Liner () () Settlement () Slope | Slope
(%) (%)
1 619 0.8996357 0.019296 618.08107
500 1.0% 0.8%
2 624 1.7498684 0.015824 622.23431
500 1.0% 0.9%
3 629 2.1350133 0.013346 626.85164
600 1.0% 0.9%
4 635 2.4489316 0.011205 632.53986
500 1.0% 1.2%
5 640 1.6788209 0.00987 638.31131
N S S — —
1 619 0.8996357 0.019296 618.08107 | 1000 2.2% 2.0%
6 641 2.813968 0.00964 638.17639
The resulting strain between the points can be estimated using Equation 6.8.
Lf )
E; (%) = —— 100
0
- Top of
= Top Liner Original Length
€ 0 J X. after Length after E;
Liner | Coordinate Sattlement (0 Settlement (%)
1 619 0 618.1
500.025 500.017 0.00%
2 624 500 622.2
600.0208 600.018 0.00%
3 629 1000 626.9
500.036 500.032 0.00%
4 635 1600 632.5
500.025 500.033 0.00%
5 640 2100 638.3
.|
1 619 0 618.1 | 1000.242 1000.202 0.00%
6 641 950 638.2
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Considerations for Mine Spoil

Although this section is specifically
tailored to address mine spoil, the

The potential damage caused by settlement of engineered techniques described herein may be
components by constructing across an existing highwall/mine spoail applicable to other types of
interface (see Figur e 6-4) or a buried valley can be considerable. foundation material's susceptible to

differential settlement.

A highwall isthe edge of the quarry and the transition point from
existing bedrock to the mine spoil used to fill the quarry area. This
transition point presents a sharp contrast between the compressible
mine spoil and rigid highwall that can result in severe tensile stress from differential settlement. The
increase in tensile stress in the engineered components installed across the highwall/mine spoil interface
is determined by estimating the mine spoil settlement and assuming that the highwall will not settle.
This creates a conservative estimate of the differential settlement across the highwall/mine spoil
interface that can then be used to determine the strain
on engineered components.

Several alternatives can be considered to reduce the
tensile stress created by differential settlement upon
engineered components at the highwall/mine spoil
interface. One alternativeis cutting back the highwall
to increase the length over which the differential ; £
settlement will occur. Thiswill reduce the tensile besatione! B
strain because the differential settlement is occurring s Al
over alonger length rather than at the vertical probable
highwall/mine spoil interface. Thiscould involve failure
excavating the bedrock of the highwall to create a
grade sloping away from the mine spoil and placing
fill in the excavation to reduce the effects of the
difference in compressibility of the two materials.

Location of liner
after differential
settlement.

Highwall/Mine Spoil Interface

Figur e 6-4 Example of failure point at a highwall/mine
A second alternative is to surcharge the mine spoil to  spoil interface.
cause alarge portion of the settlement of the mine
spoil to occur before constructing any engineered components across the high tensile stressarea. The
surcharge should be applied using a significant percentage of the proposed weight to be placed over the
highwall. Thus, when the surcharge is removed, less settlement will occur when the facility is
constructed, which should reduce the tensile strains in the engineered components. This alternative can
be undertaken in conjunction with cutting back the highwall.

A third alternative, tensile reinforcement using geogrids or geotextiles, might be suitable in some rare
cases for bridging the highwall/mine spoil transition. However, the use of tensile reinforcements will
require sufficient anchorage on both ends to generate the tensile forces necessary to resist settlement.

Whenever an engineered solution is proposed for use to eliminate or mitigate differential settlement,
detailed calculations and a design proposal must be submitted to Ohio EPA for approval. Thisusually
occurs as part of a permit application or other request for authorization. The submittal must demonstrate
the long-term effectiveness of the engineered solution and include a proposed plan for monitoring the
effectiveness of the solution or provide ajustification that long-term monitoring is not warranted.
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The orientation of engineered components (e.g., geomembrane seams) should also be considered.
Engineered components in the mine spoil area should be oriented so that the tensile strain that devel ops
because of differential settlement will be directed away from stress sensitive engineered components.
For example, the seams of geosynthetics should be installed perpendicular to a mine spoil/highwall

interface, rather than paralel to it.

BEARING CAPACITY

Although the design of awaste containment
facility is governed mostly by the results of
the slope stability and settlement analyses,
bearing capacity should be addressed. The
analyses of bearing capacity and settlement
are interrelated because they rely upon the
same subsurface investigation data, use
similar calculations for determining the
increase in vertical stress created upon the
foundation materials by the facility, and are
similarly affected by the geometry of the
facility. Designing afacility to account for
induced settlements usually addresses all
concerns except when the entire waste
containment facility isunderlain by a
nonrigid foundation such as soft clays; has

vertical leachate sump risersin the design; or

contains stabilized waste. After a successful
settlement analysis of the facility has been
performed, a bearing capacity analysis of the
facility over the nonrigid foundation; vertical
riser; or stabilized waste relative to
equipment travel during operations and after
closure should be conducted.

Stabilized waste is defined as any waste, such as sludge or
pickle liquors, that must be blended with another material to
generate the strength necessary to bear the weight of objects or
other materials. Responsible parties may need to stabilize the
waste and/or contaminated soils being disposed to provide
support for a cap and equipment. It is recommended that the
unconfined compressive strength of the stabilized waste and/or
contaminated soil be at least 15 psi. If this amount of
compressive strength cannot be made available at the time of
construction, it isimportant that the responsible party ensure
that the waste will increase in strength over time and has
adequate strength to support construction and maintenance
activities. For the short-term, the waste should be capable of
supporting the combined weight of the cap with a heaviest
piece of construction equipment. This can be demonstrated by
having afactor of safety against bearing capacity failure of at
least 2.0 or greater using the heaviest piece of construction
equipment. For the long term, the waste should be able to
support the weight of the cap and the heaviest piece of

mai ntenance equipment once construction is complete. This
can be demonstrated by having a factor of safety against
bearing capacity failure of at least 3.0 using the heaviest piece

of maintenance equipment.

Reporting of the bearing capacity analysis would include the same elements as the settlement analysis
with the addition of a description of any downdrag forces and the assumptions associated with those

forces used in the bearing capacity analysis.

Three modes of bearing capacity failures exist that may occur under any foundation. They are generd
shear, punching shear, and local shear (see Figure 6-5 on Page 6-17). Designers should evaluate all
potential bearing failure types for applicability to their facility design, especially if vertical sump risers
are included in the design. Ohio EPA discourages the use of vertical sump risersin solid waste and
hazardous waste containment units due to the inherent difficulties they present during filling operations,
and the potential they create for damaging underlying liner system. They also pose arisk to the integrity
of the waste containment system if they are not designed properly. The size and stiffness of the
foundation slab are critical. If the dlab isnot large enough in area, and is not stiff enough to prevent
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deflection under the expected load, then excessive settlement or a bearing capacity failure could occur.
Thiswould likely breach the waste containment system at one of its most critical points. Also, it isnot
recommended that geosynthetic clay liners be installed beneath vertical sump risers due to the likelihood
of the bentonite squeezing out from beneath the foundation dlab.

The following factor of safety should be used, unless superseded by rule, when demonstrating that a
facility is designed to be safe against bearing capacity failures.

Bearing Capacity Analysis: FS> 3.0 The number of digits after the decimal point indicates
that rounding can only occur to establish the last digit.
Using afactor of safety lessthan 3.0 against For example, 1.57 can be rounded to 1.6, but not 2.0.

bearing capacity failure for long-term loading
situationsis not considered a sound engineering
practice in most circumstances. Thisis due to the many
large uncertainties involved when calculating bearing
capacity. Thefactor of safety is also high, because any

The factors of safety specified in this policy
are based on the assumptions contained in
this policy. Those assumptionsinclude, but

fail ure of the qute_ contai n_ment facility due tq abearing are not limited to, the use of conservative,
capacity failureislikely to increase the potential for harm site-specific, higher quality data; proper
to human health and the environment. If a vertical sump selection of worst-case geometry; and the use
riser has afactor of safety against bearing capacity failure of ;6"‘3;' _83' O”dmamds_that f‘"‘r e ‘rj]e”]jonls_”ate?f
less than 3.0, the following alternatives can be considered; | 1 Pé vaid and appropriate for the facility.
R . . . . different assumptions are used, these factors
elimination o_f the vertical sump riser in favor of aside of safety may not be appropriately protective
slope sump riser, removal of soil layers susceptible to a of human health and the environment.

bearing capacity failure, or redesigning the vertical sump
riser to be within the bearing capacity of the soils. Inthe
case of stabilized waste, if the factor of safety isless than 3.0, the waste must be reprocessed to meet the
stability requirement. If a bearing capacity analysis of afacility over soft claysislessthan 3.0, then the
facility will need to be redesigned or the soil layers susceptible to a bearing capacity failure removed.

W
W

General Shear Punching Shear Local Shear

Figure 6-5 The three modes of bearing failures.

State and local building departments require permits before constructing and using any structure, such as
storage tanks, scale houses, or office buildings. The building departments require bearing capacity
anaysis and settlement analysis as part of the permit process for these types of structures. Ohio EPA
expects that the responsible party will comply with al building and occupancy requirements for these
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types of peripheral structures. Therefore, although these types of structures are often defined as being a
part of awaste containment facility, Ohio EPA will not review the bearing capacity or settlement
calculations for these types of structures.

The factor of safety against bearing capacity failure is calculated as follows:

FS = S 30 (6.9)
ptotal
where FS, = factor of safety against bearing failure,

g = ultimate bearing capacity of the foundation soils, and
the total pressure applied to the base of afoundation by an overlying mass.

ptotal

U%, percent consolidation

04 0506 0708 "0 1011 12
Time factor, T, (vertical drainage)

Figure 10-23 Variation of time factor T, with percentage of consolidation U.

Foundation Foundation
/ loading loading

uy (top of
consolidating layer)
[

u, (bottom of
consolidating layer)
One-way drainage Two-way drainage Distribution of initial
(single drainage) (double drainage) excess pore pressure
Maximum distance water Maximum distance water (Method for determining
must travel to escape must travel to escape a to use with Figure 10-23)
from clay layer equals from clay layer is
the layer thickness half the layer thickness
(Hgr = Hp (Hgr = Hi/2)

Figure 10-24 \Vertical drainage conditions in consolidation theory.

Figure 6-6 This set of figures and the chart can be used for determining the time factor (T, ) for
settlement and identifying the drainage path length (H,,). Determining T, for U%>95 can be
calculated using: T,=1.781-0.93310g(100-U%) Source: McCarthy, 2002, Page 383.
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CHAPTER 7

HYDROSTATIC UPLIFT ANALYSIS

This chapter provides information to use when
analyzing the hydrostatic uplift potential at a waste
containment facility in Ohio. Hydrostatic uplift may
affect the subbase or engineered components of a
waste containment facility anytime ground water
exists at afacility. When an excavation or a portion
of awaste containment facility will be constructed
at a depth where a phreatic surface of ground water
IS present or piezometric pressures are present, the
potential adverse effects upon the waste
containment facility will need to be taken into
account.

The discussion in this chapter assumes that
hydrostatic uplift occurs when enough water

When the ground water head is sufficiently high,
pressure may cause soil layers affected by the pressure
to lose strength and fail. It iswidely accepted that the
effective stress created by a soil massisthe main
factor that determines the engineering behavior of that
soil. According to Terzaghi et al, 1996, total stressin
soil isasum of an effective stress (or intergranular
stress as aresult of particle-to-particle contact
pressure) and a neutral stress (pore water pressure).
At the instance of failure, total stressin the soil is
equal to the pore water pressure, and the effective
stressis equal to zero. In other words, when particle-
to-particle contact disappears, so does the soil’s
strength.

pressure builds to simply lift a soil layer or flexible membrane liner (FML). Although this may be a
common case, other possible mechanisms of soil disruption exist under hydrostatic uplift forces. Some
of them are roofing, boiling, or even a uniform heave throughout the soil mass without formation of a
large blister. The mechanism that developsis controlled mainly by soil characteristics and construction
practices. Details on these mechanisms are given in literature and are beyond the scope of this policy.

REPORTING

This section describes the information that should be
submitted to demonstrate that a facility is not
susceptible to hydrostatic uplift. Ohio EPA
recommends that the following information be included
in its own section of a geotechnica and stability
analyses report:

+ A narrative and tabular summary of the results of
the hydrostatic uplift analysis,

7-1

Any drawings or cross sections referred to in this
policy that are already present in another part of
the geotechnical and stability analyses report can
be referenced rather than duplicated in each
section. Itishelpful if the responsible party
ensures the referenced items are easy to locate and
marked to show the appropriate information.
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A summary and discussion of the results of the subsurface investigation that apply to hydrostatic
uplift analysis and how they were used in the analysis,

A summary of the worst-case scenarios used to analyze the hydrostatic uplift potential of the

facility,

| sopach maps comparing the excavation and construction grades, depicting the temporal high
phreatic and piezometric surfaces and showing the limits of the waste containment unit(s),

Figure 7-1 Hydrostatic pressure can cause in situ materials to fracture and allow the passage
of the underlying ground water into an excavation, causing flooding of the excavation and
weakening the in situ materials. Note the two delta formations in the above picture that are
obvious evidence of flow through the in situ materials, which at this Ohio landfill, are over

20 feet thick.

Drawings showing the cross sections analyzed. The cross sections should include:

1. the engineered components and excavation
limits of the facility

2. thesoil stratigraphy,

3. thetempora high phreatic and piezometric
surfaces, and

4. thefield densities of each layer.
The detailed hydrostatic uplift calculations, and
Any figures, drawings, or references relied upon

during the analysis marked to show how they
relate to the facility.

7-2

Figure 7-2 Hydrostatic pressures are causing ground
water to pipe into an excavation of an Ohio landfill.
This may have been caused by fracturing of thein situ
materials, piping, or from an improperly abandoned
boring.
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FACTOR OF SAFETY

The following factor of safety should be used, unless superseded by rule, when demonstrating that a

facility will resist hydrostatic uplift.
Hydrostatic Uplift Analysis. FS> 1.40

The use of ahigher factor of safety against hydrostatic
uplift may be warranted whenever:

+ A failure would have a catastrophic effect upon
human health or the environment,

+  Uncertainty exists regarding the accuracy, consistency,
or validity of data, and no opportunity exists to conduct
additional testing to improve or verify the quality of
the data,

+  Large uncertainty exists about the effects that changes
to the site conditions over time may have on the
phreatic or piezometric surfaces, and no engineered

The number of digits after the decimal point
indicates that rounding can only occur to

establish the last digit. For example, 1.579 can
be rounded to 1.58, but not 1.6.

Designers may want to consider increasing
the required factor of safety if repairing a
facility after afailure would create a hardship
for the responsible parties or the waste
disposal customers.

controls can be implemented that will significantly reduce the uncertainty.

A facility must be designed to prevent failures due to
hydrostatic uplift. A factor of safety against hydrostatic
uplift lower than 1.40 is not considered a sound engineering
practice in most circumstances. Thisis dueto the
uncertaintiesin calculating afactor of safety against
hydrostatic uplift, and any failure of the waste containment
facility due to hydrostatic uplift islikely to increase the
potential for harm to human health and the environment. If
afacility has afactor of safety against hydrostatic uplift less
than 1.40, mitigation of the hydrostatic uplift pressures,
redesigning the facility to achieve the required factor of
safety, or using another site not at risk of afailure due to
hydrostatic uplift will be necessary.

The factors of safety specified in this policy
are based on the assumptions contained in
this policy. Those assumptionsinclude, but
are not limited to, the use of conservative,
site-specific, higher quality data; proper
selection of worst-case geometry; and the use
of calculation methods that are demonstrated
to be valid and appropriate for the facility. If
different assumptions are used, these factors
of safety may not be appropriately protective
of human health and the environment.

However, if unusual circumstances exist at afacility, such as the geometry of the worst-case location for
hydraulic uplift is unique to one phase, it isasmall portion of the phase, pumping of water out of the
saturated soil unit or bedrock can be done to alleviate hydrostatic uplift pressure, and the area can be
excavated, constructed and buried by sufficient waste or fill material during the same construction
season so that failure of the engineered components will be prevented, then the responsible party may
propose (this does not imply approval will be granted) to use alower factor of safety against hydrostatic
uplift in the range of 1.4 to 1.2. The proposal should include any pertinent information necessary for
demonstrating the appropriateness of the lower factor of safety to the facility.
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The responsible party should ensure that
the design and specificationsin all
authorizing documents and the QA/QC
plans clearly require that the assumptions
and specifications used in the hydrostatic
uplift analysis for the facility will be
followed during construction, operations,
and closure. If the responsible party does
not do this, it islikely that Ohio EPA will
require the assumptions and specifications e s e
from the hydrostatic uplift analysis to be “Femporal High Piezometric Surface :
used during construction, operations, and e g el e

closure of afacility through such means as Figure 7-3 Example of how using the average depth of excavation
are qppmp” ate (e.g., regul atc_)r_y compliance (double-dot dashed line) and the average elevation of the piezometric
requirements, approval conditions, orders, surface (large dashed line) result in the conclusion that hydrostatic
settlement agreements). uplift will not occur, which isincorrect. Note that the temporal high
piezometric surface (small dashed line) does intersect the liner

From time to time, changes to the facility system (hashed area) creating the potential for hydrostatic uplift that
design may be needed that will alter the must be analyzed.

assumptions and specifications used in the

hydrostatic uplift analysis. If this occurs, arequest to change the facility design isrequired to be
submitted for Ohio EPA approval in accordance with applicable rules. The request to change the facility
design must include a new hydrostatic uplift analysis that uses assumptions and specifications
appropriate for the change request.

s el
.+ Average Biezometic Surface |

i

ANALYSIS

When selecting the scenarios for analysis of
hydrostatic uplift, it must be ensured that the
worst-case interactions of the excavation and of
the construction grades with the phreatic and
piezometric surfaces are selected. Temporal
changes in phreatic and piezometric surfaces
must be taken into account. The highest
temporal phreatic and piezometric surfaces
must be used in the analysis. Using average
depth of excavation or average elevation for the
phreatic and piezometric surfacesis not

Figure 7-4 Thisis another example of hydrostatic pressures at

. an Ohio landfill creating flow through more than 20 feet of
accepteble (see Figure 7-3). Thepurpose of  peayy in situ clay materials causing flooding of the excavation.
the analysisisto find all areas of the facility, if

any, that have afactor of safety lessthan 1.40
for hydrostatic uplift.

Figure 7-5 illustrates a situation where a clay liner (or another soil layer) is constructed above a
saturated layer. The piezometric head (Hp) is applying upward pressure on the liner.
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Piezometric Ilead

Y
Y o

Top of Liner

Clay Liner IL,

Bottom of Liner

Saturated Layer

| | T

Figure 7-5 An example of piezometric head from ground water
exceeding the top of an engineered component or soil layer
creating a potential for hydrostatic uplift .

If g =fielddensity of clay liner,
gy = density of water,
H, = clay liner thickness, and
Hy = piezometric level (head),
then, at some depth (for instance at the interface between the liner and the saturated layer)

g, >H would represent the total stress (s ), and

gw>H p would represent the pore water pressure (u).

An unstable (or point of failure) situation could then be described as: s=u

ie, g -, =gywHp (7.1)
H
or as astress ratio: I g (7.2
wXp

Conversely, the total stress required to achieve afactor of safety of 1.4 is:
g, *H, >14(gy Hp) (7.3)

An unstable condition caused by hydrostatic uplift may develop when the hydrostatic uplift force
overcomes the downward force created by the weight of the soil layer(s). If an area acted upon by the
hydrostatic force is sufficiently great, excess water pressure may cause overlying soil to rise, creating a
failure known as “heave.” Although heave can take place in any soil, it will most likely occur at an
interface between arelatively impervious layer (such as aclay liner) and a saturated, relatively pervious
base.
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Water percolation through a soil layer affects hydrostatic uplift - R S
force. Asaresult, considering seepage may theoretically be a term:f‘ rda;iﬁfmgaﬂa; ;’ndues ©
more accurate approach. The shear resistance of the soil could | «reiaively pervious’ are used here only to

also be theoretically taken into account. However, for indicate a difference in permeabilities
practical purposes, a conservative evaluation of the resistance between the two respective layers. In
created by a soil layer against hydrostatic uplift can be simple terms, the bigger this differenceis,

the higher the uplift force on the
“relatively impervious’ layer will be.

accomplished by calculating a maximum uplift force based on
amaximum measured piezometric head and comparing it to
the normal stress created by the overlying soil layers. Thisis
especially true when checking an interface between a subbase
and aclay (or plastic) liner, where any significant seepage through the liner material is not anticipated
nor wanted.

Figure 7-6 Thisis another example of hydrostatic pressures at an Ohio
landfill causing flow through more than 20 feet of heavy in situ clay
materials resulting in flooding of the excavation. Note that in this case, the
presence of water cannot be taken into account due to precipitation. The
flow of uplift water is evidenced only by a cloudy disturbance in the
flooded excavation.
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Hydrostatic Uplift - Example M ethodology

A factor of safety is commonly calculated as a ratio between aresisting (available or stabilizing) force and
adriving (attacking or destabilizing) force. The factor of safety against hydrostatic uplift can be expressed
as.

FS= i 3 140 (7.4) A rough rule of thumb can be
Faw ' drawn from this example, such that
_ _ _ potential for heaving of a soil layer
where Fg = downward force resulting from the weight of soil, exists whenever a piezometric level
Fw = hydrostatic uplift force, and (head) extends to an elevation more
FS = factor of safety against hydrostatic uplift. than 1.3 times the thickness of the
layer that is above the plane of
The forcesin Equation 7.4 can be defined as: potential failure (usually the
contact plane between two layers
Fo =0, *H, A with different permeabilities).

and
I:HW :gWXprO\

where A = unit area.

When the forces in Equation 7.4 are substituted with above definitions, unit areas cancel. The expression
now takes the form of Terzaghi’s equation (Equation 7.2), with exception that number 1, previously
indicating an unstable condition, is replaced with a FS:

Fs= I 5149 7.5
gw Hp

For example, if g = 112 pcf and g,,= 62.4 pcf then the critical piezometric level can be calculated by using Equation

7.5 asfollows:

Hp £ 3L 2L £ ogo,  (»134H,)
gy ES 6244

The piezometric level in the saturated layer can be measured with piezometers, water levelsin borings, or
other techniques, and compared to 1.3-H, to very roughly assess the likelihood of hydrostatic uplift.
However, for permit applications or other authorization requests submitted to Ohio EPA, accurate
calculations using facility specific values must be included.
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Hydrostatic Uplift - Example Calculation

If asump (or another hole) is being excavated in a soil layer subjected to hydrostatic pressure (Hp, see
Figur e 7-7), the maximum depth of the sump can be calculated that would still alow for the required
factor of safety. This can be determined by substituting H, in Equation 7.5 with H, g, and calculating its
value.

For example, determine if athree-foot deep sump can be constructed under the following conditions (see
Figure7-7): H, =5ft,

H, =8ft,

g =112pcf,

g, =62.4pcf, and

Dg; = depth from top of liner to sump bottom (8 ft).
g, xH  112x5
gy XH, 6248

As aresult, athicker liner will be needed in the sump. The thickness of liner in the sump necessary to
provide afactor of safety of 1.40 can be calculated as follows:

_ FSg,,xH, 14x624>8
Lsump g, C 112
Therefore, the maximum depth of the sump should not exceed:

Hamp = Dsg - Hiamp = 8ft- 624t =176t

Using Equation 7.5 the factor of safety is: FS = = 112, which is unacceptable.

H = 6.24 ft

To avoid water infiltrating into the excavation and damaging the liner, some form of reduction to the
piezometric head (e.g., using dewatering wells) will be necessary during excavation and construction of the
liner system and sump used in this example.

Top of the liner
A A
Hsump
Liner H
Hp [ Interface surface
-; HL sump
- A
Saturated Layer

Figure 7-7 An example of piezometric head on a soil liner
with asump.
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CHAPTER 8

DEEP-SEATED FAILURE ANALYSIS

This chapter provides information to use when analyzing the potential for deep-seated trandlational
failures and deep-seated rotational failures under static and seismic conditions at an Ohio waste

containment facility.

Deep-seated trandlational failures occur along the weakest interfaces or
through the weakest foundation layers, especidly if afoundation layer is
relatively thin and underlain by stronger materials. Trandational failures
are more prevalent at facilities containing geosynthetics. Thisis because
trandational failuresinvolve a planar failure surface that parallels the weak
layer and exits through the overlying stronger material. Rotational failures
occur through relatively weak layers of afoundation and possibly a
relatively weak waste layer or engineered component of a waste

Ohio EPA considers any
failure that occurs through
amateria or along an
interface that is loaded
with more than 1,440 psf
to be a deep-seated failure.

containment facility. Rotational failures are more prevalent at facilities that
are made of or filled with weak materials or are supported by relatively weak foundation soils.
Rotational failures tend to occur through arelatively uniform material, where trandational failures tend

to occur when dissimilar materials are involved.

The potential for a slope to have a deep-seated trandational
or rotational failure is dependent on many factors including,
but not limited to, the angle and height of the slope, the
angle and extent of underlying materials, the geometry of
the toe of the slope, the soil pore water pressure devel oped
within the materials, seismic or blasting effects, and the
internal and interface shear strengths of the slope
components. Failures of thistype can be catastrophic in
nature, detrimental to human health and the environment,
and costly to repair. They can and must be avoided through
state of the practice design, material testing, construction,
and operations.

Ohio EPA requires that waste containment facilities be
designed to withstand a plausible earthquake, because they
are intended to isolate the public and environment from

Ohio has experienced at least 13 felt
earthquakes since 1986. At least four of
those exceeded magnitude 5.0 on the Richter
scale. Ohio has experienced at least two
earthquakes with ground accelerations
exceeding 0.2 g since 1995. Ohio can also
be strongly affected by earthquakes from
outside the state, as occurred during 1811
and 1812, when large earthquakes estimated
to be near 8.0 on the Richter scale occurred
in New Madrid, Missouri damaging
buildings in Ohio (from various publications
from ODNR, Division of Geologica Survey
Web site).

contaminants for along time. The maximum magnitude of a plausible earthquake in Ohio, as of the
writing of this policy, is expected to be 6.1 or higher on the Richter scale.
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REPORTING

This section describes the information that should be
submitted to demonstrate that afacility is not susceptible to

Any drawings or cross sectionsreferred to in
this policy that are already present in another

deep-seated rotational and trandational failures. Ohio EPA part of the geotechnical and stability
recommends that the following information be included in analyses report can be referenced rather than
its own section of a geotechnical and stability analyses duplicated in each section. It is helpful if the
responsible party ensures the referenced
items are easy to locate and marked to show
the appropriate information.

report:

A narrative summary of the results of the deep-
seated failure analysis.

One or more tables summarizing the internal and interface shear strengths of the various
components of the internal, interim, and final slopes (e.g., see Table 6 starting on page 8-21);

Graphical depictions of any individual and compound non-linear shear strength envelopes being
proposed for each interface, material, or composite system (see Chapter 4, starting on page 4-15
for more information).

One or more tables summarizing the results of the deep-seated failure analysis on al the analyzed
cross sections (e.g., see Table 6 starting on page 8-23);

The scope, extent, and findings of the subsurface investigation as they pertain to the analyses of
potential deep-seated failures at the waste containment facility.

A narrative description of the logic and rationale used for selecting the critical cross sections for
theinternal, interim, and final slopes.

A narrative justifying the assumptions made in the cal culations and describing the methods and
rationale used to search for the worst-case failure surface in each cross section. This should
include:

1+ adescription of the internal, interim, and final slopes that were evaluated,

1+ the assessed failure modes, such as deep-seated rotational and deep-seated translational
failures,

1+ the site conditions that were considered, including, at a minimum, static and seismic
conditions (blasting, if applicable) and temporal high phreatic and piezometric surfaces, and

+ therational for selecting the strength conditions analyzed, including drained shear strength,
undrained shear strength, peak shear strength, and residual shear strength.

Plan views of the internal, interim, and final slope grading plans, clearly showing the locations of
the analyzed cross sections, northings and eastings (e.g., see Figure 8-12 on page 8-18 and
Figure 8-13 on page 8-19), and the limits of the waste containment unit(s);
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Drawings of the analyzed cross sections, showing the slope components including:

+  soil material and waste
boundaries,

+  tempora high phreatic and
piezometric surfaces, if any,

+  s0il, synthetic, and waste
material types,

+  moist field densities and, where
applicable, the saturated field
densities,

'+ materia interface shear
strengths (peak and residual, as
applicable),

+  material internal shear strengths
(drained and undrained, as
applicable),

Figure 8-1 A dliding mass of waste is capable of producing

. .. enormous force as is demonstrated in this picture of mining and

1o a (_jepl ction of each _C”t' cal earthmoving equipment that were crushed by alarge waste failure at
failure surface and its factor of an Ohio landfill. Photo courtesy of CEC, Inc.
safety, and

+  the engineered components of the facility.

Static stability calculations (both inputs and outputs) for internal, interim, and final slopes

assuming drained conditions beneath the facility,

As appropriate, static stability calculations for
internal, interim, and final slopes assuming
undrained conditions in the soil units beneath
thefacility. When aslopeisunderlain by a
material that may develop excess pore water
pressure during loading, the static factor of
safety must be determined using the undrained
shear strength of the foundation materials. The
undrained shear strengths must be determined
by shear strength testing of site-specific,
undisturbed samples of al critical layers that
may develop excess pore water pressure,

Seismic stability calculations for internal,
interim, and final slopes assuming drained
conditions, or if applicable, undrained
conditions beneath the facility,

Any other calculations used for the analyses, and

8-3

The effective shear strength of a soil unit should
be used when modeling conditions where excess
pore water pressures have completely dissipated,
or when the soil layers at the site will not become
saturated during construction and filling of a
facility.

The unconsolidated-undrained shear strength of
a soil (as determined by shearing fully saturated
specimens in a manner that does not allow for
drainage from the specimen to occur) should be
used whenever one or more fine-grained soil
units exist at a Site that are, or may become,
saturated during construction and operations.
Thiswill produce aworst-case failure scenario,
sinceit isunlikely that in the field any given soil
unit will exhibit less shear strength than this.
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' All figures, drawings, or references relied upon during the analysis, including at least a map of
Ohio showing the peak acceleration (%g) with 2% probability of exceedance in 50 years that
denotes the facility’ s location (e.g., see Figur e 8-9 on page 8-16).

FACTORSOF SAFETY

The following factors of safety should be used, unless superseded by rule, when demonstrating that a
facility will resist deep-seated failures:

St"?‘“c an dys S:. . FS>1.50 The number of digits after the decimal point indicates
Seismic analysis: FS> 1.00 that rounding can only occur to establish the last digit.
For example, 1.579 can be rounded to 1.58, but not 1.6.

The use of higher factors of safety may be
warranted whenever:

' A failure would have a catastrophic effect upon

human health or the environment, Designers may want to consider increasing

the required factor of safety if repairing a
] _ _ facility after afailure would create a hardship
' Uncertainty exists regarding the accuracy, for the responsible parties or the waste

consistency, or validity of data, and no opportunity disposal customers.
exists to conduct additional testing to improve or
verify the quality of the data,

' Large uncertainty exists about the effects that changes to the site conditions over time may have
on the stability of the facility, and no engineered controls can be implemented that will
significantly reduce the uncertainty.

A facility must be designed to prevent deep-seated failures.
Because of the uncertainties involved when calculati ng the The factors of safety specified in this policy

factors of safety, and because any failure of the waste are based on the assumptions contained in
containment facility due to a deep-seated failure islikely to this policy. Those assumptionsinclude, but
increase the potential for harm to human health and the are not limited to, the use of conservative,

site-specific, higher quality data; proper

environment, if afacility has a static factor of safety against : _

. oo ; selection of worst-case geometry; and the use
deep-seated fa_u lurelessthan 1.5, i mi nation of _the_son of calculation methods that are demonsirated
layers susceptible to a deep-seated failure, redesigning the to be valid and appropriate for the facility. If
facility to provide the required factor of safety, or using different assumptions are used, these factors
another site not at risk of a deep-seated failure will be of safety may not be appropriately protective

of human health and the environment.

necessary in most cases.

However, if unusual circumstances exist at afacility, such

asthe critical failure surface occurs at interfaces with geosynthetics or internal to a GCL or RSL, and
internal and interface residual shear strengths will be used for all construction materials and interfaces,
or the geometry of aworst-case internal slope or interim slope is unique to one phase, and it will be
constructed, buttressed and/or buried by sufficient waste or fill material during the same construction
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season so that it achieves the required factor of safety, then the responsible party may propose (this does
not imply approval will be granted) to use alower static factor of safety against deep-seated failuresin
therange of 1.5t0 1.25. The proposal should include any pertinent information necessary for
demonstrating the appropriateness of the lower factor of safety to the facility.

A design with a seismic factor of safety
less than 1.00 against deep-seated failure
indicates afailure may occur if the
design earthquake occurs. Designing a
waste containment facility in this manner
IS not considered a sound engineering
practice. Furthermore, performing a
deformation analysis to quantify the risks
and the damage expected to awaste
containment facility that includes
geosyntheticsis not considered
justification for using a seismic factor of

safety less than 1.00 for deep-seated Figure 8-2 A complex rotational failure at a Texas landfill. White
failures. Thisis because geosynthetics arrows identify the failure escarpment. For scale, note the pickup truck

are susceptible to damage at small above the failure escarpment. Photograph courtesy of Dr. Timothy D. Stark, PE,

! X University of lllinois, Urbana.
deformations, and any failure to the
waste containment facility due to a deep-
seated failureislikely to increase the potential for harm to human health and the environment. If a
facility has a seismic factor of safety against deep-seated failure less than 1.00, elimination of the soil
layers susceptible to the deep-seated failure, redesigning the facility to provide the required seismic
factor of safety, or using another site not at risk of a deep-seated failure will be necessary.

However, if unusual circumstances exist at afacility, such as an internal slope or interim slope
represents a geometry that will not be present in additional phases during the life of the facility, the static
factor of safety is greater than 1.5, and the slope will be constructed and buttressed or buried by
sufficient waste or fill material during the same construction season so that it achieves the required
factors of safety, then the responsible party may propose (this does not imply approval will be granted)
to omit a seismic analysis of deep-seated failures for the slope. The proposal should include any
pertinent information necessary for demonstrating the appropriateness of omitting the seismic analysis
for the slope.

The responsible party should ensure that the design and specificationsin all authorizing documents and
the QA/QC plans clearly require that the assumptions and specifications used in the deep-seated failure
analysisfor the facility will be followed during construction, operations, and closure. If the responsible
party does not do this, it islikely that Ohio EPA will require the assumptions and specifications from the
deep-seated failure analysis to be used during construction, operations, and closure of afacility through
such means as are appropriate (e.g., regulatory compliance requirements, approval conditions, orders,
settlement agreements).
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From time to time, changes to the facility design may be needed that will alter the assumptions and
specifications used in the deep-seated failure analysis. If this occurs, arequest to change the facility
design is required to be submitted for Ohio EPA approval in accordance with applicable rules. The
request to change the facility design must include a new deep-seated failure analysis that uses
assumptions and specifications appropriate for the change.

ASSIGNING SHEAR STRENGTHS

When assigning shear strength values to materials and interfaces for modeling purposes, the following
will usually apply:

' For foundation materials; values that are the lowest representative values for each soil unit
should be used. These values will be available because the subsurface investigation should be
completed before conducting stability analyses. Nonlinear shear strength envelopes that start at
the origin should be used for each type of in situ material unless unconsolidated-undrained shear
strength is being used for a saturated in situ soil layer (see Conformance Testing in Chapter 4
starting on page 4-15 for more information about nonlinear shear strength envel opes).

' For structural fill and recompacted soil components; soil materials may have been compacted in
the laboratory using the lowest density and highest moisture content specified for construction
and then tested for internal shear strength during the subsurface investigation (thisis
recommended). If this occurred, then values based on the field and laboratory testing conducted
during the subsurface investigation will be available. Strength values for each engineered
component made of structural fill or RSL should be modeled using the lowest representative
values obtained from the testing of the weakest materials that will be used during construction.
Nonlinear shear strength envelopes that start at the origin should be used for each material (see
Conformance Testing in Chapter 4 starting on page 4-15 for more information about developing
nonlinear shear strength envelopes).

If testing of soils that will be used for structural fill and e e e e

recompacted layers did not occur before the stability excess pore water pressures in loose
modeling because the source of the soils was not known, saturated cohesionless materials
then the stability analysis can be used to determine the (gravels, sands, non-plastic silts),

minimum shear strengths needed for these materials. As which may liquefy witha

. . considerable loss of pre-earthquake
an alternative, conservative, assumed shear strengths for e N S

structura fill and RSL can be used. The assumed shear and dry cohesionless materials are not
strengths should be low enough to ensure that the generally affected by cyclic loadsto
likelihood is very high that the strength exhibited by the the same extent. If the cohesive soil
structural fill and the recompacted materials during is not sensitive, in most cases, it
conformance testing prior to construction will aways e

static shear strength will be retained
exceed the assumed values when constructed. However, during and after the cydlic loading.
the assumed shear strength values should not be so low (attributed to Makdisi and Seed in
that they cause the modeling software to relocate the Abramson, et al, 1996, pp. 408).

worst-case failure surface inappropriately. The assumed
valuesfor internal drained shear strengths should be
defined using shear strength envelopes that pass through
the origin.
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' For interfaces with geosynthetics and for internal shear strengths of GCLs; it is recommended
that the deep-seated failure analysis be used to determine the minimum interface shear strengths
(and internal shear strengths of GCL) that are necessary to provide the required factors of safety.
Thiswill provide the maximum flexibility for choosing materials during construction. The
resultant values determined by the stability modeling for peak and residual interface shear
strengths should assume cohesion () isequal to zero. The actual internal and interface shear
strengths of construction materials must be verified before construction (see Conformance

Testing in Chapter 4 starting on page 4-15).

For deep-seated failure analysis of internal, interim, or
final slopes, the following types of shear strengths should
be specified in the authorizing documents and the QA/QC
plan for the listed components:

' Peak shear strengths may be used for interfaces
with a geosynthetic on slopes of 5 percent or less or
slopes that will never be loaded with more than
1,440 psf. This allows the use of peak shear
strength, if appropriate, for most facility bottoms
during deep-seated failure analyses.

' Residual shear strengths are required for interfaces
with a geosynthetic on slopes greater than 5 percent
that will be loaded with more than 1,440 psf. This
requires the use of residual shear strengths during
deep-seated failure analysis for al interfaces that
areon internal slopes.

MSW isdifficult to test for shear strength.
MSW has been shown to require so much
displacement to mobilize its peak shear
strength, and has a peak shear strength that is
so much stronger than most other waste and
soil materials, that using realistic shear
strength values of the waste can cause strain
incompatibility problems with computer
modeling software. This could lead to the
computer software overlooking the critical
failure surface. In order to avoid this problem,
the maximum allowable shear strength
parameters to use when modeling MSW are: ¢
=500 psf and f = 35°. Itisappropriate to use
lower shear strength values for MSW aslong
asthey dtill force the failure surface into the
liner system and foundation materials during

modeling (adapted from Benson, 1998).

' Internal peak shear strengths may be used for reinforced GCL, if the internal shear strength of
the GCL exceeds the peak shear strength of at |east one of the interfaces with the GCL.

' Internal and interface residual shear strengths are required for unreinforced GCL, and

Drained or undrained shear strengths, as appropriate, are required to be used for foundation and
construction soil materials. When an interim slope or final slope is underlain by a material that
may develop excess pore water pressure during loading, the static factor of safety must be
determined using the undrained shear strength of the foundation materials. The undrained shear
strengths must be determined by shear strength testing of site-specific, undisturbed saturated
specimens of all materials that may develop excess pore water pressure. Using an
unconsolidated-undrained shear strength for these types of soil layers alows for a worst-case
anaysis. Thisisbecauseitisunlikely that soilsin the field will exhibit less shear strength than
the unconsolidated-undrained shear strength obtained from shearing fully saturated specimens
while allowing no drainage from the specimen.



Chapter 8 - Deep-Seated Failure Analysis

Residual shear strengths should be substituted for peak shear strengths, especialy for interfaces,
whenever reason exists to believe that the design, installation, or operation of afacility islikely to cause
enough shear displacement within amaterial or interface that a post-peak shear strength will be
mobilized (see Figure f-2 on page xiv).

ACCOUNTING FOR THE EFFECTSOF WATER

Water is one of the most important factors to
take into consideration when conducting a
stability analysis. The presence or absence of
water can have a dramatic effect upon the shear
strength of soil materials, waste, and interfaces.
It isessential that forces created by phreatic
and piezometric surfaces are applied properly
to an anaysis.

£V |
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Phreatic surfaces (see Figur e 8-3) that were
identified during the subsurface investigation or
that can be anticipated to occur must be
included as part of al modeling. Phreatic
surfaces include, but are not limited to:

' Leachate levels above liner systems caused by
normal operations, leachate recirculation, or
precipitation, among others,

' Surface water levelsin ditches, streams, rivers,
lakes, ponds, or lagoons that are part of the
cross section that is being analyzed,

' The ground water tables associated with soil \
Figur e 8-4 Looking through the failed containment

units saturated for only part of their thickness,

and berm of a storm water retention basin that was located
in Cuyahoga County. The outlet was plugged, causing
' Anticipated levels of water to be found in the phreatic surface in the basin to become
engineered components such as berms, unexpectedly high. Asaresult, it overwhelmed the

shear strength of the soil materials used to construct

. . the berm and caused it to collapse.
Most modeling software will allow one or more »

phreatic surfaces to be modeled. It isimportant that the

plausible worst-case phreatic surfaces (i.e., the highest temporal elevation of each phreatic surface) be
modeled. For example, if awaste containment facility has an exterior berm that intrudes into a flood
plain, an appropriate flood elevation (e.g., 100-year or 500-year flood elevation) should be used as the
elevation of the phreatic surface in the berm. For this type of scenario, to model the worst-case, the
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phreatic surface should be drawn to show where it would be located immediately after the flood waters
have subsided. Thisisthe time that the phreatic surface will be at the highest elevation in the berm, but
the berm will not have any confining pressure from the flood waters to help stabilize it, making it more

vulnerable to failure (see Figure 8-5).

Other phreatic surfaces such as leachate on the liner,
water levelsin wastewater lagoons, and water tablesin
soil units should be modeled at the highest levels
expected. Ohio EPA recommends conducting a
sengitivity analysis on the worst-case interim slope and
final slope by varying each phreatic surface, especially
leachate head on aliner, water levelsin lagoons and
ponds, and any phreatic surfaces that occur within
engineered components. By performing the sensitivity
analysis, estimating the ability of the waste
containment facility to resist failure will be possible if
some unanticipated condition causes the phreatic
surfaces to be increased above the maximum expected.

For example, modeling is often performed with one
foot of leachate head on the liner of a solid waste

River/

Figure 8-5 Example phreatic surface to model to
account for pore water pressure created by flooding
and then flood subsidence.

facility because, by rule, that is the maximum amount of head allowed. However, if the pumps are not
ableto operate for afew days to afew weeks, the head could easily exceed the maximum and potentially
threaten the stability of the facility. Another example would be modeling the normal water levelsin a
waste water lagoon. However, a heavy rain event may cause the water level in the lagoon to increase by
severa feet. The phreatic surface, in this case, should be modeled at the elevation of the water when it

is discharging through the emergency spillway, in
addition to an analysis when water is discharging at
the elevation of the primary spillway.

Piezometric Surfaces

Piezometric surfaces (see Figur e 8-3 on page 8-8)
identified during the subsurface investigation or that
can be anticipated to occur must be included as part
of al modeling when the failure surfaces being
analyzed pass through the unit associated with the
piezometric surface. Piezometric surfacesinclude,
but are not limited to:

' Surfaces that identify the pressure head
found in a confined saturated layer,

' Surfaces that identify the pressure head

Figure 8-6 Example of a piezometric surface created by
engineered components of a waste containment facility.

found beneath an engineered component of a waste containment facility that acts as an aquaclude
to an underlying saturated soil unit (see Figure 8-6 on page 8-9).
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Piezometric surfaces should only be used when examining stability in relation to the single materia or
interface subjected to head pressure created by the water confined within the unit. For example, in
Figure 8-3 on page 8-8, the sand layer below the clay unit should be associated with the piezometric
surface (the short-dashed line) in the modeling software. The clay unit would have no phreatic or
piezometric surface associated with it because wells screened exclusively in the clay unit weredry. The
soil unit should be associated with the phreatic surface (the long-dashed line). The piezometric surface
of the sand unit would be ignored for al units except the sand because the piezometric head hasiits effect
only on failure surfaces that pass through the sand.

ANALYSIS

Three types of slopeswill be the focus of this section: internal slopes (e.g., the interior side slope liner of
alandfill or lagoon), interim slopes (e.g., atemporary slope), and final slopes (e.g., the cap system of a
landfill, or exterior berm of alagoon). See Figuref-1 on page xii for a graphical representation of each
of these types of dopes. Most internal slopes and interim
slopes need to remain stable until they are buttressed with
waste or fill. Some internal slopes (e.g., a awaste water

Numerous case histories of failures
demonstrate that interim slopes are often

impoundment) and all final slopes need to remain stable more critical than final Sopes. Thisis

indefinitely. because they often have inherently less
stable geometry and are often left in-place

Static Analysis due to construction delays or changesin

waste placement. |nadvertent over-filling,

) ) toe excavation, and over-steepening have
After the drained shear strengths and undrained shear also triggered failures of interim and

strengths for soil materials have been assigned, the peak internal slopes.
shear strengths and residual shear strengths for interfaces
have been assigned, and it has been determined how to model
the phreatic surfaces and piezometric surfaces for the facility, the deep-seated failure analysis for
internal slopes, interim slopes, and final slopes should be performed using the conservative assumption
that the entire mass of the facility was placed all at once. If the facility design does not meet the required
1.50 factor of safety for drained conditions, the facility should be redesigned. If afacility has fine-
grained soil units, and they are saturated or may become saturated for any reason during the life of the
facility, then a stability analysis should use the undrained shear strength of these soil units. If using the
undrained shear strength in the analysis is appropriate, and the facility design does not meet the required
1.50 factor of safety for undrained conditions when assuming the mass of the facility was placed all at
once, then an analysis of staged loading may be performed, or the facility can be redesigned.

A staged loading analysis will determine how much of the mass of the facility can be constructed at one
time and still provide the required factor of safety. When conducting a staged loading analysis, CU
triaxial compression test data with pore water measurements representing future loading are used in
combination with UU triaxial test data representing the conditions before receiving the first loading.
These data are used to determine the maximum load that can be added without exceeding the undrained
shear strength of the underlying materials. Settlement calculations are then used to determine the time it
will take to dissipate excess pore water pressure. The information is used to maintain stability during
filling by developing a plan for the maximum rate of loading.
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The responsible party should ensure that the design and
specificationsin all authorizing documents and the QA/QC
plans clearly require that the assumptions and specifications
used in astaged loading analysis for the facility will be
followed during construction, operations, and closure. If
the responsible party does not do this, it islikely that Ohio
EPA will require the assumptions and specifications from
the staged loading analysis to be used during construction,
operations, and closure of afacility through such means as
are appropriate (e.g., regulatory compliance requirements,
approval conditions, orders, settlement agreements).

When calculating the static factor of safety for internal,
interim, and final slopes, multiple cross sections of the
facility should be analyzed. Cross sections should be
selected based on the angle and height of the slopes; the
relationship of the length and slope of the facility bottom to
the adjoining internal slope; the grade, extent, and shear
strength of underlying materials; and the internal and
interface shear strengths of structural fill and other
engineered components. The location of toe excavations,
temporal _high_ phreatic and piezometric sgrfaces, and Figure 8-7 Expansion crack (marked by white
construction timing should also be taken into account when  grrows) that developed at the top of aslope of an
selecting the cross secti