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1.0 INTRODUCTION/EXECUTIVE SUMMARY

SCS Engineers (SCS) has completed a geotechnical slope stability analysis of the construction,
working and post-closure phase slopes for a 203-acre expansion at the American Environmental
Landfill. SCS used the general limit equilibrium (GLE) equation 2-D numeric model from Sequence -
GeoSlope International® (GeoStudio Suite - Slope/W® 2023.1.1). This report presents the results of
the analysis. The following computational scenarios were considered:

e (Case 1 - Construction Phase
e (Case 2- Working (Filling Operations) Phase
e (Case 3- Post Closure Phase

The scenario analysis constituted a series of global analyses using methodologies employed and
reported in Aquaterra Environmental Solutions (AES) Phase IVA report (December 2011)2, SCS
Aquaterra (SA) Phase IVB report (March 2014)3 and SA Phase IVB (November 2014)4 that were
applied to the Phase IV which immediately abuts this proposed expansion to the east. (There has
been an evolution in the material shear strength properties of the underlying gray shale during this
period as additional subsurface exploration and strength tests took place. The shear strengths
employed in this modeling effort reflect the most recent shale data used in the 2014 evaluations
which consider the potential anisotropic strengths related to observed in vertical jointing and
horizontal bedding planes.)

SCS is of the opinion that the analysis performed and discussed herein is conservative in nature and
indicates that the proposed lateral expansion at the AEL can be constructed, operated and ultimately
closed within a suitable range in factors of safety when considering global slope stability of the waste
mass and containment components, and laminar stability of the layered primary liner sequences.

We strongly encourage the reader to review the remainder of this report and attachments for the
details of the evaluation.

1 “Stability Modeling with SlopeW™ - An Engineering Methodology” by John Krahn - Geo-Slope/W
International, Ltd., Calgary, Alberta, Canada, 2007 Web: http://www.geo-slope.com

2 Aquaterra Environmental Solutions, “Liner Anchor Trench and Slope Stability for American Environmental
Landfill - Tier 1 Permit Modification - Phase IVA” #4926.10, December 2011.

3 SCS Aquaterra, Inc. “Slope Stability Analysis for American Environmental Landfill - Tier 1 Permit Modification
- Phase IVB”, #27213780.10, March 2014.

4 SCS Aquaterra, Inc. “American Environmental Landfill Phase IV Slope Stability Analysis”, #27213780.10,
November 2014.
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2.0 STABILITY ANALYSIS
2.1 PROPOSED WASTE FOOTPRINT

This proposed 203-acre lateral expansion is located immediately west of AEL Phase IV waste
boundary. The design primary liner subgrade surface, and post-closure final cover surface plan
sheets, drawings 1 and 2, respectively, are provided in Attachment A. In addition, drawing 3 depicts
the soil boring locations proximate to the critical profile(s) evaluated for this study and is also
included in Attachment A.

e Proposed Vertical limit of waste will be ~1,132 feet above mean sea level (amsl) at the
highest point

e Final closure cover side slopes

— Maximum aggregate slope ~4 horizontal (H) to 1 vertical (V)

— Add-on Drainage Berms installed with the final cover at ~40 ft. vertical spacing
e Maximum thickness of waste will be ~400 ft

e Maximum height of waste above the lowest level of the bottom liner will be ~421 ft

2.2  CRITICAL PROFILE(S)

The analysis evaluated the stability of the proposed waste critical profile(s) relative to the following
scenarios:

e Construction Phase, Working Phase and Post Closure Phase: Profile C-C’: Runs from Sta.
South -5+00 ft. through Sta. North 30+00 ft.

e Construction Phase (worst case slope height): Profile C - C”’ - C"’: Runs from Sta. South -
5+00 ft. to a pivot point to the east at Sta. North 23+70 ft. through Sta. ‘North’ 33+00 ft.

Critical Profile C - C’ is provided in Attachment A on Drawing 4. The worst-case construction height
has been appended and substituted for the C”’ terminus resulting in an embankment height of 115
ft, as opposed to the C - C’ northern embankment height of 85 ft.

The critical profile for slope stability attempts to minimize slide-resisting forces while maximizing the
driving forces. This is accomplished by cutting the lowest interior resisting buttress base slope at the
heights exterior toe embankment while extending the profile perpendicular to the post-closure cover
contours upward through the maximum height of waste. The construction slope is evaluated by
cutting the maximum height of cut native soil or compacted soil embankment perpendicular to the
design subgrade contour. Where applicable, an added factor of a downward and outward-sloping
primary liner also reduces resisting forces. This condition was present in the southern half of Profile
C - C'. The minimum buttress and maximum height of waste conditions were met with profile C - C’
where the buttressing south embankment (exterior - south side ~ 40 ft. and interior - north side
~39 ft.) is cut approximately 400 ft west of the proposed lateral expansion’s southeast corner.
Profile C - C’ runs northward across the post-closure cover crest at Sta. N 16+12 ft at an elevation of
~1,132.5 ft amsl. Maximum height of waste occurs 600 ft. due east of this profile crest at an
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elevation of 1,134 ft. amsl. Thereafter, the profile passes down the reverse slope northward to the
north buttressing embankment at Sta. N 27+95 ft. Profile C - C’ terminated northward beyond the
toe of the constructed slope at Sta. N 33+00 ft. This profile represents the critical profile for the
Construction Phase Global, Working Phase Global and Post Closure Global scenarios.

To evaluate the critical laminar stability of the constructed side slope primary liner, an alternative
‘dog leg’ was substituted for the ‘northern most’ 1,000 ft of the profile. This pivoted profile is
designated as Profile C’” - C'”’. The height of the eastern buttress was 115 ft and the entire side
slope will be excavated in bedrock, so this profile was used only to assess the worst-case liner
sequence laminar stability.

2.3 LINER SEQUENCES

The proposed lateral expansion waste mass will be bounded by primary and side slope composite
liner and a soil final cover liner. These sequences have been modeled in analysis and are shown in
top-down order below:

e Final cover
1. 12-inch Vegetation Layer
2. 24-inch Vegetative Support Layer
3. 12-inch Intermediate Cover Layer
e Primary Liner
24-inch Leachate Collection Granular Layer
Non-Woven, Needle Punched (NW/NP) Geotextile
60-mil Geomembrane Layer
24-inch Recompacted Clay Layer
Prepared / Compacted Subgrade

orwNE

Each soil material layer is included in the model in the noted layer thicknesses with corresponding
unit weight and shear strength properties. The interface shear strength of the geosynthetic
sequence in the primary liner was evaluated to determine the critical weakest geosynthetic interface
(WGI) and the uppermost 6 inches of the underlying 24-inch thick CCL was assigned the WGI shear
strength properties. These values are presented below.

24 MATERIAL PROPERTIES

Competent bedrock immediately underlies the site (except for the extreme ends of the Profile C - C’
where earthen embankments are to be constructed from cohesive soils present at the site. Running
from south to north along Profile C - C’, seven borings were referenced to establish the approximate
lithology of the foundational material at and below the design subgrade. These borings were B-6 @
Sta. N-03.90 ft.; MW-38 @ Sta. N. 4+25 ft.; B-21 @ Sta. N. 7+10 ft.; B-26 @ Sta. N. 12+25 ft.; GP-25
@ Sta. 17+00 ft.; B-34 @ Sta. N. 22+50 ft.; and P-39 @ Sta. 27+30 ft. These borings are shown on
the slope stability graphic results in Attachment C. Their positions are also shown relative to Profile
C - C' on drawings provided in Attachment A.

Bedrock properties - The anisotropic shear strengths for the more massive and blocky bedrock units
(sandstone, and un-weathered shale) were estimated based on rock core samples so as to replicate
vertical rock face spalling observed at the site. These values were employed in SA (March 2014)5
and were used here for the foundational shale and sandstone even though these materials

5 ibid
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presented themselves on the cell floor and on 3H to 1V cut side slope and no vertical benching is
anticipated or required in this lateral expansion.

Table 1. Material Properties

Density Cohesion (c) [0} Reference
pcf psf Degrees

Material

Slope W™

Impenetrable default values

Impenetrable Bedrock

Sandstone 140 2000 (H) 15 (H) Core samples
250 (V) 9 (V) and field
5000 (H) 15 (H) .
Gray Shale 145.5 240 (V) 9 (V) observation
Recompacted Clay Liner (CCL) (CL) 127.5 1600 22.9 Ref 6,788
Silty Clay (Native Undisturbed) 129.9 50 23.7 Ref 6,788
Stiff Silty Clay (Compacted Subgrade) 129.9 1600 23.7 Ref 6,788
Clay (CL) (Stiff: Native Undisturbed) 129.9 13,023 26 Ref 6:7&8
Leachate Collection Granular Drainage 143.6 0 37 Ref 6

Layer (GDL) (SW)

1- Weak Geosynthetic Interface
(WGI) = 60 mil. HDPE Double Sided 129.9 0] 11 Ref ¢
Smooth (DSS) Peak (Bottom — All Phases)
2-WGI - 60 mil. HDPE Double-sided =0 =33
Textured (DST) Peak 129.9 * o Ref ©
(Side Slope — Construction) 02=1,364.9 02=28
3-WGL — 60 mil. HDPE (DST) Residual

(Side Slope — Working and Post Closure) 129.9 167 17 Ref ?

Sandy Silt (Native Undisturbed) (ML-CL) 124.7 180 30 Ref ¢ 7
35/30

Municipal Solid Waste (MSW) 85 125 @oc= Ref 10
4,177 psf

Intermediate Soil Cover 127.5 240 23.7 Ref 6,738

Vegetative Support Layer 102 240 26 Ref 6788

Vegetative Cover Sail 104 240 23.7 Ref 6,788

Soil properties - As noted in the SA (November 2014)11 report, where we used available boring logs
and testing data to estimate the strength and unit weight properties of the native or recompacted soil
materials, the above-referenced boring logs showed similar materials. Therefore, these soil unit weight

6 Huang, Y.H., Stability Analysis of Earth Slopes, University of Kentucky, Van Nostrand Reinhold Co., New York,
1983, pp 305.

7 Stark, T.D., Choi, H., McCone, S., “Drained Shear Strength Parameters for Analysis of Landslides”, Journal of
Geotechnical and Geoenvironmental Engineering, ASCE, May 2005.

8 “Atterberg Limit and Moisture Density Data Summary”, Golder Associates and Terracon Consultants, Feb
2009. And soil boring logs by SCS Engineers (2021), Std Proctor Data Summary Worksheet Dated 20 Nov
2023 by SCS Engineers., Cardinal Environmental, Inc. (2001), and Aquaterra Environmental Solutions, Inc.
(2011), and Unconfined compression tests for gray shale by Alpha Omega, Inc. (2011).

9 Narego, D. and Koerner, G.R., “Direct Shear Database of Geosynthetic-to-Geosynthetic and Geosynthetic-to-
Soil Interfaces”, GRI Report #30, April 2005, Geosynthetic Research Institute, Folsom, PA., Table 1. (With Mohr
bilinear failure envelope chart by Hartwell (2023).

10 Stark, T.D., Huvaj-Sarihan, N., Li, G., “Shear strength of municipal solid waste for stability analyses”,
Environmental Geology (2009) 1911-1923, DOI 10.1007/s00254-008-1480-0. (With Mohr bilinear failure
envelope chart by Hartwell (2023).

11 jbid
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and shear strength properties were used again for this modeling evaluation. The sources of these
values are noted in the footnoted references in the above table. Site-specific data were used where
possible. When insufficient site-specific data were available, the design engineer used the most
conservative values reported by Huang (1983). In the case of unit weight, the highest wet unit weight
in the range was calculated to provide a conservative driving force. With strength parameters, (¢ and
c) the low end of the reported range was used to reduce the resisting forces along the critical slip
surface. The pertinent portions of these references have been provided for informational purposes.

25 GEOSYNTHETIC INTERFACE STRENGTH PROPERTIES

SCS Aquaterra performed a literature evaluation to determine the weakest geo-synthetic interface
(WGI) shear strength (adhesion or cohesion, designated as a. or ¢ and internal or interface friction
angle, ¢ or 0) of the permitted primary bottom and side slope liner geosynthetic sequence. The
interface strengths of the primary liner sequences were assigned based on an evaluation of the
individual interface contact strengths as developed using soil strengths of adjoining layers from the
references noted above. Soil-to-geosynthetic and geosynthetic-to-geosynthetic contact strengths
were developed using Koerner and Narejo (2005)12. The strengths of each contact are shown in
Table 2 for each liner configuration. Two separate liner configurations were considered for the
primary liner (Side slope and floor or bottom). Residual (or large displacement) strengths were used
for the primary liner side slope post-closure configuration as this portion of the liner could experience
displacement caused by settling waste whose downslope movement could translate across the
protective soil onto the geosynthetic sequence. Although this is a remote possibility considering the
thickness of the protective soil layers, the designers believe it is a conservative assumption which
results in a conservative analytical solution. This practice is recommended by Stark (2004)13. Peak
strengths from the Koerner and Narejo database were used for the geosynthetic sequences in the
side slope Construction Phase analysis and the primary liner floor sequence as no relative
movement along the liner due to waste settlement is anticipated.

Using this approach for selecting the appropriate strength factors, a single contact was selected as
the weakest contact based first on the lowest § angle and then the lowest o value. On the side slope
of the primary liner, the DST (Textured) HDPE to granular layer contact was used. As stated above,
the peak strength was used for the construction condition, and the residual strength was used for
the post-closure condition. For the liner side slope (Construction Phase condition), the weakest
contact was not readily apparent so shear strength was plotted versus normal load, and a ‘bilinear’
Mohr coulomb envelope was employed to represent the probable peak strength. The critical contact
surfaces employed were both the unsaturated CCL liner to DST HDPE and the DST HDPE to granular
layer contacts. A plot of the bilinear envelope is provided in Attachment B. The floor liner critical
interface is the DSS HDPE to the overlying granular layer.

As noted above in the section on Liner Sequences, while geosynthetics are to be employed in this
cell, the modeling algorithms do not handle these very thin material thicknesses in a manner that will
consistently produce reasonable results. Therefore, the strength values were assigned to the
“geosynthetic region” that was assigned a region that was culled out of the top 6 inches of the CCL.

12 jbid
13 Stark, T.D., and Choi, H., “Technical Note: Peak versus residual interface strengths for landfill liner and cover
design”, Geosynthetics International, 2004 No. 6, pp. 491 - 498.
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Table 2. Weak Geosynthetic Interface Properties

Component Sequence Description Detail Drawing
Cross-Section Layer Thlcgpess Cross Section Critical Density Cora dord
Component Weight Interface Contact Interface () pef psf (degrees)
1. Primary Liner (Floor) (Using Peak Shear Strengths)
Granular Drainage .
Layer (GDL) (SW) 12in SW 143.6 0 37
NW-NP Geotextile SW to NW-NP GT 78% 0] 33
NW-NP GT to DSS X 0 .
HPDE DSS 60 mil HDPE 78%
DSS HDPE to CCL 0 22
CCL 24 in CCL 131 1600 22.9
2. Primary Liner (Side Slope - Construction Phase) (Using Peak Shear Strengths)
GDL (SW) 12in SW 143.6 0 37
SW to DST HDPE 78% 0 34
NW-NP Geotextile SW to NW-NP GT 78%* 0] 33
HPDE DST 60 mil NW-NP GT to DST X 78+ 167 25
HDPE
ccL DST HDPE to CCL 78% 480 19
24 in CCL 131 1600 22.9
3. Primary Liner (Side Slope - Working and Post Closure Phases) (Using Residual Strengths)
GDL (SW) 12in SW 143.6 0 37
NW-NP Geotextile SW to NW-NP GT 78% 0 33
NW-NP GT to DST 0 17
HPDE DST 60 mil HDPE 78%
DST HDPE to CCL X 0 22
CCL 24 in CCL 131 1600 22.9

* (note used y = 131 psf as the WGL was included in the CCL modeling region)

For stability modeling, we applied peak interface shear strengths for the nearly flat primary liner floor
for Liner Sequence 1 in Table 2. As noted earlier in this section, and as described by Stark and Choi
(2004)14, the potential exists for liner down drag along the primary liner 3H to 1V side slope due to
the settlement of overlying waste. To be conservative, we applied residual (or large displacement)
interface shear strengths for the surfaces (Liner Sequence 2 in Table 2). Since no waste settlement-
induced drag-down forces would be present during liner construction, peak strengths were used for
the Construction Phase operations to determine static laminar stability of the constructed cut slope.
In both cases, this practice is conservative and consistent with Stark (2004). Stark and Choi
recommend the designer to “assign residual shear strengths to the side slopes and peak shear
strengths to the base of the liner system and satisfy a factor of safety greater than 1.5, and assign
residual strengths to the side slopes and base of the liner system and satisfy a factor of safety
greater than 1.0 or 1.1 if direct shear data are used. In the case of the former condition, the FOSs
obtained as noted below exceed 1.5. Applying the second later condition results in FOSs exceeding
1.0 and 1.1 (using direct interface shear data). Stark and Choi similarly recommend for the stability
of the geosynthetic cover system assigning “peak shear strength of the weakest interface, or the
weakest composite interface, with a factor of safety greater than 1.5 because of the lack of or
limited amount of detrimental shear displacement along the weakest interface in a cover system

14 ibid
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compared with the liner side slope. However, if the average slope angle (3H to 1V or 18.3¢ in this
case) is greater than the peak interface friction angle, or large displacements such as construction-
induced displacements or seismically induced displacements are expected, a residual interface
friction angle should be used for design.” The peak friction angle for the weakest interface is 199, no
significant construction-induced displacements are anticipated as long as construction of the final
cover is allowed to proceed from the base of the slope only, and the seismic induced peak
acceleration (amax) of 0.089g at the primary liner is much less than the calculated yield acceleration
(Ay) of 0.32g. Therefore, no permanent lateral liner displacement is anticipated.

2.6 SEISMIC HAZARD LOADING

The peak acceleration (Kp) in the bedrock near the center of the proposed waste footprint (Latitude
36° 10’ 05” N, Longitude -96° 12’ 04" E) is estimated to be 0.089g based on the USGS Custom
Hazard Map (2018)15. If the peak acceleration (Kp) at the base of a facility is greater than 0.10g with
a 10 percent Probability of Exceedance (PE) in 250 years the site is considered to be in a seismic
impact zone. Therefore, the landfill is not located in a seismic impact zone as stipulated by the
USEPA. Regardless, a seismic deformation analysis was performed to determine the potential impact
of a design event.

SCS evaluated the stability of the waste mass for the final closure condition where the Exposure
Time (ET) was 250 yrs. and the PE was 10%, which resulted in a Final Closure Return Period (RP) of
2,373 years. To perform a seismic analysis of the critical profile, the peak seismic acceleration (Kp)
is transferred from the top of the bedrock to the base of the landfill. The resulting Amaxbase Value was
0.089¢ for the post-closure scenario since the waste directly contacts the excavated bedrock
surface.

Seismic loading is transferred into the waste mass from the landfill base. Singh and Sun (1995)16
were used to estimate the Amaxat the top of the critical slip surface along the critical profile. The
critical slip surfaces intercept the proposed final cover surface near the mid-point of the side slope
mid-point and the top of the slope. The height of the cover surface at the failure surface intercept is
approximately 200 feet above the waste/bedrock contact. Using Singh and Sun, the Amaxwas
estimated to be 0.138¢g and 0.082g, for the post-closure scenario for the cover liner at a height of
100 ft. (side slope 1/3-point) and 200 ft. (midpoint of slope) above the bottom liner, respectively.
These analyses are shown in Attachment C - Seismic Analysis and Supporting Information.

With these Amax loading conditions, we were able to evaluate the likelihood of permanent
deformation of each waste profile scenario once the critical slip surface was identified.

15 USGS - 2018 National Seismic Hazard Model for the Conterminous United States, Peak Horizontal
Acceleration with a 2% Probability of Exceedance in 50 Years - NEHRP Site Class B/C (Vszo = 760 m’s) Custom
Hazard Map, https://geohazards.usgs.gov/hazards/apps/cmaps/

16 Singh, S. and Sun, J.1., (1995). “Seismic Evaluation of Municipal Solid Waste Landfills” Proc. Spec. Conf. on
Geoenvironment 2000, ASCE, Geotechnical Special Publication No. 46, New Orleans, LA, Vol. 2, pp.1081-
1096.
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3.0 METHODOLOGY DISCUSSION

GeoStudio - SlopeW® solves two factors-of-safety (FOS) equations: one satisfying force equilibrium
and one satisfying moment equilibrium. The stability process involves passing a slip surface through
the earth's mass and dividing the inscribed portion into vertical slices. The slip surface may be
circular, composite (i.e., combination of circular and linear portions) or consist of any shape defined
by a series of straight lines (i.e., fully specified slip surface). The limit equilibrium formulation
assumes that:

e The FOS of the cohesive component and the frictional component of strength are equal
for all soils involved

e The FOS is the same for all slices

SlopeW® uses a General Limit Equilibrium (GLE) formulation in the FOS computation. In summary,
the following equations of static equilibrium are used:

e The forces in a vertical direction are summed for each slice. The equation is solved for
the normal force at the base of the slice, N

e The forces in a horizontal direction are summed for each slice and used to compute the
interslice normal force, E. This equation is applied in an iterative manner across the
sliding mass (i.e., from left to right)

e The moments about a common point are summed for all slices. The equation can be
rearranged and solved for the moment equilibrium FOS (Fm)

e The summation of forces in a horizontal direction for all slices, giving rise to a force
equilibrium FOS (Fy)

Although the analysis is still indeterminate, a further assumption is made regarding the direction of
the resultant interslice forces. The direction is assumed to be described by an interslice force
function. The FOS can now be computed based on moment equilibrium Fmn and force equilibrium Fs.
The FOSs may vary depending on the percentage (Lambda, A) of the force function used in the
computation.

Using the same GLE formulation, it is possible to specify a variety of interslice force conditions and
satisfy only the moment or force equilibrium conditions. The assumptions made to the interslice
forces and the selection of overall force (Ff) and/or moment (Fm) equilibrium in the FOS equation,
give rise to the various methods of analysis. A rigorous method satisfies both moment and force
equilibrium (Fr = Fm). The method used and presented in this report (Morgenstern-Price) satisfies
both moment and force equilibrium.

The GLE method implemented in SlopeW® allows the specification of lambda values, and a plot of
FOS versus A. The intersection point (Fr = Fm) represents the converged FOS of the GLE method.

The protocol used to accomplish this first performs a trial run using the ordinary (Fellenius) method
to develop starting values for the FOS calculations, thereafter the computation sets the interslice
shear forces to zero and solves for the moment equilibrium FOS (Bishop Method). Following this
computation, the force equilibrium FOS (Janbu Method) can be solved for all the computational slip
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surfaces, and lastly, both moment and force equilibrium equations can be solved (were solved in this
project using the Morgenstern-Price Method) once the interslice forces are computed, and the
Lambda function (L) is determined by iteration and computational closure.
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4.0 SLOPE STABILITY ANALYSIS RESULTS

Slope stability analyses were performed on the most critical final closure landfill configuration
(Profile C-C’). This profile was used to evaluate several Working Phase conditions where the fill
proceeds from north to south across the profile.

As indicated above, the numerical computer model used to compute the slope stability was
GeoStudio - SlopeW® by Geo-Slope International Ltd.

The SlopeW® graphic output depicts the weakest slip surface using the Morgenstern-Price method.
The critical slip surface is divided into at least 30 vertical slices and the individual slice forces and
moments are computed using the general limit equilibrium (GLE) methodology discussed in the next
section. Multiple automated search routines were employed to develop the most critical slip
surface(s) for each profile. These search routines included; auto-locate, entry and exit, grid and
radius and block-specified techniques. For each analysis, from 1,000 to 50,000 trial slip surfaces
were generated to identify the critical circular slip surface. Thereafter, the most critical slip surface
was modified using an iterative (minimum 5,000 iterations) optimization algorithm that typically
created a unique non-circular slip surface that exhibited a more critical (lower FOS) surface.

4.1 STATIC ANALYSIS

Static global slope stability analyses were performed on each profile configuration discussed above
applying the Morgenstern-Price method. After the critical circular or block slip surface was identified,
the slip surface was optimized as described in the prior section.

Stability analyses were performed on construction, working and Post Closure Phase scenarios with
global evaluation of the full depth of the soil and rock profile material regions down to the modeled
impenetrable boundary limit. These static stability Factor of Safety (FOSstatic) results were 4.12, 3.76,
2.11 and 3.11 for Construction Profile C-C’, Construction Phase C”’-C’”’, Working Phase Profile C-C’,
and Post Closure Phase Profile C-C’, respectively. The slip surface search was then focused on the
WGI zone in the side slope and bottom primary liner (Noted as “Forced to DSS or DST” to explore the
potential slip surface largely occurring in the geosynthetic sequence as typical for the modern
composite liner systems. The focused search was accomplished by changing the underlying gray
shale bedrock and overlying CCL material properties to ‘impenetrable’ which forced the model
search routine to stop within the overlying WGI region. In each case, the WGI analysis resulted in a
lower FOSstatic. These WGI potential surfaces were determined to be the critical potential slippage
surfaces and are discussed below, the results of the full-depth analyses are also provided in
Attachment D. Similarly, only the ‘forced’ solutions for working and Post Closure Phases were further
evaluated for the seismic loading described below. The results of the static analysis are presented
below.

e Construction Phase FOSstatic for the constructed cut slope at the north end of Profile C-C’
following installation of the primary liner sequence was 2.14 for a vertical height of 85 ft.
The FOSstatic for the eastern end of Profile C'-C’”” was also 2.14. Profile C’-C’"’ represents
the worst-case Construction Phase scenario due to its overall vertical slope height being
115 ft.

e Working Phase (north to south development) configuration with a maximum working
slope of 3H to 1V filled to the maximum permitted waste limit elevation had a (FOSstatic)
was 2.11 when the slip surface was forced along the WGI which was similar to the
unrestricted global slip surface noted above.
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e Post Closure Phase computed minimum static Factor of Safety (FOSstatic) for the critical
slip surface was 2.68.

A detailed model scenario report is attached for each of the above-bulleted phase analyses (see
Attachment D).

4.2 SEISMIC DEFORMATION ANALYSIS

A seismic deformation analysis was performed by computing the estimated yield acceleration (Ay) at
which the critical slip surface would experience permanent deformation (by definition a FOS < 1.0)
for each of the Working and Post Closure Phase scenarios discussed above. The computed Ay for
each scenario is given in Table 3. The Amax value for the post-closure condition is 0.089g for slippage
north to south on the primary liner.

Table 3. Static and Seismic Stability Results

Scenario Phase Static FOS Ay (Amax)
Profile C”-C Construction Phase 2.07 N/A
2.06
Profile C-C’ Working Phase 2.10 0.31g (0.089g)
Post Closure — Global Analysis 1.86 0.17g (0.089g)

When the Ay is greater than the Amax, NO permanent deformation can take place. Accordingly, no
permanent deformation is anticipated for the seismic design event at either the base of the waste
liner during post-closure or of the primary liner during the Working Phase filling period where waste
may be placed from north to south.

The graphic presentations of the critical slip surface from each case reported above are provided in
Attachment D. Each graphic shows only the weakest or most critical slip surface (surface with the
lowest computed FOS).

4.3 HYDROSTATIC CONDITIONS

Piezometric surfaces equal to one foot of hydraulic head were positioned on the primary bottom and
side slope liner contact surfaces and the cover liner with a one-foot flow depth being present in each
bench terrace. Model constraints were set to allow the piezometric head to act on the material
layers immediately above the FML.
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5.0 CONCLUSIONS

Based on the global slope stability analyses of the critical profile for the proposed Lateral Expansion
landfill footprint, SCS concludes the following:

e Static FOSs for global post-closure conditions were 1.86. Therefore, it is concluded that
the proposed final closure slopes and grades are suitable with regard to global and final
cover static stability.

e Working Phase static FOS was 2.10 where waste fill placement was conservatively
assumed to proceed from north to south creating an un-buttressed toe of slope that
extended to the maximum permitted top of slope. The working slope was set at 3H to 1V
and the bottom liner slope was downward to the south setting up the worst-case filling
condition stability-wise. It is therefore concluded that the filling can proceed at a 3H to
1V working slope with suitable global stability.

e The construction of the high-cut slopes at a 3H to 1V grade also achieves FOSs of ~2.06
with the installation of the primary side slope liner. This also appears to be suitable for
the temporary condition. No seismic loading analysis was performed due to the
temporary nature of this slope before the placement of waste.

e Seismic analysis indicates that the yield acceleration (Ay) of the critical slip surfaces is
greater than the maximum design event accelerations (Amax). When Ay exceeds Amasx,
there is no permanent displacement experienced along the critical slip surface resulting
from the design earthquake event (10% PE at 250 years). Therefore, we conclude that
no permanent deformation of the primary liner during the Construction, Working and Post
Closure Phases for this lateral expansion is anticipated based on the Ay values discussed
above.
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Attachment A

Critical Profile Information
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OCTOBER 2020 20412336
PARTICLE SIZE DISTRIBUTION & ATTERBERG LIMITS
ASTM D421, D6913, D4318
PROJECT NAME: SCS/AEL S/2 PH IVD/IVE/IVF/OK
SAMPLE ID: CL-1 - Depth: -
TYPE: Bulk
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Particle size in millimeters
Coarse Fine Coarse Muedium l Fine Silt or Clay
COBBLES GRAVEL SAND FINES
Particle Size Particle Size PL_‘;STICITY CHART 1
—_ fmm) %% Passing Classification Percentoge 60 ——y —1
6.0" 154.2 100.0
3.0" 75.0 100.0 Cobbles 0.00 | o b
£ 25" 63.5 100.0 | =
£ 2.0" 50.0 100.0 .
£ ™ - | 7 a0 |
z I.5 37.5 99.5 | B
2 1.0" 25.0 99.0 £
§ 0.75" 19.0 98.6 Coarse Gravel 1.45 [}
. 0.50" 12.7 98.4 ‘ 2
z 0.375" 9.5 98.4 3
3 # 4.8 96.2 Fine Gravel 200 | ET
3 410 2.0 95.0 Coarse Sand 118
& 420 0.85 94.0 10
“ #40 043 93.3 Medium Sand 1.64 yAT
£60 0,25 92.9 0 | ]
£100 0.15 92.1 0 10 20 30 40 0 60 70 80 90 100 110
| #200 0.075 90.6 Fine Sund 2.76 LIQUID LIMIT (LL)
Ines 90.6
ATTERBERG LIMITS
Method -B (Dry preparation)
M, LL PL Pl Ll
168 | 36 | 24 | 12 | -0.58
DESCRIPTION:{SILTY CLAY, some fine to coarse sand, trace fine
to coarse gravel; olive, shale. LL (oven-dricd)
o <0 7% = ORGANIC
USCS: CL I Lo TECH| LH/VB/HL
DATE| 10v23/20
cueck] M
NOTE: SAMPLE WAS CRUSHED AND PASSED THROUGH THE NO. 3/8" SIEVE BEFORE TESTING. REVIEW| VNV
APPROVE )

Golder Associates Inc.



OCTOoRER 2020

MOISTURE / DRY DENSITY CURVE
ASTM D 698 M

ethod A

| Mechanical

[ Standard

| Dry Method |

20412336

APPROVE

PROJECT NAME: SCS/AEL S/2 PH IVD/IVE/IVF/OK
PROJECT NUMBER: 20412336
SAMPLE ID: CL-1 DEPTH: SAMPLE TYPE: Bulk
120 -
‘\\ ----- Zero Air Void Curve
Ay
K I
15 !
5 \‘\ ||
1o kY
l\‘
I/\ \\
105 \‘
] /] \
g 100 N
- n
E \
w95 . ! —
Z \\
a N '
Z % — *
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85 —— ki -
\“‘
30 : <
75 - L
, 70 = |
| 0% 5% 0% 15% 0%  25%  30% 3%  d0%  45%  50%  55%  60%  65% 0%  75%
MOISTURE CONTENT (%)
COMPACTION POINTS Maximum Dry Density (pcf) | 108.4
Dry Moisture Optimum Moisture (%) 18.5
Specimen | Density | Content Corrected Maximum Dry Density (pcf)
Number (pch) (%) Corrected Optimum Moisture (%)
1 100.5 11.8%
2 106.3 15.8% As-Received Moisture Content | 16.8%
3 108.3 19.0% NOTE  SAMPLE WAS CRUSHED AND PASSED THROUGH THE NO. 3 8" SIEVE BEFORE TESTING
4 103.4 22.1% % Retained on # 4 sieve
% Retained on 3/8" sieve 1.6%
% Retained on 3/4" sieve
Specific Gravily (assumed/lested)
DESCRIPTION Si;.T;t EliL;A\:,hso?e fine to coarse sand. trace fine to coarse n
vel: ofive.
gravel: olive, shal CHECK
USCS CL I REVIEW
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FLEXIBLE WALL PERMEARILITY
ASTM D 5084
METIIOD D, CONSTANT RATE OF FLOW

COMMENTS| The sample was remolded to 94.8% of the Maximum Dry Density

PROJECT TITLE L.SCS/AEL $/2 PH IVDAVE/NVF/OK Board # 3
PROJECT NUMBER  [20412336 Flow Pump|___2 and OPTM + 0.2% (using ASTM D 698).
SAMPLE ID CL-1 - Flow Pump Speed 9
SAMPLE TYPE | Bulk Technician | FT
Sample Data, Initial Sample Data, Final
Height. inches B-Value, [ 1.00 Itcight, inches 3.028 Sample Sample
Dismeter, inches Cell Pres. 90.0 Di « inches 2.830 WATER CONTENTS Initial Final
Area, cm? o, Pres. 80.0 Area, cm? 40.58 Wi Soil & Tare, i g 587.52 626.67
Volume, em’ Top Pres. 80.0 Volume, cm* 312.12 Wi Soil & Tare, { g 494.81 503.33
Mass, £ Tot. B.P. 80.0 Mass, g 618.19 Wit Tare I3 0.00 8.69
Muisture Content, % 1lecad, max. | _126.61 Moisture Content, % 24.94 Wit Moisturc Lost 2 92.71 123.34
Dy Density, pef s Henil, min. 126.61 Dry Density, pel 98,92 Wt Dry Soil g 494.81 494.64
Sper. Gravity( d) 2.700  |Max. Grad. 16.46 Yolume Sofids, em® 183.26 Water Contenl % 18.74% 24.94%
Volume Solids, cm® 183.26 _|Min. Grad. 16.46 Volume Voids. cm’ 128.86
Valume Voids, em® 117.39 Void Ratio 0.70
Void Ratio 0.64 Saturation, % 95.8% DESCRIPTION
Saturation. % 79.0% [SILTY CIAY, some fine to coarse sand. trace fine to coarse gravel; olive, shale.
Flow Pump Rate cm’lscc uscs CL
TIME FUNCTIONS, SECONDS dP |
DATE DAY HOUR MIN TEMP dt dtacc de dtyace Reading Head Gradient Permeability
(‘'C) {min) (min) {sec) {sec) {psi) (em) (cm/sec)
10/29/20 44133 L] 0 20.5 n 0 [} 0 1.80 126.61 16.46 6.3E-08
10/29720 44133 8 5 20.5 5 5 300 Joe 1.80 126.61 16.46 6.3E-08
10729120 44133 5 10 20.5 5 10 300 600 1.80 126.61 16.46 6.3E-08
10/29/20 44133 5 15 205 5 15 300 200 1.80 126.61 16.46 6.3E-08 Ly
10729720 44133 8 20 20.5 5 20 300 1200 1.80 126.61 16.46 6.3E-08 »
10729720 44133 8 25 20.5 5 25 300 1500 1.80 126.61 16.46 6.3E-08 )
10/29720 44133 -4 30 20.5 5 30 300 180]) 1.80 126.61 16,46 6.3E-08 ]

TRANSCRIBED FROM ORIGINAL DATA SHEETS

PERMEABILITY REPORTED AS **

erlser ="

DATE]
CHECK
REVIEW
APPROVE

10/29/20

DA

Golder Associates Inc.




OCTOBER 2020
PARTICLE SIZE DISTRIBUTION & ATTERBERG LIMITS
ASTM D421, D6913, D4318

PROJECT NAME: SCS/AEL S/2 PH IVD/IVE/IVF/OK

20412336

SAMPLE ID: CL-2 - Depth: -
TYPE: Bulk
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Particle size in millimcters
Coarse Fine Coarse Medlam I Fine Sil or Clay
COBBLES GRAVEL SAND FINES
Particle Size Particle Size PLASTICITY CHAR )
(T o5 IMasing Classification  Perdentage [ T B s B (S
6.0" 154.2 100.0 |
3.0" 75.0 100.0 Cobbles 0.00 © . P '
v 25" 63.5 100.0 | ¥
b = s
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S 7, s e Mitue |
2 0.375" 9.5 98.8 < | /s
m . Z = - :
° #4 4.8 94.6 Fine Gravel 1.43 St
g #10 2.0 92.3 Coarsc Sand 2.21 i /| |
=] ¥ |
7] #20 0.85 91.1 19 7| 74 T —
g #40 0.43 90.5 Medium Sand 1.85 yAIE TV hlieig |
460 0.25 90.1 0 | i
#100 0.15 89.7 [ 0 2 3 4 50 6 70 8 % 100 110
L | #200 0.075 89.2 Fine Sand 1.26 LIQUID LIMIT (LL)
Fines 89.2
ATTERBERG LIMITS
Method -B (Dry preparation)
M, LL PL Pl LI
[(aa | a6 | 22 [ 24 [ 03|
DESCRIFTION:[SILTY CLAY, some fine to coarse sand, some fine
to coarse gravel; olive, shale. L4 (ovensdried)|
"7 ORGANK
USCS: CL I o, TECH| LH/VB
DATE| 10/22/20
CHECK
NOTE: SAMPLE WAS CRUSHED AND PASSED THROUGH THE NO. 3/8" SIEVE BEFORE TESTING. REVIEW
APPROVE

Golder Associates Inc.




OCTOBER 2020 20412336

MOISTURE / DRY DENSITY CURVE

ASTM D 698 Method A
[ Mechanical | Standard [ Dry Method |
PROJECT NAME: SCS/AEL $/2 PH IVD/IVE/IVF/OK
PROJECT NUMBER: 20412336
SAMPLE ID: CL-2 DEPTH: SAMPLE TYPE: Bulk
120 -
\\ ————— 2ero Air Void Curve
15 f “‘
‘\
l\\
110 3
l“
Y4 '
105 7 Y
= \\
g 100 '
~
£
@n 9 2
Z ‘\
= \
i Q ‘\‘
E 90 |- \‘\ =
a ‘\‘ | |
b | |
85 +— g
\\\'
80 2
"\
75 fofe S
[ |
|
70 : - -
% 5% 10%  15% 0%  35% 3%  35%  40%  45%  S0%  55%  60%  65%  70% 7%
MOISTURE CONTENT (%)
COMPACTION POINTS Maximum Dry Density (pcf) | 108.0
Dry Moisture Optimum Moisture (%) 17.2
Specimen | Density | Content Correcled Maximum Dry Density (pcl)
Number (peh) (%) Corrected Optimum Moisture (%)
| 104.3 11.7%
2 105.8 13.8% As-Received Moisture Content 14.4%
3 108.0 17.4% NOTE SAMPLE WAS CRUSHED AND PASSED THROUGH THE NO. 3 8" SIEVE BEFORE TESTING
4 101.4 21.2% % Retained on # 4 sieve
% Retained on 3/8" sieve 1.2%
% Retained on 3/4" sieve
Specific Gravity (assumed‘tested)
DESCRIPTION SILTY CLAY, some fine to coarse sand, some fine to coarse
i¢l; olive. shale.
gravel: olive. shale CHECK ﬂ ]
vscs| oL | REVIEW| /440
APPROVE

Golder Associates Inc.



FLEXIBLE WALL PERMEABILITY
ASTM D 5084
METHOD D, CONSTANT RATE OF FLOW

Ca ]

PROJECT TITLE SCS/AEL $72 PH IVD/IVE/IVF/OK Board # 4 COMMENTS|The simple was remolded to 95.2% of the Muximum Dry Density
PROJECT NUMBER  [20412336 Flow Pump| 2 and OPTM - 0.3% (using ASTM D 698).

SAMPLE ID CL-2 Flow Pump Speed Y

SAMPLE TYPE Bulk Technician FT

Sample Data, Initial Sample Data, Final

eight, inches 3.001  [B-Value [ 0.99 Height, inches 019 Sample Sample
Digmeter, inches 2.790  [Cell Pres. 90.0 Diameter, inches 2.790 WATER CONTENTS Laitial Final
Aren, cm® 39.44 Bot. Pres. 80.0 Area, em? 39,44 ‘Wt Soil & Tare, i e 578.93 625.50
Volume, cm’ 300.65 _|Top Pres. 80.0 Volume, cm’ 3N2.46 Wi Soil & Tare. f g 495.09 503.25
Mass g 57893 |Tot B.P. 80.0 Mass. g 617,45 Wt Tare g 0.00 8.59
Maisture Content, % 169 |Hemt, max. | 123.80 Moisture Content, % 24.71 Wt Moisture Lost g 83.84 122.25
Dry Density, pel 102.8  |Head, min, 123.80 Dry Density, pel 102.14 Wt Dry Soil g 495.09 494.66
Spec. Gravit d) 2,700 | Mav Grad. 16.14 Volume Solids, cm’ 183.37 Water Content Y 16.93% 24.71%
Vaolume Solids, om® 18337 |Min. Grad. 16.14 Volume Voids, cm® 119.09

Volume Voids, cm” 117.29 Void Ratio 0.65

Void Ratio 0.64 Saturation, % 102.7% DESCRIFTION

Sutoration, % 71,5% SILTY CLAY, some fine to coarse sand, some finc to coarse ruvel: olive, shale.

Flow Pump Rate cm“/su.-l: uscs
TIME FUNCTIONS, SECONDS [i]

DATE DAY HOUR MIN TEMP di dtacc de diace Reading Head Gradient Permeability

(°C) {min) (min) (sec) {sec) 511 {cm) {cm/sec)
10729720 44133 9 0 20.5 0 0 0 0 1.76 123.80 16.14 6.6E-08
10/29/20 44133 9 5 20.5 s 5 300 300 1.76 123.80 16.14 6.6E-08
10/29/20 4133 9 10 205 5 10 300 600 1.76 123.80 16.14 6.6E-08
10/29/20 44133 9 15 205 5 15 300 900 1.76 123.80 16.14 6.GE-08 .
10/29/20 44133 9 20 20.5 s 20 300 1200 1.76 123.80 16.14 6.6E-08 L
1072920 44133 9, 25 20.5 5 25 300 1500 1.76 123.80 16.14 6.6E-08 B
10/2920 44133 9 30 20.5 5 30 300 1800 1.76 123.80 16.14 6.6E-08 .

TRANSCRIBED FROM ORIGINAL DATA SHEETS

PERMEABILITY REPORTED AS "‘*l 6.6E-08 |crn|fur -

DATE
CHECK
REVIEW
AI'PROVE

10%;/20

Da

Golder Associates Inc.



OCTOBER 2020

PARTICLE SIZE DISTRIBUTION & ATTERBERG LIMITS
ASTM D421, D6913, D4318

20412336

PROJECT NAME: SCS/AEL S/2 PH IVD/IVE/IVF/OK
SAMPLE ID: CL-3 - Depth: -
TYPE: Bulk
100 [ et e :
o |
I ‘H-_"""‘"—-lr-—_ _
90 . —
|
80 i ! : i m R
| : . . ' |
o 70 ] — I
| |
P60 : ! —]
E | i |
s e !
L N Ll | |
| 1 | || | |
= [T | ! it l| o I [T [
I |1 0 |
30 1 E S : | i T - : |
. | Ll || |
20 Bt : 4 - - ! —
. I . ‘ ! | . | ' l
10 +H- I t i 4 i i 1
| ‘ I WL | |
I 0 J111 | Il 1
1000 100 10 1 0.1 0.0 0.001
I Particle size in millimeters
Cinarsg Fine Coarse Medium Fine Silt or Clay
COBBLES GRAVEL SAND FINES
Particle Size Particle Size | PLAST[CI_TY CHART
. (mm) % Passing  Classitication  Percemage 60— = — T T - TZnE 1 -r'” 1
6.0" 154.2 100.0 ',‘ it /'“ [
3.0 75.0 97.7 Cobbles 2.30 © 1 LA | 7 | | |
E 25" 63.5 97.7 B by /! ||
2 20" 50.0 97.7 £ PARE . '
2 I.5" 37.5 97.7 | & v i T /——'— |
E 10" 350 97.7 z ' o /
5 0.75" 19.0 97.7 | CoarscGravet| 004 £ s ya P ==
o 0.50" 12.7 91.3 £ S / [ |
13 7 4 (TP T | |
3 0375" 95 97.2 | 3 ., L e, '
% # 48 94.6 Fine Grasel 3.03 =7 J] @ / ‘
vg #10 2.0 93,0 Coarsc Sand 1.64 ',f" / |
& £20 0.85 92.0 1 — +—
g H40 0.43 91.6 Medium Sand 1.35 FARE STV i | ! |
#60 0.25 91.3 . |
#100 0.15 91.0 10 20 30 10 0 60 70 80 90 100 314)
| #200 0.075 90.2 Fine Sand L44 LIQUID LIMIT (LL)
Fines 90.2 -
ATTERBERG LIMITS
Method -B (Dry preparation)
M, LL PL PI L1
[i3e [ ae ] 23 [ 2 | 04
DESCRIPTION:|SILTY CLAY, trace fine to coarse gravel, trace fine
1o coarse sand; olive, with cobbles. 11 (usen-dricd)
uscs:| CL | bt TECH| LHNB
DATE| 10/23/20
CHECK
NOTE: SAMPLE WAS CRUSHED AND PASSED THROUGH THE NO. 3/8" SIEVE BEFORE TESTING. REVIEW ﬁj
APPROVE

Golder Associates Inc.



OCTOBER 2020 20412336

MOISTURE / DRY DENSITY CURVE

ASTM D 698 Method A
| Mechanical [ Standard | Dry Method |
PROJECT NAME: SCS/AEL S/2 PH IVD/IVE/IVF/OK
PROJECT NUMBER: 20412336
SAMPLE ID: CL-3 DEPTH: SAMPLE TYPE: Bulk
120 -
‘\‘ --—— Zero Air Void Curve
s %
\“‘
1o '\ |
/'.\ \‘\‘ .l
105 n
7 \ |
E A}
2 100 - [
~ ‘\
- 1y
| : ‘\
| “Lo9s *
4 \
o \
| &
Z oo+t — SN — —
| a “
85 h* < -
80 + ‘\
i 75 “ b
| ‘\_‘
| 70 bt
| 0% S0, 10%  15%  20% 5%  30%  35%  40%  45%  50%  55%  60%  65%  70%  75%
! MOISTURE CONTENT (%)
COMPACTION POINTS Maximum Dry Density (pcf) | 109.2
Dry Moisture Optimum Moisture (%) 16.6
Specimen [ Density | Content Corrected Maximum Dry Density (pcf)
Number (pch (%) Corrected Optimum Moisture (%)
| 103.7 9.6%
2 107.4 13.4% As-Received Moisture Content | 13.9%
3 109.1 16.0% NOTE: SAMPLE WAS CRUSHED AND PASSED THROUGH THE NO. 3 8" SIEVE BEFORE TESTING
4 106.3 19.6% % Retained on # 4 sieve
% Retained on 3/8" sieve 2.8%
% Retained on 3/4" sieve

Specific Gravity (assumed/iested)

DESCRIPTION SILTY CLAY, trace fine to coarse gravel, trace fine to coarse

; olive, with les. H ..
sand: olive, with cobbles CHECK .
USCS CL , REVIEW Gﬂf.ﬂf

APPROVE

Golder Associates Inc.



FLEXIBLE WALL PERMEABILITY
ASTM D 5084
METHOD D, CONSTANT RATE OF FLOW

PROJECT TITLE SCS/AEL S2PH IVD/IVE/VFIOK Board # 3 COM M ENTS| The sample was remoided 10 95.8% of the Maximum Dry Density and
PROJECT NUMBER 20412335 FlowPump| 2 OFTM 0.6% {usng ASTM D 698).
SAMPLE 1D CL-3 A Flow Pump Speed| 9
SAM PLE TYPE Bulk Tochnici FT
Sample Data, | nitial Sample Data, Final
Height, inches 3.000 |B-Va|m.-. f 0.98 Height, inches 3.003 Sample Sample
Diameter, inches 2790 |Cell Pres 90.0 Diameter, inches 2.857 WATER CONTENTS I nitial Einal
Area, cm? 3944 |[Bot Pres 80.0 Area, am* 41.36 Wt Soil & Tare i g 589.87 627.07
Volume, on® 30055 |TopPres 80.0 Volume, an® 315.48 Wt Soil & Tare, f a 503.50 510.31
Mass g 58987 |Tot. B.P. 80.0 Mass, g 620.65 Wt Tare g 0.00 846
M oisture Content, % 17.2  |Head, max | 130.13 M oisture Content, % 23.27 Wt Moisture L.ost g 86.37 116.76
Dry Density, pdf 1045 |[Head, min. | 13013 Dry Density, pdf 99.59 Wt Dry Sail g 503.50 501.85
Spec. Gravity(assumed) 2700 [Max Grad. 17.06 Volume Solids, cm® 186.48 Water Content % 17.15% 23.27%
Volume Solids, cm® 18648 [Min. Grad. | 17.06 Volume Voids am’ 120.99
Volume Vaids, am® 11407 Void Ratio 0.69
Void Ratio 0.61 Saturation, % 90.8% DESCRIPTION
Saturation, % 75.7% [SILTY CLAY, trace fine to coarse gravel, trace fine to coarse sand; olive, with
cobbles.
Flow Pump Rate q'n“/sac uscs
TIME FUNCT!ONS, SECONDS dP
DATE DAY HOUR MIN TEMP dt dt,acc dt dt,acc | Reading | Head | Gradient Permeability
c) {min) {min) {eec) {sec) {psi) {em) {am/sec)

11/03/20 | 44138 9 0 214 0 0 0 0 185 130.13 17.06 5.8E-08

11/03/20 | 44138 9 5 21.4 5 5 300 300 1.85 130.13 17.06 5.8E-08

11/03/20 | 44138 8 10 21.4 5 10 300 600 1.85 13013 17.06 5.8E-08

11/03/20 | 44138 9 15 21.4 5 15 300 900 185 130.13 17.06 5.8E-08 o

11/03/20 | 44138 9 20 214 5 20 300 1200 1.85 130.13 17.06 5.8E-08 ¥

11/03/20 | 44138 g 25 214 5 25 300 1500 1.85 130.13 17.06 5.8E-08 .

11/03/20 | 44138 9 30 214 5 30 300 1800 1.85 130.13 17,06 5.8E-08 .

TRANSCRI BED FROM ORIGINAL DATA SHEETS PERMEABILITY REPORTED AS""| 5.8E-08 |cmisec**

DATE|
CHECK

1113120

FT

REVIEW

PWM

APPROVE|

Golder Associates Inc.




20412336

OCTOBER 2020
PARTICLE SIZE DISTRIBUTION & ATTERBERG LIMITS
ASTM D421, D6913, D4318
. PROJECT NAME: SCS/AEL S/2 PH IVD/IVE/IVF/OK
SAMPLE ID: CL-4 - Depth: -
TYPE: Bulk
| 100 L= S e i = e - ‘
| [ N '
| \..., |
90 f i " ‘
I N ——
20 : i
| |
| . |
70
| T |
|
P 60 i : -
a [ |
S { | | | |
50 - - | T | —
s | |
i | 111 | [ | | :
.o e . A
|
g | i [ | | . |
30 Tt —— p—-1 | : t
20 FHT { - = : A H
[ | ] |
10 1 i -I i i T [ T =
| |
il
o U | ‘ I i | 1 .Jl | | | | ]
[ 1000 100 10 1 0.1 0.0 0.001
Particle size in millimeters ‘
Coarse Fine Coarse Medium Fine Silt or Clay
COBBLES GRAVEL SAND FINES
Particle Size P"anticle Size o PLASTICITY CHART T
- i Yo Passing Classilication Percentage 60 T T B - ‘
6.0" 154.2 100.0 | ‘J' Hhde /
30" 75.0 100.0 Cobbles 0.00 = 1 pa ] | |
B 25" 635 100.0 - Z ‘
E m =) [ l "’ €1l (A1 |
e 2.0 50.0 100.0 < | / = A
2 1.5 37.5 100.0 E 1171 L = VA
) 2 L |
£ 1.0" 25.0 100.0 3 | 7
o > & i
g 0.75* 19.0 100.0 Coarse Gravel 0.00 £ 50 i" P AES] | —
B 0.50" 12.7 100.0 2 / [
o = A fid -nu..’m |
E 0.375" 9.5 100.0 3. e
b4 # 458 93.5 Fine Grasel 6.51 = e [ 1
2 #10 2.0 89.8 Coarse Sand 3.70 S !
o ',
& #20 0.85 87.7 0 —7— : - : —
4 #40 0.43 6.8 Medium Sand 3.00 Ziael 7"t [
460 0.25 86.3 i | | I |
#¥100 0.15 85.7 0 W 20 30 40 50 e 0 B 9% (00 IO
L #200 0.075 84.5 Fine Sand 2.24 LIQUID LIMIT (LL)
Fines 84.5
ATTERBERG LIMITS
Method -B (Dry preparation)
M, LL PL Pl LI
w7 | 4 | m [ 22 | o4
DESCRIPTION:[SILTY CLAY, some finc gravel, some fine to
coarse sand; olive, shale. LI, (oven-dried)
078 SURGANK
USCS: CL I o TECH| LI/VB
DATE| 102320
CHECK| . JE—
NOTE: SAMPLE WAS CRUSHED AND PASSED THROUGH THE NO, 3/8" SIEVE BEFORE TESTING. Review| /Y
APPROVE

Golder Associates Inc.



OQOCTOBER 2020 20412336

MOISTURE / DRY DENSITY CURVE

ASTM D 698 Method A
[ Mechanical | Standard | Dry Method |
PROJECT NAME: SCS/AEL S/2 PH IVD/IVE/IVF/IOK
PROJECT NUMBER: 20412336
SAMPLE ID: CL-4 DEPTH: SAMPLE TYPE: Bulk

120 A
\ ! ----- Zero Air Void Curve
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DRY DENSITY (pch
b

90 s
\‘.\
85 o
80 M
75 K.
70 b
0% S 10%  15% 0%  25% 0%  33%  d0%  45%  50%  55%  60%  63% 0%  75%
MOISTURE CONTENT (%)
COMPACTION POINTS Maximum Dry Density (pcl) |  109.5
Dry Moisture Optimum Moisture (%) 16.2
Specimen | Density | Content Corrected Maximum Dry Density (pcf)
Number {peh (%) Corrected Optimum Moisture (%)
1 103.2 8.8%
2 108.1 12.8% As-Received Moisture Content | 11.7%
3 109.2 15.5%
4 108.4 18.7% NOTE. SAMPLE IWAS CRUSHED ANL PASSED THROUGH THE NO. 3 8" SIEVE BEFORE TESTING.
5 1004 22.9% % Retained on 3/8" sieve
% Retained on 3/4" sieve

Specific Gravity (assumed/tested)

DESCRIPTION |SILTY CLAY. some fine gravel, some fine to coarse sand;
olive, shale

cHECK| P
vscs| o | REVIEW| S0t/
[

APPROVE

Golder Associates Inc.



FLEXIBLE WALL PERMEABILITY
ASTM D 5084
METHOD D, CONSTANT RATE OF FLOW

PROJECT TITLE SCS/AEL §/2 PH IVDIIVE/ VE/OK Board # 2 COMM ENTS| The sample was remolded 10 85,6% of the M aximum Dry Density and
PROJECT NUMBER  |20412336 Flow Pump 2 OPTM +0.6% (using ASTM D 698).
SAMPLE ID cL-4 | A Flow PumpSpeed| 9
SAMPLE TYPE Butk T ici FT
Sample Data, | nitial : Sample Data, Final
Height, inches 3.001  |B-Value f 0.97 Height, inches 3.001 Sample Sample
Diameter, inches | 2790 |Call Pres 90.0 Diameter, inches 2823 WATER CONTENTS I nitial Final
Area, cm? 3944 |Bot. Pres 80.0 Area, cm? 40.38 Wt Soil & Tare, i [+] 5808.32 625.97
Volume, cm® 300.65 |TopPres 80.0 Volume, om® 307.81 Wt Soil & Tare, f [+] 503.84 512.04
Mass g 588.32 |Tot. BP. 80.0 Mass g 617.79 Wt Tare [+ 0.00 8.31
M oisture Content, % 168  |Head, max 81.59 M disture Content, % 2262 Wt Moisture Lost g 84.48 113.93
Dry Density, pcf 1046 |Head, min. | 81.59 Dry Density, pdf 102.14 Wt Dry Sail g 503,84 503.73
Spec. Gravity(assumed) | 2700 |Max Grad.| 1070 Volume Solids, cm® 186.61 Water Content % 16.77% 2262%
Volume Solids, cam® 18661 |Min Grad. | 1070 Volume Voids, am® 121.20
Volume Vaids, com® 114.05 Void Ratio 0.65
Void Ratio 0.61 Saturation, % 94.0% DESCRIPTION
Saturation, % 74.1% ﬁY CLAY, some fine gravel, some fine to coarse sand; dlive, shale.
Flow Pump Rate 4.26E-05 |an’lsec uscs
TIME FUNCTIONS, SECONDS dP
DATE DAY HOUR MIN TEMP dt dt,acc dt dt,acc Reading Head Gradient Permeability
{c) {min) {min} (sec) (sec) {psi) fcm) {em/sec)

11/03/20 44138 1 0 214 1] 0 0 0 1.16 81.59 10.70 9.5E-08

11/03/20 44138 1" 5 214 5 5 300 300 1,186 81.59 10.70 9.5E-08

11/03/20 44138 1 10 21.4 5 10 300 600 1.16 81.59 10.70 9.5E-08

11/03/20 44138 1 18 21.4 5 15 300 900 1.16 B81.59 10.70 9.5E-08 -

11/03/20 44138 11 20 21.4 5 20 300 1200 1.16 81.59 10.70 9.5E-08 .

11/03/20 44138 1 25 21.4 5 25 300 1500 1.16 81.59 10.70 9.5E-08 &

11/03/20 44138 11 30 21.4 5 30 300 1800 1.16 81.59 10.70 9.5E-08 .

TRANSCRIBED FROM ORIGINAL DATA SHEETS PERMEABILITY REPORTED AS“*| 9.5E-08 |crmfsec**®
DATE| 11/3/20
CHECK FT
REVIEW]| PWM
APPROVE

Golder Associates Inc.




LAB SUMMARY - CQA - GINT STD US LAB.GDT - 3/22/22 12:46 - L\2022 - 2022 FILE FOLDERS\SCS ENGINEERS\AEL\202206520_SCS_AEL.GPJ
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SUMMARY OF LABORATORY RESULTS

GOLDER PAGE 1 OF 1
MEMBER OF WSP
CLIENT _SCS Engineers PROJECT NAME SCS/AEL Phase IVG/IVI/IVN CQA/OK
PROJECT NUMBER _202206520 PROJECT LOCATION _Oklahoma
Atterberg Limits Unit Weight
Natural S : = Maoisture Dry .. | Additional
; : Liquid Plastic | Plasticity | %<#200 Class- +,  Permeability
Sample ID Lift Moisture i - g N . . Content Density Lab
(%) Limit Limit Index Sieve ification (%) (pcf) (cm/sec) Testing
CL-1 0 74 44 18 26 87 CL 19.0 102.7 1.54E-08
CL-2 0 5.6 43 18 25 87 CL 18.7 102.2 3.18E-08
CL-3 0 8.6 41 17 24 84 CL 16.3 105.2 5.00E-08
CL-4 0 12.6 40 17 23 87 CL 17.8 102.1 2.23E-08
CL-5 0 6.8 41 17 24 86 CL 18.3 101.2 2.68E-08
5G-2 0 9.0 45 18 27 92 CL




>

MEMBER OF WSP

CLIENT _SCS Engineers
PROJECT NUMBER _202206520

GOLDER

PAGE 1 OF 1

ATTERBERG LIMITS RESULTS
ASTM D4318
LL Machine Type:Mechanical
Plastic Limit Type:Hand Rolled
Grooving Tool Type:Plastic

PROJECT NAME _SCS/AEL FPhase [VG/IVI/IVN CQA/OK

PROJECT LOCATION _Oklahoma

ATTERBERG_LIMITS_NO DEPTH - GINT STD US LAB.GDT - 2114/22 13:45 - L\2022 - 2022 FILE FOLDERS\SCS ENGINEERS\AEL\202206520_SC5_AELGPJ
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LIQUID LIMIT
. = = in | o Prep. : -

BOREHOLE LL| PL | Pl [rines| Classification |"8ie™ | 55| %% |""* feves | ype | 1o [Fien| Descrivtion ]  Notes
@®| CcL1 44 | 18 | 26| 87 |LEANCLAY(CL) 2,0mm | 9.2% | 7.43% B 02/07/2022 | Wet | MR | AH Lt. Brown
x| CL-2 43 | 18 | 25| 87 |LEANCLAY(CL) 2.0mm [10.6% | 5.56% | B | 02/07/2022 | Wet | MR | AH | Lt Gray. Brown
A| CL-3 41 | 17 | 24| 84 |teanclaywinsanp(c)| 2.0 mm |11.7% | 8.64% B8 02/07/2022 | Wet | MR| AH LL, Brown
*| CL4 40 | 17 | 23| 87 [LEANCLAY(CL) 2.0mm | 6.8% |12.60% B 02/07/2022 | Wet | MR| AH Lt, Brown
®| CL-5 41 | 17 | 24| 86 [LEANCLAY(CL) 2.0mm |11.6% | 6.82% B 02/07/2022 | Wet | MR| AH Lt, Brown
| SG-2 45 | 18 | 27| 92 |LEANCLAY(CL) 2.0mm | 3.7% | 9.03% B 02/07/2022 | Wet | MR| AH Lt, Brown




GOLDER

MEMBER OF WSP

P

CLIENT _SCS Engineers

GRAIN SIZE DISTRIBUTION
ASTM D6913

PAGE 1 OF 1

PROJECT NAME _SCS/AEL Phase IVG/IVI/IVN CQA/OK

PROJECT NUMBER _202206520

PROJECT LOCATION _Oklahoma

U.S. SIEVE OPENING IN INCHES |

215 13/4 1/23/8 3

U.S. SIEVE NUMBERS HYDROMETER
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GRAIN SIZE IN MILLIMETERS

COBBLES

GRAVEL

SAND

coarse | fine

| SILT OR CLAY

coarse [ medium fine

BOREHOLE

Classification

Notes

C_omp’; Separ.|Soak | Prior|  Test  |5eserption |Tech|Review

@®| CL1

LEAN CLAY (CL)

MethodProced.sE e2| Sieve | Time Testd  Date

B Oven | No 16 hrs| No |02/08/2022 MR| AH

BOREHOLE

D100

D60 D30 D10 %Gravel %Sand %Silt %Clay

®| CL1

4.75

0.0 12.8 87

SIEVE_NO DEPTH - GINT STD US LAB.GDT - 2/11/22 19:46 - L:\2022 - 2022 FILE FOLDERS\SCS ENGINEERS\WEL\202206520_SCS_AEL.GPJ




COMPACTION - GINT STD US LAB.GDT - 2/14/22 13:50 - L:\2022 - 2022 FILE FOLDERS\SCS ENGINEERSWEL\202206520_SCS_AEL GPJ
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CLIENT _SCS Engineers

GOLDER

MEMBER OF WSP

MOISTURE-DENSITY RELATIONSHIP

TECHNICIAN:MR

DATE PERFORMED:02/02/2022
COLOR:Lt. Brown

NATURAL MOISTURE %:

PROJECT NAME _SCS/AEL Phase IVG/IVI/IVN CQA/OK

PROJECT NUMBER 202206520

PROJECT LOCATION _Oklahoma

150

145

140

135

130

125

120

Source of Material
Description of Material

Test Method

Maximum Dry Density

115

110

DRY DENSITY, pcf

105

CLA1
LEAN CLAY(CL)

ASTM D698 Method A
Manual Rammer

TEST RESULTS

107.8 PCF

Optimum Water Content 19.0 %

ATTERBERG LIMITS
LL PL PI
44 18 26

Curves of 100% Saturation
for Specific Gravity Equal to:

2.80

100

270

20

25

35

WATER CONTENT, %
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| GOLDER
o MEMBER OF WSP

CLIENT _SCS Engineers

PAGE 1 OF 1

PROJECT NUMBER _202206520

GRAIN SIZE DISTRIBUTION
ASTM D6913

PROJECT NAME _SCS/AEL Phase IVG/IVI/IVN CQA/QOK
PROJECT LOCATION _Oklahoma

U.S. SIEVE OPENING IN INCHES |

U.S. SIEVE NUMBERS

HYDROM

ETER

100 T

6 4 3 215

1314 1/2308 3
NI

™

I

| :

|
‘\ 6 810 1416 20 30 40 50 &0 100140200

I

95

\.\

90

85

80

75

70

65

60

55

50

45

40

PERCENT FINER BY WEIGHT

35

30

25

20

15

10

100

10

1

GRAIN SIZE IN MILLIMETERS

0.1

0.01

0.001

GRAVEL

SAND

COBBLES

coarse | fine

coarse [

medium ]

fine

SILT OR

CLAY

BOREHOLE

Classification

Method|Proced)

Comp.| Separ,
il o

@ CL2

LEAN CLAY (CL)

B

Oven

No

|_Sieve | Time [Test. 4

Prior

Test
Date

Description|Tech,

Review|

Notes

No

02/08/2022

MR

AH

BOREHOLE

D100

Dé&0

D30

D10

%Gravel

%Sand

%Silt

%Clay

@® CL2

4.75

0.0

12.8

87

SIEV
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>

GOLDER

VMEMBER OF WSP

CLIENT _SCS Engineers

PROJECT NUMBER 202206520

MOISTURE-DENSITY RELATIONSHIP

TECHNICIAN:MR
DATE PERFORMED:02/02/2022
COLOR:Gray. Brown
NATURAL MOISTURE %:
PROJECT NAME _SCS/AEL Phase IVG/IVI/IVN CQA/OK

PROJECT LOCATION _Oklahoma

DRY DENSITY, pcf

150

145

140

1350

130

125

120

115

110

Source of Material CL-2
Description of Material LEAN CLAY(CL)

ASTM D698 Method A
Manual Rammer

Test Method

TEST RESULTS
Maximum Dry Density 107.6 PCF
Optimum Water Content 18.6 %

ATTERBERG LIMITS
LL PL PI

43 18 25

Curves of 100% Saturation

105——

A for Specific Gravity Equal to:

2.80

100/—

85—

270

S —

90—

80—

WATER CONTENT, %
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4

GOLDER

MEMBER OF WSP

CLIENT _SCS Engineers
PROJECT NUMBER _202206520

GRAIN SIZE DISTRIBUTION
ASTM D6913

PAGE 1 OF 1

PROJECT NAME _SCS/AEL Phase IVG/IVIIIVN CQA/OK

PROJECT LOCATION _Cklahoma

PERCENT FINER BY WEIGHT

U.S. SIEVE OPENING IN INCHES |

1.5 1.3/4 1/23/8 3

U.S. SIEVE NUMBERS HYDROMETER

|
6 810 1416 20 30 40 50 60 100140200

100
95

90

85

80

75

70

65

60

55

50

45

40

35

30

25

20

15

10

6 4 3 2
| E

T T

I N

gq\\ll\ll
T

11

100

10

1 0.1 0.01 0.001

GRAIN SIZE IN MILLIMETERS

GRAVEL .

SAND

COBBLES

coarse I

fine

| SILT OR CLAY

coarse [ medium

BOREHOLE

Classification

Test
| Time [Testq  Date

MethodProced SC_omp'; SEe_par. Description|Tech R Notes

CL-3

LEAN CLAY with SAND (CL)

B Oven | No 02/09/2022 MR| AH

BOREHOLE

D100

D60 D30 D10 %Gravel %Sand %3Silt %Clay

CL-3

4.75

0.0 16.2 84

SIEV]




S

CLIENT SCS Engineers
PROJECT NUMBER _202206520

GOLDER

MEMBER OF WSP

MOISTURE-DENSITY RELATIONSHIP

TECHNICIAN:MR

DATE PERFORMED:02/02/2022
COLOR:Lt. Brown

NATURAL MOISTURE %:

PROJECT NAME _SCS/AEL Phase IVG/IVINVN CQA/OK

PROJECT LOCATION _Oklahoma

DRY DENSITY, pcf
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150

145

140

135

130

125 —

120}

Source of Material CL-3

Description of Material

Test Method

115

110

106

LEAN CLAY with SAND(CL)

ASTM D698 Method A
Manual Rammer

TEST RESULTS

Maximum Dry Density 110.7 PCF

Optimum Water Content 164 %

ATTERBERG LIMITS
LL PL Pl
41 17 24

Curves of 100% Saturation
for Specific Gravity Equal to:

2.80

100—

2.70

WATER CONTENT, %
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CLIENT _SCS Engineers

GOLDER

MEMBER OF WSP

PAGE 1 OF 1

PROJECT NUMBER _202206520

PROJECT NAME _SCS/AEL Phase IVG/IVI/IVN CQA/OK

GRAIN SIZE DISTRIBUTION
ASTM D6913

PROJECT LOCATION _Okiahoma

PERCENT FINER BY WEIGHT

U.S. SIEVE OPENING IN INCHES |

215 13/4 1/238 3

6

U.S. SIEVE NUMBERS

|
810 1416 20 30 40 50 60 100140 200

HYDROMETER

6 4 3
100 ] :

TTT ] |

e

$\l~‘<l

ERELRE

95

T e

90

Bt

85

80

75

70

65

60

55

50

45

40

35

30

25

20

15

10

100

10

1

0.1

GRAIN SIZE IN MILLIMETERS

0.01

0.001

GRAVEL

SAND

COBBLES

coarse [ fine

coarse |

medium |

fine

SILT OR CLAY

BOREHOLE

Classification

MethodProced)

Comp.| Separ.
o e

CL-4

LEAN CLAY (CL)

B Oven | No

Sieve?| Sieve|

Soak| Prior Test
| Time [Test®  Dale

Description|Tech.|R:

Notes

16hrs| No |02/09/2022

MR| AH

BOREHOLE

D100

D60 D30

D10 %Gravel

%Sand

%Silt

%Clay

CL-4

4.75

0.0

12.9

87

SIEVE_NO DEPTH - GINT STD US LAB.GDT - 2/11/22 19:51 - L:\2022 - 2022 FILE FOLDERS\SCS ENGINEERS\AEL\202208520_SCS_AEL GPJ




COMPACTION - GINT STD US LAB.GDT - 2/14/22 13:54 - L:\2022 - 2022 FILE FOLDERS\SCS ENGINEERS\AEL\202206520_SCS_AEL.GPJ

=

GOLDER

MENMBER OF WSP

CLIENT _SCS Engineers

MOISTURE-DENSITY RELATIONSHIP

TECHNICIAN:MR
DATE PERFORMED:02/03/2022
COLOR:Lt. Brown
NATURAL MOISTURE %:
PROJECT NAME SCS/AEL Phase IVG/IVI/IVN CQA/OK

PROJECT NUMBER _202206520

PROJECT LOCATION _Oklahoma

150

145——

140

135

130

125

120

Source of Material CL4
Description of Material LEAN CLAY(CL)
Test Method ASTM D698 Method A

Manual Rammer

TEST RESULTS

Maximum Dry Density
Optimum Water Content

115f—

ATTERBERG LIMITS
LL PL PI

DRY DENSITY, pcf

10—

40 17 23

Curves of 100% Saturation

105

for Specific Gravity Equal to:
2.80

100

2.70

o5 —

90

85

80

75

WATER CONTENT, %
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-»

GOLDER

MEMBER OF WSP

CLIENT _SCS Engineers
PROJECT NUMBER 202206520

PAGE 1 OF 1

GRAIN SIZE DISTRIBUTION

ASTM D6913

PROJECT NAME _SCS/AEL Phase IVG/IVI/IVN CQA/OK
PROJECT LOCATION _QOklahoma

PERCENT FINER BY WEIGHT

100
95

90

85

80

75

70

65

60

55

50

45

40

35

30

25

20

15

10

U.S. SIEVE OPENING IN INCHES |

215 13/4 1/23/8 3

U.S. SIEVE NUMBERS

|
810 1416 20 30 40 50 60 100 140200

HYDROMETER

6 4 3
| y

[

TF T

-

6
N

I

[

| :

(B

100

10

1

0.

GRAIN SIZE IN MILLIMETERS

1

0.01

0.001

GRAVEL

SAND

COBBLES

coarse |

fine

coarse |

medium I

fine

SILT OR CLAY

BOREHOLE

Classification

Method|Proced

Comp.
ieve?

Separ.
Sieve?! Si

CL-5

LEAN CLAY (CL)

B

Oven

No

[ Time [Test®  Date

Prior

No

Test

Description

Tech,|

Review

Notes

02/09/2022

MR

AH

BOREHOLE

D100

D60

D30

D10

%Gravel

%Sand

%Silt %Clay

CL-5

4.75

0.0

14.3

86

SIEVE




MOISTURE-DENSITY RELATIONSHIP

| G o L D E R TECHNICIAN:MR
MEMBER OF WSP DATE PERFORMED:02/03/2022
COLOR:Lt. Brown
NATURAL MOISTURE %:
CLIENT _SCS Engineers PROJECT NAME SCS/AEL Phase IVG/IVI/IVN CQA/OK
PROJECT NUMBER 202206520 PROJECT LOCATION _Oklahoma

COMPACTION - GINT STD US LAB.GDT - 2/14/22 13:54 - L:\2022 - 2022 FILE FOLDERS\SCS ENGINEERSWEL\202206520_SCS_AEL.GPJ

=T L N\

145

a0 L

135 —— Source of Material CL-5
[ Description of Material LEAN CLAY(CL)
130— Test Method ASTM D698 Method A
T Manual Rammer
125 | : TEST RESULTS
Maximum Dry Density 106.6 PCF
120}— Optimum Water Content __18.4 %
B T
E‘ 15—
% =
u T ATTERBERG LIMITS
> LL PL Pl
x 110 _PL _PL
a EEEE 4 17 24
105 il | Curves of 100% Saturation
— —— for Specific Gravity Equal to:
) T = 2.80
100 T [
o5
90— —
85—
80 - - R Fr— —-— .........
750 1T i L
0 5 10 15

WATER CONTENT, %
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PAGE 1 OF 1 GRAIN SIZE DISTRIBUTION
> SIOILB S S ASTM D6913

MEMBER OF WSP

CLIENT _SCS Engineers PROJECT NAME _SCS/AEL Phase IVG/IVIIIVN CQA/OK
PROJECT NUMBER _202206520 PROJECT LOCATION _QOklahoma
U.S. SIEVE OPENING IN INCHES | U.8. SIEVE NUMBERS | HYDROMETER

6 4 3 215 13/4 1/23/8 3 &6 810 1416 20 30 40 50 60 100 140200
100 T T MITEr gL 7T ™ T

= i i ; s
N -= ; ; ; o

85

80

75

70

65

60

55

50

45

40

PERCENT FINER BY WEIGHT

35

30

25

20

15

10

100 10 1 0.1 0.01 0.001
GRAIN SIZE IN MILLIMETERS

COBBLES GRP|‘VEL SAND| SILT OR CLAY

coarse fine

fine coarse l medium

BOREHOLE Classification  |Method|Proced] °.°""°,} Ss‘fgj; %‘I’s; I’:;";r, ET;; Description|Tech,|Review Notes

®| SG-2 LEAN CLAY (CL) B | Oven| No 16hrs| No [02/09/2022 MR| AH

BOREHOLE D100 Ds&0 D30 D10 %Gravel %Sand %Silt %Clay

@® SG2 4.75 0.0 8.1 92
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CLIENT _SCS Engineers
PROJECT NUMBER _202206520

GOLDER

MEMBER OF WSP

MOISTURE-DENSITY RELATIONSHIP

TECHNICIAN:MR
DATE PERFORMED:02/03/2022
COLOR:Lt. Brown
NATURAL MOISTURE %:
PROJECT NAME SCS/AEL Phase IVG/IVI/IVN CQA/OK

PROJECT LOCATION _QOklahoma

150

145

140F

135

130

125/ —

120

DRY DENSITY, pcf

105

100—

90—
851

80 i

75

115—

10—

o

Source of Material $G-2
Description of Material LEAN CLAY(CL)
Test Method ASTM D698 Method A

Manual Rammer

TEST RESULTS

104.0 PCF
20.5 %

Maximum Dry Density
Optimum Water Content

ATTERBERG LIMITS

LL PL Pl

45 18 27

Curves of 100% Saturation

for Specific Gravity Equal to:
2.80

2.70

WATER CONTENT, %




FLEXIBLE WALL TRIAXIAL PERMEABILITY
ASTM D 5084 METHOD F, CONSTANT VOLUME - FALLING HEAD

PROJECT TITLE: Cell Pressure = 80 psi
PROJECT NUMBER: Pressure = 70 psi
SAMPLE ID: Run Number = 1
LIFT NUMBER: Permeanl Used= | De-Aited Walar
Sampie Data, initial cenlimeters mple Data, Final centimelers
Heighl, in  3.533 897 Height, in 3548 9.01
Top Diameter, mm 72700 Top Diameter, mm 73530
Middle Diameter, mm 72,570 Middle Diameler, mm 73.530
Bottomn Diameter, mm 72700 Botom Diameter, mm 73.390
Average Diameler,cm  7.266 Average Diameler, cm 7.348 .
Area, cm®  41.46 Area, cm? 42,41 I
Volume, cm®  372.06 Volume, cm® 382.19 il SCJS/M
WelMass, g 7288 Wel Mass, g 760.76
Wt tare,gm 1529 Wit tare, gm 152.9 _
WL wel soil +tare, gm 323,39 WA wel soil + tare,gm  919.35 C L_._ j__
Wi dry soil + lare, gm 296 14 WL dry soil + lare, gm 777.99 1
Moisture Conlent, % 18.0% Moisture Conlent, % 22.6%
Dry Density, pcl 1027 Dry Density, pcf 101.3
Specific Gravity 265  Assumed Specific Gravity 265
Void Ralio 061 Void Ratio 063
Saluration, %  83% Saluralion, % 95%

Effective Stress, psi 10

Manomeler Constants:
Bannuis = 076712 €M7
Beerter ppete = 0,03142 CM°

Initial Manometer Readings

Pipette = 220
Annulus = 085
Hydraulic Hydraulic
Minutes | Seconds M Pipette Annulus Flowrale | Gradient (i) | Conductivity Temp. il Conductivity
(sec) cm cm) (cm’is) (cm/sec) °c lemp. com. (cmisec) @20°C
0 1] 0 22/ .85 29 60 23 0.831
4 15 255 21. B8 8 624E-05 7.28E-08 23 0.93 TTE-DB
13 45 570 20. .81 4 408E-05 2672 3 B9E-08 23 K 62E-08
23 56 611 94 3.085E-05 2 60E-08 23 .83 B1E-08
34 18 623 & .98 SZ1E-05 2 35E-08 23 .93 13E-08
50 7 548 88 D88E-05 1.92E-08 23 .83 TUE-08B
B7 2 1045 il _BD4E-D5 1.81E-08 23 .93 68E-08
B4 L 1002 f .03 SEBE-05 2287 1.62E-08 23 93 S0E-08
98 B37 3 1.04 S01E-05 2237 1.58E-08 23 831 147E-08
108 43 832 | 1.05 MABTE-DS 2200 1.60E-08 23 931 1.48E-0B
HYDRAULIC CONDUCTIVITY REPORTED AS 1.54E-08 cmlsecl
TECH: [__MR___| CHECKED:
DATE: HBI2022 DATE: | 2no20x

[ GOLDER
° O 1:\2022 - 2022 File Folders\SCS Engineers\AEL\Remolds\SCS_AEL_CL-1_REMOLD xlsx



FLEXIBLE WALL TRIAXIAL PERMEABILITY
ASTM D 5084 METHOD F, CONSTANT VOLUME - FALLING HEAD

PROJECT TITLE: SCSIAEL Cell Pressure = B0 psi
PROJECT NUMBER: [202206520 Pressurn 70 pst
SAMPLE ID: CL-2 Remold Run Number = 1
LIFT NUMBER: [T Permeant Used= | De-Aired Waler
Sample Data, Initial cenlimeters le Data, Final centimelers
Height, in  3.568 9.06 Height, in 3579 9.09
Top Diameler, mm 72,700 Top Diameler, mm 72910
Middle Diameter, mm 72.590 Middle Diameler, mm 73.050
Bottom Diameler, mm 72,670 Bottomn Diameter, mm 72870
Average Diameler, cm  7.265 Average Diameter, cm 7.294
Area, cm® 4146 Area, cm? 41.79
Volume, cm® 37572 Volume, cm® 379 B9 SCS/,D(EI,
WelMass, g 7302 Wel Mass, g 756.63
WA lare,gm 15151 WL lare, gm 151.51
Wi, wet soil +1are, gm  372.04 WL wel soil + tare, gm 884 8 cL_— 2_
WA dry soil +lare, gm 33734 Wit. dry soil + lare, gm 74823
Moislure Contenl, % 18 7% Moisture Contenl, % 22.9%
Dry Densily, pcf  102.2 Dry Density, pcf 101.1
Specific Gravity 265  Assumed Specific Gravity 2865
Void Ratio  0.62 Void Ratio 064
Saturalion, % 80% Saturation, % 96%
Effeclive Slress, psi 10
Manometer Constants:
Bannuis = 0.76712 CM7
Berer ppene = 0,03142 €M’
Initial Manometer Readings
Pipette= 220
Annulus = 0,85
Hydraulic - Hydraulic
Minules | Seconds Al Pipette Annulus Flowrale | Gradient (i) | Conduclivity Temp il Conduclivity
(sec) I, cm) ‘cmzls) (cmfsec) °c iemp. corr. (cmisec) @20“0
1] '] 0 22 B5 293 23 83
2 10 130 21 &8 .933E-04 27.49 BEE-0T 23 3 1.67E-07
7 27 7 20, 83 0B0E-04 25.89 02E-07 23 23 8 46E-08
18 22 655 18 .99 §.715E-05 23.45 B BSE-08 23 0.93 6.38E-08
28 4 582 178 02 4.858E-05 22.53 5.16E-08 23 0.83 4.B1E-08
a0 i3 728 76. 06 879E-05 2123]  4.37E-08 23 093 4.07E-08
51 17 [ 08 L 312E-05 2037 BYE-08 23 0.93 B2E-08
80 35 558 A1 B15E-05 19 BD 40E-08 23 EEN ATE-0B
T2 44 729 § k] 5BGE-05 1886 .2BE-08 23 83 [OSE-08
B3 51 G667 4. 1.15 .355E-05 1822 .08E-08 23 531 .8BE-08
HYDRAULIC CONDUCTIVITY REPORTED AS J.18E-08 cmisec
TECH: CHECKED:

DATE: DATE:

: GOLDER
>

MEMBER OF WSP

L:\2022 - 2022 File Folders\SCS Engineers\AEL\Remolds\SCS_AEL_CL-2_REMOLD xIsx



FLEXIBLE WALL TRIAXIAL PERMEABILITY
ASTM D 5084 METHOD F, CONSTANT VOLUME - FALLING HEAD

PROJECT TITLE: SCSIAEL Cell Pressure = B0 pst
PROJECT NUMBER:  [202206520 Pressure = 70 psi
SAMPLE ID: (CL-3 Remold Run Number = 1
LIFT NUMBER: [NTA Permeant Used= | De-Alfed Watar
Sa) Data, Initial cenlimelers Somple Data, Final centimeters
Height, in  3.573 9.08 Height, in 3,537 8.98
Top Diameter, mm 72,570 Top Diameter, mm 72970
Middle Diameter, mm 72,530 Middie Diameter, mm 73.110
Bottom Diameter, mm 72,570 Bollom Diameter, mm 73.050
Average Diameter, cm  7.256 Average Diameter, cm 7.304
Area, cm?  41.35 Area, cm? 41,90
Volume, cm* 37524 Volume, em’ 376.46
Wel Mass, g 7356 Wet Mass, g 76225
Wt tare, gm  151.34 WL tare, gm 15137
W1, wet soil + tare, gm  373.18 WL wel soil + tare, gm 887.2
WL dry soil + tare, gm 34207 WL dry soil + tare, gm 756.71
Moislure Contenl, %  16.3% Moislure Content, % 21.6%
Dry Density, pcf 1052 Dry Density, pcf 103.9
Specific Gravity 265  Assumed Specific Gravity 265
Void Ralio  0.57 Void Ratio 0.59
Saluralion, %  76% Saluration, % 97%

Effective Slress, psi 10

Manometer Constants:
Bgonus = 076712 €M7
Bcantor pipate = 0.03142 ©M°

Initial Manometer Readings
Pipette= 225

Annulus = 0.85
Hydraulic Hydraulic
Minutes | Seconds At Pipette Annulus Flowrale | Gradient (i) | Conductivity Temp. it Conductivity
(sec) cm) cm! (cms) {cm/sec) °c iemp. corr. {cm/sec) @20"0
0 0 0 225 .85 20956 23 0.83
5 44 344 20.7 .82 1 B44E.04 26.32 49E-07 23 0.93 1.38E:07
17 Ca§ 711 18.7 01 B37E-05 2325 .07TE-08 Fx] 093 B 45E-08
25 18 464 17.8 04 O94E-05 2277 A0E-08 23 .93 5.95E.-08
37 20 721 16.6 08 229E.05 20.80 GOE-08 23 .93 59E-08
45 B45 187 13 3B4E-05 18.71 31E-08 23 .93 4.94E.08
B0 718 148 33 3,938E-05 1€ 40 . 11E-08 23 .93 4.76E-08
73 778 138 1.20 630E-05 17.09 O7E-08 23 083 4.72E-08
HYDRAULIC CONDUCTIVITY REPORTED AS S.00E-08 _ cmisec
TECH: [ MR | CHECKED:
DATE: DATE

o MEMBER OF WSP 1:\2022 - 2022 File Folders\SCS Engineers\AEL\Remolds\SCS_AEL_CL-3_REMOLD.xlsx



FLEXIBLE WALL TRIAXIAL PERMEABILITY
ASTM D 5084 METHOD F, CONSTANT VOLUME - FALLING HEAD

PROJECT TITLE: SCSIAEL Cell Pressure = 80 psl
PROJECT NUMBER: | 202206520 Pressure = 70 psi
SAMPLE ID: CL-4 Remold Run Number = 1
LIFT NUMBER: | Permeant Used= | De-Airad Water
Sa ta, Initial centimelers Sample Data, Final cenlimelers
Height, in 3528 8.96 Height, in 3563 897
Top Diameter, mm 72650 Top Diameter, mm 72660
Middle Diameler, nm  72.530 Middle Diameler, mm 72780
Botlom Diameter, mm 72,630 Bottorn Diameter, mm 72.690
Average Diameter, cm  7.260 Average Diameter, cm 7.271
Area,cm®  41.40 Area, cm? 41,52
Volume, cm®  370.99 Volume, cm?® 372.29
Wet Mass, g 71558 Wet Mass, g 73822
Wl 1are, gm  152.86 Wit tare, gm 162 85
Wt wet soil +1are, gm  320.62 Wit. wet soil + {are, gm 890.99
Wt, dry soil + tare, gm  295.23 Wt dry soil + tare, gm 754.31
Moisture Content, % 17.8% Moisture Content, % 22.7%
Dry Density, pef 1021 Dry Density, pcf 100.8
Specific Gravity 265  Assumed Specific Gravity 265
Void Ratio 062 Void Ratio 064
Saturation, %  76% Saturation, % 94%
Effective Stress, psi 10
Manometer Constants:
Buomuus = 0.76712 €M
Bcontorpipatio = 003142 €M*
Initial Manometer Readings
Pipette= 220
Annulus = 085
Hydraulic Hydraulic
Minutes | Seconds At Pipette Annulus Flowrale | Gradient () | Conduclivity Temp. I3 Conducivity
sec) (cm) (em) (cm/s) °c temp. corr. {cm/sec) @20°C
[1] ['] 22, 0.85 23 0.9
3 15 195 21 0.88 | S.67E-08 23 08 .0DE-08
10 13 418 20 091 2685 5.39E-08 23 0.9 D2E-08
22 27 734 18 95 2547] 3.64E-08 23 0.83 . 30E-08
32 20 583 18. .87 2503 2 BSE-08 23 093  37E-08
40 25 485 18.7 .98 2452 .54E-08 23 .83 37E-08
51 12 647 182 01 2372 A7E-08 2 33 30E-08
87 29 877 17.6 03 2277 D4E-08 23 .93 S0E-08
HYDRAULIC CONDUCTIVITY REPORTED AS 2.23E-08 cmlsecl
TECH: CHECKED:

DATE: DATE: | 315/2022 |

>

GOLDER

MEMBER OF WSP

L:\2022 - 2022 File Folders\SCS Engineers\AEL\Remolds\SCS_AEL_CL-4_REMOLD.xlIsx



FLEXIBLE WALL TRIAXIAL PERMEABILITY
ASTM D 5084 METHOD F, CONSTANT VOLUME - FALLING HEAD

PROJECT TITLE: SCSIAEL Cell Pressure = 80 psi
PROJECT NUMBER: [202206520 Pressure = 70 psl
SAMPLE ID: CL-5 Remold Run Number = 1
LIFT NUMBER: . Permeant Used= | De-Alred Waler
Sample Data, Initial cenlimelers S inal centimeters
Height, in  3.549 9.01 Height, in 3.548 9.01
Top Diameter, mm 72670 Top Diameter, mm 73.200
Middle Diameter, mm  72.550 Middle Diameter, mm 73330
Bollom Diameler, mm 72630 Bottom Diameter, mm 73.300
Average Diameler, cm  7.262 Average Diameler, cm 7.328 " .
Area, cm®  41.42 Area, cm? 4217 i
Volume, cm®  373.34 Volume, cm? 380.05 1 SC,S / AEL
Wel Mass, g 715.82 Wel Mass, g 747.07
W, tare, gm  151.26 WL tare, gm 151.25 I
Wi, wel soil + tare, gm 328,32 WA wet soil + tare, gm 898.25 I c‘ - 5
WL dry soil + tare, gm  301.83 Wt dry soil + tare, gm 763.14
Moisture Content, %  1B.3% Moislure Content, % 221%
Dry Density, pcf  101.2 Dry Density, pef ~ 100.5 R&
Specific Gravity 265  Assumed Specific Gravily 2865 ‘J\D L’D
Void Ratio  0.63 Void Ratio 065

Saluration, %  76% Saturation, % 91%
Effective Slress, psi 10

Manometer Constants:
Bnnuins = 076712 CM°
Bcenter pipatte = 003142 cm?

Initial Mano din,
Pipette = 220
Annulus = 0.85
Hydraulic Hydraulic
Minutes | Seconds Al Pipetle Annulus Flowrate | Gradienl (i) | Conductivily Temp it Conductivity
(sec) (cm) cm) (cm®/s {cmisec) °c lemp. com {cm/sec) @20°C
0 [1] 0 220 0. 29 47| 23 0.83
[ 13 25 20.5 0.81 BE3E-04 26.20 1.69E-07 23 0.83 1.57E-07
i7 43 810 87 85 B6.981E-05 23.38 7.0SE-08 23 0.93 6.60E-08
27 50 607 78 02 4.B58E-05 2272 4 BGE-08 23 .63 4 53E-08
45 36 1086 7 07 324ZE-05 20,98 3.66E-08 23 63 41E-08
55 30 584 2 08 2 E44E-05 20.70 3.03E-08 23 L83 82E-08
66 35 6565 ¥i 11 362E-05 16.97 2.B0E.08 23 KR 61E-08
75 52 57 1 13 365E-05 18.03 2.95E-08 23 .93 TAE-DE
52 12 740 146 15 123E-05 18.38 2.74E-D8 23 .93 S5E-08
HYDRAULIC CONDUCTIVITY REPORTED AS 2.6BE-08 cmisec
TECH: [ WMR__] CHECKED:
DATE: DATE: | 3152022 |

o MEMBER OF WSP 1:\2022 - 2022 File Folders\SCS Engineers\AEL\Remolds\SCS_AEL_CL-5_REMOLD.xlsx



123-90103

AUGUST 2012
PARTICLE SIZE DISTRIBUTION & ATTERBERG LIMITS
ASTM D421, D1140, D4318
PROJECT NAME: AQUATERRA/AEL FINAL COVER CQA/OK
SAMPLE ID: SG-1 - Depth: -
TYPE: Bulk
100 il + :3‘: '2‘ 4 ?- ?4» + ?ra u 'ﬂ ?1: #?D :gau y :IDU: ﬁ‘w -
|
|
90 i 1 1
1 ‘
80 _ . |
|
|
% 70 I.
P 60 |
a
S g |
s
i
40
o |
g f | |
. 30 H- i
1 | '
] 20 | 1 i
! | '.
: 10 | T | .
|
SUL | | |
1000 100 10 1 0.1 0.01 0.001
Particle size in millimeters
Coorse Fine Coarsc l Medium | Fia Sitt or Clay
COBBLES GRAVEL SAND FINES
EcEns PLASTICITY CHART
{mnr) % Passing Classification Peicentoge . I 4
— / Ulew Adkne
12.0" 304.8 K /
3.0" 75.0 Cobbles 50 ;;" p
g 2.5" 63.5 i /
g 2.0 50.0 E “ ",’ CHor PpH /
=4 n >
5 1.5 37.5 unJ ) 7 /'
© 1.0" 25,0 = P
$ su t .'I‘
o 0.75 19.0 Coarse Gravel g ~ »
& 0.50" 127 5 24 /
2 “ < ;- MH orloH
& 0375 9.5 = y )
% #4 4.8 Fine Gravel /] CLor(/
g #10 2.00 Coarse Sand ," ./
sl #20 0.85 10 j
n il MLor QL
@ H40 0.43 Medium Sand /[ lecad /|
= #60 0.25 :
£100 0.15 0 10 20 3 40 50 60 70 80 8O 100 110
- 200 0,075 72.0 Fine Sand LIQUID LIMIT (LL})
Fines 72.0
ATTERBERG LIMITS
Method -B (Dry preparation)
DESCRIPTION: |Gray, (Shale) SILTY CLAY, some medium to fine M, LL PL Pl Ll
sand. [ 390 | 3 | 1w [ 13 | -412
Uscs: cL |
LL {oven-dried) TECH TI
< 0.7§ ~ ORGANIC
(O1/OH) DATE|  8/16412
cueck|
NOTE: SAMPLE WAS CRUSHED AND PASSED THROUGH THE NO. 3/8" SIEVE BEFORE TESTING. REVIEW /jf‘lvﬁ’]
APPROVE

Golder Associates Inc.




AUGUST 2012

123-90103

MOISTURE / DRY DENSITY CURVE

ASTM D 698 Method A
[ Mechanical | Standard | Wet Mcthod |
PROJECT NAME: AQUATERRA/AEL FINAL COVER CQA/OK
PROJECT NUMBER: 123-90103
SAMPLE ID: S$G-1 - DEPTH: - SAMPLE TYPE: Bulk
130 \\
125 \\ \ ZERDAIR YOIDS CURVES
i ‘\ . Gs=2.80
120
f\ \ /"/ Gs=2.70
115 E \\\\//, Gs=2.60
110 \ / —
105 N
= \\\
g A\
= 100
- i
% \\
9D g5
= N
w
o \\
> 90 \\
14 3
“ 85 k i
\ 1
80 | .k .
I \\\ |
75 ;
AN
70 \ -
85 \ \ I
60 \\
0% 5%  10%  15%  20%  25% 30% 35% 40%  45%  50% 55% 60% 65% 70%  75%
MOISTURE CONTENT (%)
COMPACTION POINTS Maximum Dry Density (pcf) | 120.0
Dry Moisture Optimum Moisture (%) 12.7
Specimen | Density | Content Corrected Maximum Dry Density (pef)
Number (pch) (%) Corrected Optimum Moisture (%)
1 116.5 10.4%
2 119.9 12.5% As-Received Moisture Content
3 117.8 14.6% NOTE: SAMPLE WAS CRUSHED AND PASSED THROUGH THE NO. 3/8" SIEVE BEFORE TESTING.
4 111.5 16.8% % Retained on # 4 sieve
% Retained on 3/8" sieve
% Retained on 3/4" sieve
DESCRIPTION]|Cray. (Shale) SILTY CLAY, some medium to fine sand.
iA
USCS CL l CHECK
REVIEW A
APPROVE '

Golder Associates Inc.




NOVEMBER 2023 8CS
PARTICLE SIZE DISTRIBUTION & ATTERBERG LIMITS
ASTM D6913 & D4318
PROJECT NAME: SCS/AEL - SAND SPRINGS/OK
SAMPLE ID: CL-1 - Depth: -
TYPE: Bulk
» ak - - - Ry . o |
100 L et #E;q:* e _';':'I" = Ll 1 , : |
i‘ | T T 1] | ] |
{| | || | | !
S0 } +—t 1 - | g { - [
Il | | | | |
| | 1 | | {
] | | | |
80 4 + —— HH =T
. | |
R | | ||}
o 70 M 4 T 1 11 ‘?'T‘
P T T T T T T — 0 O Hattor o
| I | ! ] | |
a i | t | ! | i I | | ‘{
S 50 b+t |T—-—- -'-J|-+-;-< 11 4 L Hi L At et ———t fit S S S_—
s 11T | | . T .
i . [T | . ' -
s 40 _L_i_r_a—;—:r-u,- == T -H—o-—T—o— e -+|-i-—'[--_+ +—1 R i o [ R |
] 5 (L ! |
E | | | ] | e :
30 Hodabd—i- T e Ti—ﬁ-———-.-—,— e i et b - R s
| | | | | |
] L] 1111
20 =t s N Tl 1T W LT .- '_;.l—q._._._ ..... — f—é"\:'-i“l"":r'i‘ o Head o et b
; ' (1 | 1111 [ |
| |
10 HH++——4+— 4_.|_;++T RS g i_ | - - il -:—-+—!— il el T_I J_% IR S J
| | |
o L. | 1 i) I : Y [ ] h L ! | Il |
1000 100 10 1 0.l 0.0l 0.001
Particle size in millimeters
Coase | Fine Coarse | Medium | Fine Sift or Clay
COBBLES GRAVEL SAND FINES
Particle Size Particle Size i B o
{mm) % Passing Classification Percentage | 60 PLASTICITY CHAR’!
W 60" 154.2 100.0 i Tulk .
30" 75.0 100.0 Cobbles 00 w“ )
£ 25" 63.5 100.0 -
E 2.0" 50.0 100.0 £ S| ensbr s
= 1.5" 37.5 100.0 » 0
. m fal 4
& 1.0 25.0 100.0 a /
§ 0.75" 19.0 99.8 Coarse Gravel 0.2 S b
2 0.50" 12.7 99.5 £ /
H 0.375" 9.5 99.4 = Ly S i
@ #4 4.8 96.0 Fine Gravel 3.8 < g7 [
E #10 2.0 93.0 Coarse Sand 31 £ iy
g #20 0.85 90.6 10 - 74
v #40 0.43 89.4 Medium Sand 3.6 . VAT ek
= 460 0.25 88.6 : . :1 | ,
#100 0.15 87.7 0 0 20 0 40 50 6 70 B 90 100 110
| #200 0.075 86.4 Fine Sand 2.9 LIQUID LIMIT (LL)
Fines 86.4 o
ATTERBERG LIMITS
Method - B (Dry preparation)
M, LL PL Pl LI
[Tv28s | a3 [ 20 | 23 | 022
DESCRIPTION: [SILTY CLAY, some fine to coarse sand, trace fine to LL {oven-dried) TECH JC
coarse gravel; olive brown. e DATE| 11:923
CHECK
USCS: CL | REVIEW
APPROVE

WSP USA




|NOVEMBER 2023 SCS
MOISTURE / DRY DENSITY CURVE
ASTM D698 Method B
| Mechanical | Standard | Dry Method |
PROJECT NAME: SCS/AEL - SAND SPRINGS/OK
PROJECT NUMBER: SCS
SAMPLE ID: CL-1 DEPTH: - SAMPLE TYPE: Bulk
120 .
~~=-Zero Air Void Curve
115 + i e - —t- - —— f |
uo 4 | —— = - — - f
105 + e 1 —- - - B + — —-— —- } - —
I 100 + - | ‘1&‘ e — —_— - e =
S \,
<@ L)
& 95 + ———+— —— ] 'l-{i- - - — — — —1 - —
> \
= I
@ 9+ 18 | b —rt - B - — IS SN
Z ‘\
[} N
a %
> B * St ———————
[ .
| =) | ‘\“.‘ |
| 80 +— | —Phe— - 4+ - + —
| B’ |
75 | — L8 e + 4 —f
N
70 +—t f . - - ST - — —
65 T+ - } ' + — l"-g-.t‘\“ _‘. —
60 | ; i ‘l.,
0% s9%  10%  15%  20%  25% 0%  35%  40%  d45%  50%  55%  60%  65% 0% V5%
MOISTURE CONTENT (%)
COMPACTION POINTS Maximum Dry Density (pef) | 112.7
Dry Moisture Optimum Moisture (%) | __16.1
Specimen | Density | Content Corrected Maximum Dry Density (pcf)
Number (pcf) (%) Corrected Optimum Moisture (%)
1 105.1 8.9%
2 108.4 12.5% As-Received Moisture Content | 12.8%
3 112.7 16.1%
4 107.1 19.5% 9% Retained on # 4 sieve
% Retained on 3/8" sieve 0.6%
% Retained on 3/4" sieve
Specific Gravity (assumed)
DESCRIPTION|SILTY CLAY, some fine to coarse sand, trace fine to coarse
gravel; olive brown. CHECK Dg
USCS CL I REVIEW i ~
APPROVE

WSP USA



NOVEMBER 2023 SCS
PARTICLE SIZE DISTRIBUTION & ATTERBERG LIMITS
ASTM D6913 & D4318
PROJECT NAME: SCS/AEL - SAND SPRINGS/OK
SAMPLE ID: GF-1 - Depth: -
TYPE: Bulk
(s % PO A gl 220 aa o,
100 T v ITr|1T 'lr ng ot -| f ] Ly il i 1 | T'[” I I T
| ‘ . 111 | [ | ] ] | ’ | [ l | .
90ttt - NS - 1 1010 A 1 S A
| | 11 1 I | | o] | 1 | |
[ | [ : [ l ({1 ' | [ ] Lkt ' [
B I HH O R O N RN T
op 70 Hrtttt—t e e T HH +——
& | ‘ ] ! ! ( [ | [1 T ]
[|]i 1 ! | | . | | ; I i
P 60 pH—tiiat 1y R N e - - ; T et
X | Ik I : | | |
5 50 brtat _%._4__ B S B I = ,._, R S — 4 s '|..+..i W Sl BN Ry N H_J__._4_ — ..l__-_'___¢_}__A_ y 3 o
s | | | T | I : ' (1 |
- | | | | |
i | | | ! 1 L ' pid (1] |
40 e : -+ - - — . - - O — +..._,._.-~— 4+t e
n [] 1 - [1] ‘ (11 : 1] |
e 1] l | | [ | : (1] |
30 _?_l._,. =4 % P ! '_,.‘_J_ R |.— ST - el —— _4.+T+_ I NV E— L I..1 _-_4—.- _l_ p.il. 8 0 A S— |. ]
i 1] | I IR
20 .q,_._ﬁ._._.__" L S -J—r—g—l_. 41— H S e o = .. 1 SE B S A+ 3 +_‘.4.|_ ;.|. == 1S Yo N S SR SRS
! 11 | | | 11
| | : . . | | l || | |
10 BT T T T — r—Tf-‘---—'- + *—*I—-!-Tﬂ——r r*i.—++-.*++ -
| { | |
o WL ( | ] Ll N |
1000 100 10 1 0.1 0.0l 0,001
Particle size in millimeters ‘
Coarse | Fine Coarse | Medium | Fine Silt or Clay
COBBLES GRAVEL SAND FINES
Particle Size Panticle Size B e —— |
o {mm) %Passing  Classification  Percentage o PLAST]C'TY (r:HAR‘T
6.0" 154.2 100.0 | ¥ e Al
39" 75.0 100.0 Cobbles 0.0 oy S|
§ 25" 63.5 100.0 (il
g 20" 50.0 100.0 £
= 1.5" 37.5 100.0 2 1111
g 1.0 250 99.3 2 J
$ 0.75" 19.0 99.8 Cosrse Gravel 0.2 = | "r"‘
2 0.50" 12.7 99.7 5
Z 0.375" 9.5 99.7 E b i
@ 44 48 99.5 Fine Gravel 0.2 < A ctad
E #10 2.0 98.9 Coarse Sand 0.7 . ,',"
5 #20 0.85 98.3 10—ty
v #40 0.43 978 | Medium Sand L1 ::“¢L
= #60 0.25 96.6 0 [ ! | | | ||
#100 0.15 938 0 w2 3 40 SO &0 W %0 %0 100 110
L #200 0.075 86.6 Fine Sand 11.2 LIQUID LIMIT (LL)
Fines 86.6 )
ATTERBERG LIMITS
Method - B (Dry preparation)
M, LL PL PI Ll
[ s I e | w6 [ 24 | -01s
DESCRIPTION: [sandy SILTY CLAY, fine to coarse sand, trace fine to LL (oven-dried) TECH IC
coarse gravel; reddish brown. R v DATE| 11/8723
CHECK
USCS: CL | REVIEW
APPROVE[

WSP USA



NOVEMBER 2023 SCS
MOISTURE / DRY DENSITY CURVE
ASTM D698 Method B
| Mechanical | Standard | Dry Method |
PROJECT NAME: SCS/AEL - SAND SPRINGS/OK
PROJECT NUMBER: SCS
SAMPLE ID: GF-1 DEPTH: - SAMPLETYPE: Bulk
120 :
l ----- Zero Air Void Curve
. 1ns + I} - | + + 4+
110 4+ e 1 — | — ] |
105 4+ - L - —_— - e &
100 4+ —_ ‘11:‘ S o - — — - -
< LY
9 ~
2 95 + — i - .’.‘.‘_— - S S— —d L 2 =
> | %
: | \\
i 90 + i - + - e . - — - L . '
2 i
a . ¥
: 85 '[— - - == -+ -+ -— — .“‘ -+ -+ -~ - - i
[=] I t\.'
80 4+ 1 1 4 i i 4 i ._.u‘_‘ 4 = S L i —
75 4— 1 I — o — I 7 - 1L + 4
4+ - == = 1 —— _‘_"‘_‘_ e 2 i I
65 +— _— i - o - - £m Fe: — = I== = £ 4 = S=——— = f‘;":‘f. | 4
. L
60 - . .
% 5% 0%  15%  20%  25%  30%  35%  40%  45%  50%  55%  60%  65% W% 75%
MOISTURE CONTENT (%)
COMPACTION POINTS Maximum Dry Density (pcf) | 109.3
Dry Moisture Optimum Moisture (%0) |  16.0
Specimen | Density | Content Corrected Maximum Dry Density (pcf)
Number {pch (%) Corrected Optimum Moisture (%)
1 98.4 8.0%
2 106.8 12.7% As-Received Moisture Content | 11.7%
3 1093 15.7%
4 107.9 18.0% % Retained on # 4 sieve
% Retained on 3/8" sieve 0.3%
% Retained on 3/4" sieve
Specific Gravity (assumed)
DESCRIPTION|sandy SILTY CLAY, fine to coarse sand, trace fine to coarse
gravel; reddish brown. cueck| DA
USCS_ CL | REVIEW uu ~
APPROVE

WSP USA



5id UsAg ¥ O

| dFaepail

odofdaug eaulng - — fa |

=20 (0] UOISBYPE WNWIUIW 3U} BA0GE BN{EA JUBDES,

DL | — b Weeng a

15d 0000l 4sd 0006 Jsd 0008 4sd 0002 4sd 0009 4sd 000G Jsd 00OF 45d 000E 45d 000Z Isd 00OL

ssaUiS |Eulop
15d0

ke e
f T Lo e 4

18d 0
| |

4sd 00§

15d 0004

Jsd 00S 1L

—| 4sd o002

4sd 0052

isd 000€

48d p0g€

Jsd ooov

Jsd oosy

—* ysd 0005

sisf|euy juiod yeaig

ss0.)5 Jeays

siyjbuang yead

Jead) (oL 34aH SSa) Jeur] wonog (DM
J00[4) J8ur]
Sado[aAu] quo[no) JUOA @aly} buowe Sjulod yealq Jo uoneulwialag

egA yyf uoisIon
Blllid - |

=l =" |eonuD
H_uu _H_u.u [eonuo 8d p¥61 Jsd 00001 8
95BJ Jeauy) pnu, uo anjea LJUBIBS JO UopeUNLIBR] isd g6y 48d 00G2 z
jsdzs6 Jsd 0005 9
Jsd g8y Jsd 0052 S
i8d vz i8d szl 12
Y/N# YIN# YIN# € J8d 121 1sd 629 €
VIN# VIN# VIN# z s8d 0 Jsd o z
opuey | i8d |p/6- 4sd 000G 1- b
By ) oquio) Jesul o

SJUI0d USAT Healg adojaaugz Jeauljig
Jsd €0+36'} 4sd €0+30' J5d €0+36'L isd | p6v9 4sd 00004 4
Jsd £0+36' ) J5d £0+30 ¥ Jsd €0+36'} i5d | 'v6Y9 45d 0000} v
W/N# WIN# VN VIN# VIN# €
VIN# WIN# VIN# VIN# WIN# z
sd 00+30°000 15d 00+30 000 J5d 00+30 000 15d 0'0 8d 0 L

15d00+30 000 450 00+30000 | Jsd 00+30 000 j8d Q0 180 00
NI, Dy, D 173 )
vOr'0 Jsdo Bap 0'zZ S (W o) W4 3daH ssa’ |2
J8A09) (10Y) Jeken Ae|D pajoedwiodsy

¥61'0 1540 Bap 0’1 L esd (I 0%) T4 3daH SSA 15 dNN g
6¥9°0 150 0 bap 0'ge 19 dN-MN 1ao v

que| 0 Q adi) yBuang 189m0 Jaddn




2dofoAuT JBaUIllg -

Sid Cm>|m V_Mw._m

g 200Bla)U| Y 99BMa)U|

SEM)S jeuuonN
45d 0000 45d 0006 45d 0008 sd 000/ Jsd 0009 4sd 0005 48d 000V 4sd 000E Jsd 000Z Jsd 000Y
H iy

T —
wiod yesxg O

isdo

1 t 1 T +
| |

| | isd zed ysd 16 |

1 1sdezpLysdss

_

sdo

isd 005

- Jsd 0001

4sd 0051

4sd gooz

isd 0052

ssa.)S JEdUS

15d 000E

5d 005€

sis|euy Juiod yeasg

-+ 15d 000Y

- 15d 0S¥

——1 ysd 0005

s68p 061

=Eg ("“o) UOISBYPE WNWIUIL 8Y) SAOQE aN[EA JUB3G,

sbap g6°L¢

1sdoo _ua

6'v9€l
§¢col
€265

ey

e 0
990
6¥9°0
Quel

syjbuasg yead
[ (3ead) (doL 3daH 1SQ) Jaul] 18A0D 1DM

{@selg uolonisU0y) (ad0|g-apis) Jau| | Aetilid - ¢
SadojoAug QuIOjN0Y JO[ 99Jy] buowe sjulod Jealq Jo uoneuliayeq

ega yjf uoisian

=0 isdgpog’L =1 [eOBUD
Enmu jeonuD i8d yz6e Jsd 00001 ]
8583 JBBUY] [N, UO 8NjeA ,JUBIAS JO uopeulwalag 1sd ¢90¢g 4sd 0052 /
Jsd zozz 45d 0005 9
Jsd geel Jsd 0052 S
i8d 062 Jsd 05z 14
06952 opueg € J5d 90 18d 629 €
gv.iSL Jopuey 4 jsd o j8d 0 4
L'CL6 gpuey I i8d Ly26- 48d 00061~ L
mhv OQEOO _Nwr____mu. o)
SJUIOd UBAT Yealg adojaaugz Jeauljig

Jsd £0+36'€ 4sd £0+36 € J5d €0+38'¢ Jsd | y6v9 Jsd 00004 [
J5d £0+36'€ J5d £0+36 € 5d £0+38 ¥ 4sd | 'v6v9 Jsd 0000L v
J5d €0+31 'L Jsd £0+3 L 4sd £0+3 | 450 € 899} Jsd 6957 €
ssd 00+3Z 106 45d £0+30 | 45d 00+32 106 j5d 5220l ysd /51 z
15d 00+3€ 265 45d 00+3r 6L 15d 00+3€ 265 45d €265 1sdzZLe 2

isd 00+30 000 15d 00+3¢ 08K Jsd 00+30 281 4sd 00 18d 00

NIy, BN DY vy o
48d 08¥% Bop 061 100 (N 09) T4 3daH 1Sa |9
isd /9l bap 0'6Z Nead (IIN 09) T4 3daH 1Sa 19 dN-MN d
150 0 bap 0'ee 19 dN-MN (109) Jeke ueiq ueis |y
0 ¢ adh | ybuans Jamon Jaddn




SdumIwag o
8 093ep0I)

SAORAUT JEOU »  e—
W BaBBI|

=5 (*“n) uoisaype WNWIUIW 34} SAOGE SN|eA JUBDRS,

od ¥eag O

45d 00001 4sd 0006 4sd 0008

45d 0002 45d 0009 45d 0005 sd 00OF 4sd 000€ 4sd 000Z 4sd DOOL

SS3.3S [BULION

el ned,

|

T priatie

sisA|euy julod yeaig

isdo

isdo

4sd gog

Jsd 000l

isd 0051

isd 0002

4sd gosz

Jsd 000E

1sd gose

4sd ooy

Jsd 005¥

1sd 000§

sseng Jeays

=t¢ ="1 |eopuo
H_ =n H_umo |BORIUD i8d £50¢ 48d 00001 8
| 8SeD JEBUY J}nul, UO BNJeA JUBIIS JO UORBUILLIBIBQ Jsd g622 Jsd 00S/ /
J8d 6261 Jsd 0009 9
isd $9/ 1sd 0osZ S
Jsd zge Jsd ogz) 14
Y/N# Y/IN# YIN# Jsd L6l Jsd 629 €
VIN# V/N# VIN# Jsd 0 isd o z
OpueY isd o2¥ze- 48d 00005- L
By ®o oquop Jesumgy, o

SJUI0d USAT yealg adojaaugz Jeauljig
jsd €0+3k € j5d €0+30' Jsd £0+31L € 15d | 'v6v9 15d 00001 [
J5d €0+31 € Jsd £0+30 ¢ Jsd €0+3L'E 15d | v6v9 15d 00001 14
W/N# VIN# V/IN# WIN# V/N# 3
VIN# VIN# WIN# VIN# WIN# 4
45d 00+30000  Jsd00+30000 | J5d 00+30 000 15d 0'0 15d 0 L

J3d 00+30°000 45d 00+30 000 45d 00+30 000 1sd 00 1sd 0'0
NINy, BN 6, 23 )

¥0v'0 J8d 0 bap 0'zz 100 (1N 09) N4 3daH 1SA |2
90¢°0 1sd 0 Dap 0 /L lenpisay (1 09) TN 3daH 1Sa 19 dN-MN g
6¥9°0 1sd 0 Bop 0'ee 19 dN-MN (1a9) Jeke ueiqg ueso |y

Que | 0 Q adf ybusng 1907 Jaddn

BGA Ui UOISIan




LINER ANCHOR TRENCH AND SLOPE STABILITY FOR
AMERICAN ENVIRONMENTAL LANDFILL
TIER 1 PERMIT MODIFICATION — PHASE IVA

Aquaterra Project Number 4926.10

DECEMBER 2011

Prepared For.

American Environmental Landfill
212 North 177" West Avenue
Sand Springs, OK 74063



footprint width of each terrace is 24 feet over a 9-foot vertical fall on the 4H to 1V sideslope.
One of these terraces was modeled at near the mid-slope on each post closure sideslope.
These analyses are labeled Case 5 as noted above.

The location and extent of Profile West — East is depicted on a plan sheet in Attachment J-2
— Supporting Information, for reference, while the results of each critical slope stability
analysis based on the above referenced cases are shown in Attachment J-1, Model Runs.

2.2 Material Properties

The material properties used as input into the slope stability analysis are summarized below
in Table 1. The underlying stratigraphy consists of lean silt and clay residual soils which
extends from ground surface to depths of a few feet to as much as 30 ft below ground
surface (bgs). Beneath the residual lean silt and clay soils brown moderately weathered
shale is typically encountered that typically grades into unweathered gray shale at depth.
The shale bedrock extended to 220 ft bgs in B-7A which is located at the eastern end of
Profile A-A’. Occasional seams of limestone were interspersed at depth in the borings
performed along the profile (B-13, B-4B, B-1 1A and B-7A) and for the purpose of modeling,
the uppermost limestone layer was assumed to represent the lower limit of slip surface
stability analysis and the modeling default “strength” of impenetrability was assigned as
bedrock at this interface and below.

The boring logs used to develop the stratigraphic profiles beneath the critical west to east
profile as noted in the prior paragraph were B-13, B-4B, B-11A, and B-7A, dated Dec 2001
by Cardinal Environmental and June 2011 by Aquaterra Environmental Solutions. These
boring logs have been copied and included in Attachment 3 — References. The projected
locations of each of these borings are presented on each model profile for ease of reference
(Attachment 1 — Model Runs).

Aquaterra assigned material strengths to the stratigraphic regions developed in the critical
profiles that reflect the geometric configuration of the landfill waste containment structures
(primary and cover liner sequences, waste mass, and underlying foundational soils). The
soils native to the site were assigned strength values based on previously performed field
and geotechnical laboratory testing results. The cohesion of the brown and gray shale
present at the site were developed from undisturbed test pit samples obtained by Aquaterra
staff from nearby exposed bedrock slopes elsewhere on site. The remaining material
constituents were assigned strength values based on published technical literature. The
material properties employed in the modeling scenarios are shown below in tabular form.

4926.10/December 2011 5 AQUATERRA



Material Density Corzi)smn b Reference
(Attachment J-3)
pcf psf Degrees )
Limestone (acts as Bedrock) Impenetrable Séi?:umaig?
Sandstone 140 10000 0 Ref’
Gray Shale 145.5 12230 0 Ref®
Brown Shale 139.3 13023 0 Ref °
Stiff Silty Ciay (CL) (compacted 131 1600 237 Ref’ 88°
subgrade)
Compacted Clay Liner (CCL) (CL) 131 1600 22.9 Ref ’
Clay (Cover —CCL) 131 240 28 Ref '
Granular Drainage Layer (SW) 143.6 0 37 Ref
25/19
131 167 @ Ref ®
WGL - Liner Floor 2607 psf
X\_/eak C_Eeosynthetic Layer (WGL)- 131 0 17 Ref"
iner Sideslope
Stiff Sity Clay (CL) (native 7
undisturbed subgrade) =4 240 23.7 RS
Solid Waste 65 522 35 Ref "'
Silty Clay (Intermediate Cover) (CL) 131 240 23.7 Ref '
Silty Clay (Vegetative Layer) (CL) 131 240 23.7 Ref ’
Silty Clay (Vegetative Layer) (CL) 131 240 23.7 Ref ’

Material Properties-

Soil Properties — Aquaterra used available boring log and testing data to estimate the
strength and unit weight properties of the native or recompacted soil materials used to
construct the waste containment envelope. The sources of these values are noted in the
footnoted references in the above table. Site specific data (PSI (1994)) were used where

® Day, R.W., Geotechnical Engineering Portable Handbook, McGraw Hill, 2000, pp

® Alpha Omega Geotech, Inc. Unconfined Strength Data for Brown and Gray Shale, AES Project #
4926.10, for AEPI Landfill. 30 Sept 2011.

" Haung, Y.H., Stability Analysis of Earth Slopes, Univ of Kentucky, Van Nostrand Reinhold Co., New
York, 1983, pp 305.

® Stark, T.D., Choi, H., McCone, S., “Drained Shear Strength Parameters for Analysis of Landslides”,
Journal of Geotechnical and Geoenvironmental Engineering, ASCE, May 2005.

® watterberg Limit and Moisture Density Data Summary”, Golder Associates and Terracon

Consultants, Feb 2009.
" Koerner, G.R. and Narejo, D., “Direct Shear Database of Geosynthetic-to-Geosynthetic and

Geosynthetic-to-Soil Interfaces”, Geosynthetic Research Institute, GRI Report #30, Folsom, PA, April
2005.

" Eid, H.D., Stark, T.S., Evans, W.D. and Sherry, P.E., “Municipal Solid Waste Slope Failure. l:
Waste and Foundation Soil Properties”, Journal of Geotechnical and Geoenvironmental Engineering,

May 2000, pg. 405.

4926.10/December 2011 6 AQUATERRA



SCS AQUATERRA

Slope Stability Analysis for
American Environmental Landfill
Tier 1 Permit Modification — Phase IVB

Presented to:

American Environmental Landfill

W RICAN B szl NV IRONMENTAL

}'—W Renesoabde Energy Landfil!

212 North 177" West Avenue
Sand Springs, OK 74063
(918) 245-7786

Presented by:

SCS AQUATERRA
1817 Commons Circle, Suite 1
Yukon, OK 73099
(405) 265-3960

March 2014
File No. 27213780.10

Offices Nationwide
www.scsengineers.com



Steven Taylor Industrial Park SCS AQUATERRA

2.3 MATERIAL PROPERTIES

The material properties used as input into the slope stability analysis are summarized below
in Table 1. AES 2011 provided a detailed discussion of the rationale for assigning material
properties to the various stratigraphic units and the landfill components. The reader will note
that this evaluation contains considerably more detail on the structure of the bedrock that
forms the post closure embankment at the east end of the cell. This detail was obtained as a
result of additional borings (Core — 1 through Core — 4) performed in the area to depths of up
to 150 feet below ground surface (see Boring Location Map Drawing 1 in Attachment 2).

Bedrock properties - Bedrock joint shear strength testing (Samples 2 and 3 in Attachment 2)
performed to evaluate the nature of the bedding joints located beneath area limestone layers
as these joints tended to be saturated and as such created planes of weakness that tend to
govern the lateral stability of the mass. The worst case saturated shear strength of the
weathered shale obtained from these borings was assigned to a series of joints estimated at
depth in the eastern rock slope. The anisotropic shear strengths for the more massive and
blocky bedrock units (limestone, sandstone, and un-weathered shale) were estimated based
on rock core samples so as to replicate vertical rock face spalling observed at the site.

Table 1. Material Properties

Material Density CoP:)s on o) Reference
pcf psf Degrees
Impenetrable Slope W 2004
Impenetrable default values
Limestone 150 2000 (H) 15 (H) Core samples
Sandstone 140 250 (V) 9 (V) e pll
Gray Shale (Sound) 145.5 5204000(%) 195(6_;) observation
Brown Shale (Sound) 139.3 13023 0 Ref4
Core samples
Brown Shale {(Weathered) 139.3 5204000 (H) 15 (H) and field
(V) 9 (V) X
observations
Shale Joint 1 145.5 240 11.5
Shale Joint 1 (2) 145.5 200 14 Ref5
Shale Joint 1 (3) & (4) 145.5 180 17.5
Compacted Clay Liner (CCL) (CL) 131 1600 22.9 Refé,7&8
Silty Clay 131 50 23.7 Ref 7

4 Alpha Omega Geotech, Inc. Unconfined Strength Data for Brown and Gray Shale, AES
Project #4926.10 for AEPI Landfill. 30 Sept 2011.

5 Alpha Omega Geotech, Inc. AEL Shale Interface Testing, AOG # 13-182T, Samples #1, 2
and 3.

6 Haung, Y.H., Stability Analysis of Earth Slopes, University of Kentucky, Van Nostrand
Reinhold Co., New York, 1983, pp 305.

7 Stark, T.D., Choi, H., McCone, S., “Drained Shear Strength Parameters for Analysis of
Landslides”, Journal of Geotechnical and Geoenvironmental Engineering, ASCE, May 2005.
8 “Atterberg Limit and Moisture Density Data Summary”, Golder Associates and Terracon
Consultants, Feb 2009.
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Stiff Silty Clay (Compacted Subgrade) 131 1600 23.7 Ref 7

Clay 131 240 23.7 Ref 7

Granular Drainage Layer (SW) 143.6 0 37 Ref 7

Weak Geosynthetic Layer

(WGL) - Liner Floor g - 1 .
25 /19

WGL - Liner Side Slope (construction) 131 167 @ Ref ¢
2607 psf

WGL - Liner Side Slope 131 0 17 Ref 9

(post closure)

Stiff Silty Clay (CL) (native undisturbed 131 240 237 Ref 7

subgrade)

Municipal Solid Waste 65 500 35 Ref 10

Intermediate Soil Cover 131 240 23.7 Ref 7

Cover CCL 131 240 28 Ref 7

Vegetative Cover Soil 131 240 23.7 Ref 7

Soil properties - As noted in our AES 2011 report, we used available boring log and testing
data to estimate the strength and unit weight properties of the native or recompacted soil
materials used to construct the waste containment envelope. The sources of these values are
noted in the footnoted references in the above table. Site specific data (PSI (1994)) were
used where possible. When insufficient site specific data were available, the design engineer
used the most conservative values reported by Haung (1983). In the case of unit weight, the
highest wet unit weight in the range was calculated to provide a conservative driving force.
With strength parameters, (¢ and c) the low end of the reported range was used to reduce the
resisting forces along the critical slip surface. The pertinent portions of these references have
been provided for informational purposes.

Geosynthetic Interface Strength properties — SCS Aquaterra performed a literature evaluation
to determine the weakest geo-synthetic layer (WGL) interface strength (adhesion or
cohesion, designated as o or ¢ below and internal or interface friction angle, ¢ or &) of the
permitted primary and cover liner geosynthetic sequences. The interface strengths of the
primary liner and cover liner sequences were assigned based on an evaluation of the
individual interface contact strengths as developed using soil strengths of adjoining layers
from the references noted above for the pertinent ¢ and ¢ (cohesion). Soil to geosynthetic
and geosynthetic to geosynthetic contact strengths were developed using Koerner and Narejo
(2005). The strengths of each contact are shown in the following table for each liner
configuration. Two separate liner configurations were considered for the primary liner
(Sideslope and floor or bottom). Residual (or large displacement) strengths were used for the
primary liner sideslope post closure configuration as this portion of the liner could
experience displacement caused by settling waste whose down slope movement could
translate across the protective soil onto the geosynthetic sequence. Although this is a remote

9 Koerner, G.R. and Narejo, D., “Direct Shear Database of Geosynthetic-to-Geosynthetic and
Geosynthetic-to-Soil Interfaces”, Geosynthetic Research Institute, GRI Report #30, Folsom,
PA, April 2005.

10 Eid, H.D., Stark, T.S., Evans, W.D. and Sherry, P.E., “Municipal Solid Waste Slope
Failure. I: Waste and Foundation Soil Properties™, Journal of Geotechnical and
Geoenvironmental Engineering, May 2000, pg. 405.
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American Environmental Landfill, Inc. SCS AQUATERRA

2.3 MATERIAL PROPERTIES

The material properties used as input into the slope stability analysis are summarized below
in Table 1. AES 2011 provided a detailed discussion of the rationale for assigning material
properties to the various stratigraphic units and the landfill components. The reader will note
that this evaluation contains considerably more detail on the structure of the bedrock that
forms the post closure embankment at the east end of the cell. This detail was obtained as a
result of additional borings (Core — 1 through Core — 4) performed in the area to depths of up
to 150 feet below ground surface (see Boring Location Map Drawing 1 in Attachment 2).

Bedrock properties - Bedrock joint shear strength testing (Samples 2 and 3 in Attachment 2)
performed to evaluate the nature of the bedding joints located beneath area limestone layers
as these joints tended to be saturated and as such created planes of weakness that tend to
govern the lateral stability of the mass. The worst case saturated shear strength of the
weathered shale obtained from these borings was assigned to a series of joints estimated at
depth in the eastern rock slope. The anisotropic shear strengths for the more massive and
blocky bedrock units (limestone, sandstone, and un-weathered shale) were estimated based
on rock core samples so as to replicate vertical rock face spalling observed at the site.

Table 1. Material Properties

Material Density COh(:)S ‘on ¢ Reference
pcf psf Degrees
Impenetrable Slops| lE 004
Impenetrable default values
Limestone 150 2000 {H) 15 (H) C |
Sandstone 140 250 (V) 9 (V) ore samp €s
and field
Gray Shale {Sound) 145.5 52(11%0((\1/-)') 195(9;) observation
Brown Shale {Sound) 139.3 13023 0 Ref5
Core samples
Brown Shale (Weathered) 139.3 Pt and fild
V) ?2(V) '
observations
Shale Joint 1 145.5 240 11.5
Shale Joint 1 (2) 145.5 200 14 Refé
Shale Joint 1 (3) & (4) 145.5 180 17.5
Compacted Clay Liner (CCL) (CL) 131 1600 22.9 Ref’ 8&°
Silty Clay 131 50 23.7 Ref 7

5 Alpha Omega Geotech, Inc. Unconfined Strength Data for Brown and Gray Shale, AES
Project #4926.10 for American Environmental Landfill. 30 Sept 2011.

6 Alpha Omega Geotech, Inc. AEL Shale Interface Testing, AOG # 13-182T, Samples #1, 2
and 3.

7 Haung, Y .H., Stability Analysis of Earth Slopes, University of Kentucky, Van Nostrand
Reinhold Co., New York, 1983, pp 305.

8 Stark, T.D., Choi, H., McCone, S., “Drained Shear Strength Parameters for Analysis of
Landslides™, Journal of Geotechnical and Geoenvironmental Engineering, ASCE, May 2005.
9 “Atterberg Limit and Moisture Density Data Summary”, Golder Associates and Terracon
Consultants, Feb 2009.
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Stiff Silty Clay (Compacted Subgrade) 131 1600 23.7 Ref 7

Clay 131 240 23.7 Ref 7

Granular Drainage Layer (SW) 143.6 0 37 Ref 7

Weak Geosynthetic Layer

(WGL) - ner Floor Sl ° I il
25/19

WGL — Liner Side Slope (construction) 131 167 @ Ref ¢
2607 psf

WGL - Liner Side Slope 131 0 17 Ref 10

(post closure)

Stiff Silty Clay (CL) (native undisturbed 131 240 237 Ref 7

subgrade)

Municipal Solid Waste 65 500 35 Ref 1

Intermediate Soil Cover (CL) 131 240 23.7 Ref 7

Cover Vegetative Support Layer {CL) 131 240 28 Ref 7

Vegetative Cover Soil (CL) 131 240 23.7 Ref 7

Soil properties - As noted in our AES 2011 report, we used available boring log and testing
data to estimate the strength and unit weight properties of the native or recompacted soil
materials used to construct the waste containment envelope. The sources of these values are
noted in the footnoted references in the above table. Site specific data (PSI (1994)) were
used where possible. When insufficient site specific data were available, the design engineer
used the most conservative values reported by Haung (1983). In the case of unit weight, the
highest wet unit weight in the range was calculated to provide a conservative driving force.
With strength parameters, (¢ and c) the low end of the reported range was used to reduce the
resisting forces along the critical slip surface. The pertinent portions of these references have
been provided for informational purposes.

The final cover profile evaluated in this analysis is the permitted alternative cover which
consists of 12 inches of vegetative layer underlain by a 24 inches thick vegetative support
layer and at least 12 inches of intermediate cover.

Geosynthetic Interface Strength properties — SCS Aquaterra performed a literature evaluation
to determine the weakest geo-synthetic layer (WGL) interface strength (adhesion or
cohesion, designated as a. or ¢ below and internal or interface friction angle, ¢ or §) of the
permitted primary and cover liner geosynthetic sequences. The interface strengths of the
primary liner and cover liner sequences were assigned based on an evaluation of the
individual interface contact strengths as developed using soil strengths of adjoining layers
from the references noted above for the pertinent ¢ and ¢ (cohesion). Soil to geosynthetic
and geosynthetic to geosynthetic contact strengths were developed using Koerner and Narejo
(2005). The strengths of each contact are shown in the following table for each liner
configuration. Two separate liner configurations were considered for the primary liner

10 Koerner, G.R. and Narejo, D., “Direct Shear Database of Geosynthetic-to-Geosynthetic
and Geosynthetic-to-Soil Interfaces”, Geosynthetic Research Institute, GRI Report #30,
Folsom, PA, April 2005.

11 Eid, H.D., Stark, T.S., Evans, W.D. and Sherry, P.E., “Municipal Solid Waste Slope
Failure. I: Waste and Foundation Soil Properties™, Journal of Geotechnical and
Geoenvironmental Engineering, May 2000, pg. 405.
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Drained Shear Strength Parameters for Analysis

of Landslides
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Timothy D. Stark'; Hangseok Choi?; and Sean McCone®

Abstract: This paper presents recommendations for selecting the type and magnitude of drained shear strength parameters for analysis
of landslides. In particular, the importance, existence, and use of the cohesion shear strength parameter is reviewed. For slope stability
analyses, it is recommended that the shear strength be modeled using a stress dependent failure envelope or a friction angle that
corresponds to the average effective normal stress acting on the slip surface passing through that particular material instead of using a
combination of cohesion and friction angle to represent soil shear strength. Other recommendations for stability analyses include using an
effective stress cohesion of zero for residual and fully softened strength situations. To facilitate selection of shear strength parameters for
landslide analyses, empirical relationships for the drained residual and fully softened strengths are updated from the previous empirical
relationships presented by Stark and Eid. Finally, the paper presents torsional ring shear test results that indicate that pre-existing shear
surfaces exhibit self-healing that results in increased shear resistance. The magnitude of healing appears to increase with increasing soil

plasticity, and this increase could have implications for the size, timing, and cost of landslide remediation.

DOI: XXXX

CE Database subject headings: Soil mechanics; Landslides; Overconsolidated clays; Shear strength; Slope stability; Remedial

action.

Introduction

The main input for a stability analysis of a landslide are slope
geometry, location of the failure surface, magnitude of pore-water
pressures, unit weight of materials involved, and shear strength of
the materials that intersect the failure surface. The use of a topo-
graphic survey should provide insight to the slope geometry, use
of field instrumentation, e.g., slope inclinometers, and field obser-
vations can facilitate location of the failure surface for a postfail-
ure analysis, and laboratory testing can quantify the unit weight of
the materials involved. As a result, the magnitude of the pore-
water pressures and the material shear strength usually present the
largest uncertainty in the analysis of landslides. The magnitude of
pore-water pressures is a site-specific and time-specific inquiry,
and thus it is difficult to quantify or generalize about pore-water
pressure conditions. Therefore, this paper focuses on the repre-
sentation of material shear strength in landslide stability analyses
even though the other input parameters listed above also are ex-
tremely important.

Professor, Dept. of Civil and Environmental Engincering, Univ. of
Tlinois, 205 N. Mathews Ave., Urbana, IL 61801-2352. E-mail:
tstark @uiuc.edo

2Assistant Professor, Dept. of Civil Engineering, 209-D Aubum
Science and Engineering Center, Univ. of Akron, Akron, OH 44325.3905
{corresponding author). E-mail: hchoi@uakron.edu

3Juhnson, Mimiran and Thompson, 72 Loveton Circle, Baltimore, MD
21152. E-mail: smccone@umm.edu

Note. Discussion open until October 1, 2005. Separate discussions
must be submitted for individual papers. To extend the closing date by
one month, 2 written request must be filed with the ASCE Managing
Editor. The manuscript for this paper was submitted for review and pos-
sible publication on June 19, 2003; approved on August 6, 2004. This
paper is parl of the Journal of Geotecknical and Geoenvironmental
Engineering, Vol. 131, No. 5, May 1, 2005. ©ASCE, ISSN 1090-0241/
2005/5-1-2XXX/$25.00.

A drained or undrained shear strength may be applicable for
the materials that intersect the failure surface depending on the
hydraulic conductivity of the materials and rate of loading in-
volved. This paper focuses on the drained or effective stress shear
strength parameters, and thus it is assumed that the hydraulic
conductivity of the soils involved is sufficient to dissipate all of
the pore-water pressures prior to instability and/or the loading is
slow enough that nonhydrostatic pore-water pressures do not de-
velop. The paper focus is further narrowed to include enly cohe-
sive soils because landslides are usually more frequent in cohe-
sive rather than granular matenals.

Recommendations for Stability Analyses
of Landslides

Drained Shear Strengths

The two drained shear strengths considered herein are the residual
and fully softened shear strengths. The residual shear strength of
cohesive soils is applicable to new and existing slopes that con-
tain a pre-existing shear surface. A pre-existing shear surface, and
thus a residual shear strength condition, is present in old land-
slides or soliflacted slopes, bedding shears in folded strata, in
sheared joints ar faults, and aftér an embankment failure (Skemp-
ton 1985). Other situations where a strength at or near residual
has been mobilized include the shear stresses and displacements
induced in the foundation of a dam by the annual raising and
lowering of the reservoir (Stark and Duncan 1991), shear stresses
and displacements induced in a slope by blasting (Stark et al.
2000), and the behavior of colluvial slopes (D’Appolonia et al.
1967; Fleming and Johnson 1994; Eid et al. 2000). A drained
failure condition usually prevails during reactivation of a pre-
existing shear surface that has attained a residual strength condi-
tion (Terzaghi et al. 1996). This is attributed to the thin nature of
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(he shear zone and the clay particles being oriented parallel to the
direction of shear and thus having little tendency for volume
change and development of excessive pore-water pressures.
Therefore, an effective stress stability analysis is usuvally appli-
cable for a residual strength condition and thus drained shear
strength parameters should be used. The results of torsional ring
shear tests on 66 clays, mudstones, claystones, and shales (Table
1) confirm that the drained residual failure envelope is stress de-
pendent.

The drained fully softened shear strength of cohesive soils is
an important parameter in evaluating the stability of slopes that
have not undergone previous sliding (first-time slides). After
studying case histories involving soil slopes in brown London
clay, Skempton (1977) concludes that slopes that have not under-
pone previous sliding can be designed using a fully softened shear
strength. Investigations by Skempton et al. (1969) and Skempton
(1977) indicate that softening of an overconsolidated clay reduces
the effective stress cohesion component of the Mohr—Coulomb
shear strength parameters but does not cause orientation of clay
particles or a reduction in the friction angle (Skempton 1570).
Consequently, Skempton (1977) suggests that the long-term shear
strength available in an overconsolidated clay that has not under-
gone previous sliding corresponds to the fully softened condition.
More recently, Stark and Eid (1997) show that the mobilized
strength in first-time slides can be less than the fully sofiened
strength. This conclusion is reinforced by Mesri and Shahein
(2003) that show slopes in nonhomogeneous stiff clay and clay
shales exhibit a residual strength along at least a portion of the
slip surface for first-time slides.

The fully softened condition corresponds to the condition after
which the overconsolidated clay has absorbed as much water as it
desires and has reached equilibrium at a particular site. Skempton
(1970) concludes that the fully softened shear strength is numeri-
cally equal to the drained peak strength of a normally consoli-
dated specimen. Torsional ring shear test results on 36 clays,
mudstones, claystones, and shales (Table 2) confirm that the
drained fully softened failure envelope is also stress dependent.

Use of Cohesion in Stability Analyses

A topic of frequent discussion in review of stability analyses of
landslides and litigation associated with landslides is the use of a
nonzero value for the effective stress cohesion parameter {c’)
from a Mohr—Coulomb strength diagram. The significance of
using a nonzero value is discussed first and then recommenda-
tions for the value of cohesion that should be used for the residual
and fully softened strength conditions are presented.

The factor of safety (F) in a limit equilibrium analysis is de-
fined as the ratio of the shear strength divided by the shear stress
required for equilibrium of the slope. Using moment equilibrium,
the factor of safety derived for the ordinary method of slices
analysis can be represented by the following expression:

n

> (e’ + o) tan ¢')L]; > [e'L + (W cos & —uL)tan ¢'J;
Fe i=1 = i=]
> [Wsin o], > [W sin o];

i=l =1

(1

where ¢’ =effective stress cohesion; ¢, =effective normal stress
acting on the base of the vertical slice=(W cos alL-u); W=
weight of the vertical slice; o= inclination of the base of the

vertical slice; #=pore-water pressure acting on the base of the
vertical slice; L=length of base of the vertical slice; ' =effective
stress friction angle; and ¥ =summation of the calculation for the
number of vertical slices (n) used to model the slope. Even
though the ordinary method of slices has been found to yield
erroneous results of factor of safety for the condition of high
pore-water pressure (Duncan and Wright 1979), the ordinary
method of slices is only being used to demonstrate the importance
of the value of cohesion on the factor of safety because of ils
simplicity.

From Eq. (1) it can be seen that the cohesion parameter is
multiplied directly by the base length of the vertical slice being
considered, whereas the friction component is a function of the
effective normal stress acting on the base of the vertical slice, the
tangent of the friction angle, and the base length. The same co-
hesion value is applied to the base of each vertical slice that
intersects this material regardless of the location of the vertical
slice in the slide mass. In summary, any value of cohesion is
applied directly to the entire length of the failure surface in the
particular material and thus can have a large impact on the calcu-
lated factor of safety. This usually results in a substantial increase
in the factor of safety with small increases in the value of cohe-
sion especially for long failure surfaces through the material that
is assigned the value of cohesion.

For the residual strength condition it is recommended that the
value of cohesion be set equal to zero in stability analyses. By
definition the residual strength condition results from the reorien-
tation of the platy clay particles parallel to the direction of shear,
which results in increased face-to-face interaction of the particles
(Skempton 1985). The resulting shear strength is low because it is
difficult for the face-to-face particles to establish contact or bond-
ing between them (Terzaghi et al. 1996). The establishment of a
residual strength condition also results in an increased water con-
tent at or near the pre-existing failure surface (Skempton 1985).
In summary, the particle contact and bonding that leads to a value
of cohesion greater than zero has been reduced or eliminated by
the shear displacement required to reach a residual strength con-
dition. This results in only a frictional shear resistance that is
represented by a residual friction angle and the effective normal
stress acting on the shear surface. Because the residual strength is
cantrolled by the frictional resistance of face-to-face particles, the
residual strength is a function of clay mineralogy. The empirical
correlations presented subsequently are a function of clay miner-
alogy, i.e., liquid limit, and the quantity of this clay mineral, i.e.,
clay-size faction. In summary, it is recommended that the value of
effective stress cohesion be zero in stability analyses involving a
residual strength condition.

Determining whether the value of effective stress cohesion
should be equal to zero is more problematic for the fully softened
condition than the residual strength condition. Skempton (1977)
concludes that overconsolidated clays undergo a softening pro-
cess that results in the fully softened strength being mobilized,
and not the shear strength of the intacl or unsoftened overconsoli-
dated clay, in slopes that have not undergone previous sliding
(first-time slides). This softening process reduces the effective
stress cohesion component of the Mohr—Coulomb shear strength
parameters but does not cause orientation of clay particles or a
reduction in the friction angle (Skempton 1970). Because Skemp-
ton (1970) concludes that the fully softened shear strength corre-
sponds 1o the drained peak strength of a normally consolidated
specimen, this suggests that the value of effective stress cohesion
should be set Lo zero, i.c., the value of cohesion measured in shear
tests on normally consolidated clay (Holtz and Kovacs 1981;

2 / JOURNAL OF GEQTECHNICAL AND GEQENVIRONMENTAL ENGINEERING © ASCE / MAY 2005

PROOF COPY [GT/2003/023463] 006505QGT



PROOF COPY [GT/2003/023463] 006505QGT

Table 1. Soil Samples Used in Residual Shear Strength Testing

Clay, mudstone, Clay, mudstone, Liquid Plastic Clay-size Activity

Soil shale, and claystone shale, and claystone limit limit fraction (Pl/clay-size
number samples locations (%) (%) (%) fraction)
1 Glacial 6l1* Urbana, TI1. 24 16 18 0.44
2 Loess” Vicksburg, Miss. 28 18 10 1.00
3 Bootlegger Cove clay’ Anchorage, Ala. 35 18 44 0.39
4 Duck Creek shale” Fulton, Iil. 37 25 19 0.63
5 Chinle (red) shale® Holbrook, Ariz. 39 20 43 0.44
6 Colluvium (B-2)° Vallejo, Calif. 41 22 28 0.68
7 Slide debris (B-4)" Vallejo, Calif. 42 23 27 0.70
8 Silty clay (B-104)° Gary, Ind. 42 18 48 0.50
9 Shear surface” Brillant, Ohio. 44 19 39 0.64
10 Colorado shale® Montana, Mont. 46 25 73 0.29
11 Panoche mudstone San Francisco, Calif. 47 27 41 0.49
12 Mudstone (B-2) Vallejo, Calif. 47 27 41 0.49
13 Four Fathom shale® Durham, England 50 24 33 0.79
14 Shear surface (LD-17)" Qrange County, Calif. 50 29 25 0.84
15 Mancos shale Price, Utah 52 20 63 0.51
16 Panoche shale San Francisco, Calif. 53 29 50 0.48
17 Colluvium Marietta, Ohio. 54 25 48 0.60
18 Shear surface” Los Angeles, Calif. 55 24 17 1.82
19 Silty clay (somple 2)" Esperanza Dam, Ecuador 55 40 18 0.83
20 llinois Valley shale Peru, D1. 56 24 45 0.71
21 Shear surface (LD-11)" Orange County, Calif. S8 35 23 1.00
22 Yellowish brown fat clay” Whittier, Calif. 58 23 37 0.95
23 Comanche shale” Proctor Dam, Tex. 62 32 68 0.44
24 Silty clay (sample 3)" Esperanza Dam, Ecuador 64 41 21 1.10
25 Shear surface {LD-1)" Orange County, Calif. 65 32 22 1.50
26 Bearpaw shale® Billings, Mont. 68 24 51 0.86
27 Slide debris (B-3) Vallejo, Calif. 69 22 56 0.84
28 Shear surface (LD-8)" Orange County, Calif. 69 34 30 1.17
29 Orinda claystone Contra Costa County, Calif. 73 25 27 1.78
30 Claystone Big Bear, Calif. 75 22 54 0.98
31 Shear surface (LD-15)" Orange County, Calif. 75 37 48 0.79
2 Bay mud” San Francisco, Calif. 76 41 16 2.19
33 Patapsco shale” Washington, D.C. 77 25 59 0.88
34 Monterey claystone (depth 17.4 m)° Carmel, Calif. 77 26 58 0.88
35 Shear surface” Los Angeles, Calif. 79 32 4] 1.15
36 Shear surface (depth 28.7 m) Los Angeles, Calif. 82 34 50 0.96
37 Pierre shale” Limon, Cola. 82 30 42 1.24
38 Black clay and olive brown clay® Whittier, Calif. 82 26 57 0.98
39 Shear surface® Madisette, Calif. 83 29 52 1.04
40 Clay gouge Contra Costa County, Calif. 86 28 76 0.76
41 Shear surface® Laguna Niguel, Calif. 86 40 40 1.15
42 Santiago claystone San Diego, Calif. 89 44 57 0.79
43 Shear surface” Oceanside, Ore. 90 37 43 1.23
44 Monterey claystone (depth 36.3 m)" Carmel, Calif. 93 39 69 0.78
45 Lower Pepper shale Waco Dam, Tex. 94 26 77 0.88
46 Shear surface (depth 19.8 m) Los Angeles, Calif. 95 33 47 1.32
47 Shear surface” Novato, Calif. 95 27 54 1.26
48 Altamira Bentonitic tuff Portuguese Bend, Calif. 98 37 68 0.90
49 Brown London clay Bradwell, England 101 35 66 1.02
50 Shear surface Los Angeles, Calif. 104 32 58 1.24
51 Cucaracha shale’ Panama Canal, Panama 111 42 63 1.10
52 Otay Bentonitic shale® San Diego, Calif. 112 53 73 0.81
53 Shear surface (depth 8.4 m) San Diego, Calif. 118 36 81 1.01
54 Denver shale” Denver, Colo. 121 37 67 1.25
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Table 1. (Continued.)

Clay, mudstone, Clay, mudstone, Liquid Plastic Clay-size Activity
Soil shale, and claystone shale, and claysione limit limit fraction (Pl/clay-size
number samples locations (%) (%) (%) fraction)
55 Otay Bentonitic claystone® Chula Vista, Calif. 126 47 53 1.49
56 Bearpaw shale” Saskatchewan, Canada 128 21 43 2.35
57 Pierre shale Newcastle, Wyo. 137 30 54 1.98
58 QOahe Firm shale Oahe Dam, S.D. 138 41 78 1.24
59 Claggett shale” Benton, Mont. 157 31 71 1.78
60 Shear surface (depth 4.0 m) San Diego, Calif. 161 43 84 1.40
61 Taylor shale” San Antonio, Tex. 170 39 72 1.82
62 Pierre shale” Reliance, S.D. 184 55 84 1.54
63 Bentonitic shale QOahe Dam, S.D. 192 47 65 1.96
64 Panoche clay gouge San Francisco, Calif. 219 56 72 2.26
65 Lea Park Bentonitic shale Saskatchewan, Canada 253 48 65 3l
66 Bearpaw shale’ Ft. Peck Dam, Mont. 288 4 88 2.71

"Samples not ball-milled.
®Index Properties from Mesri and Cepeda-Diaz (1986).

Terzaghi et al. 1996), for the analysis of first time slides in heavily
overconsolidated clays. However, Mesri and Shahien (2003) use
the back analysis of 107 first time slides in clay or shale to con-
clude that the fully softened strength is mobilized in homoge-
neous soft to stff clay and where the shear surface culs across
bedding planes and laminations. Therefore, it is recommended
that the effective stress cohesion be assigned a value of zero for
homogeneous soft to stiff clay. If the slope is comprised on non-
homogeneous stiff clay or clay shale, at least a portion of the slip
surface is at residual and thus a cohesion of zero should be sued
for these materials (Mesri and Shahien 2003). In summary the
value of cohesion should be zero unless back-analysis of local
case histories suggest a value greater than zero (Mesri and Abdel-
Ghaffar 1993).

Stress-Dependent Failure Envelope

The secant residual and fully softened friction angles for a cohe-
sive soil can be estimated for a particular effective normal stress
using the liquid Timit, clay-size fraction, and interpolation be-
tween the empirical relationships presented subsequently. For sta-
bility analyses it is recommended that the secant friction angle
corresponding lo the average effective normal stress acting on the
slip surface in thal particular material or the entire failure enve-
lope be used to estimate the residual and fully softened shear
strengths. A number of slope stability software packages allow the
entire failure envelope to be input using values of shear and nor-
mal stress 1o incorporate the stress dependency. The empirical
correlations can be used (o estimate the stress dependent residual
and fully softened failure envelopes for inclusion in the software.
For example, the stress dependent residual failure envelope can
be obtained by plotting the shear stress corresponding to the se-
cant residual friction angle at effective normal stresses of 100,
400, and 700 kPa. A smooth curve can be drawn through these
three points and the origin to construct the stress dependent fail-
ure envelope.

Drained Residual Strength Empirical Correlation

A modified Bromhead ring shear apparatus (Stark and Eid 1993)
was used for measuring the residual and fully softened strengths

of the clays, mudstones, shales, and claystones listed in Tables 1
and 2. The original (Bromhead 1979) and modified Bromhead
ring shear apparatus utilize an annular specimen with an inside
diameter of 70 mm and an outside diameter of 100 mm. To avoid
possible rate effects, a displacement rate of 0.018% mm/min was
used for the residual and fully softened shear strength testing. The
modified Bromhead ring shear apparatus allows a remolded speci-
men to be overconsolidated and precut, which simulates the field
conditions that lead to the development of a residual strength
condition in overconsolidated clays and clayshales. Details of the
precutting and multistage shearing processes are presented in
Stark and Eid (1993 and 1994) and ASTM (1999c).

The test procedure for measuring the fully softened shear
strength is not included in ASTM (1999c¢) and is briefly reviewed
here. For each soil, three remolded, normally consolidated speci-
mens were sheared at effective normal stresses of 50, 100, and
400 kPa in the modified ring shear apparatus. These three tests are
separate from the one multistage test used to estimate the residual
failure envelope. The fully softened and residual shear strength
could be obtained from one ring shear test on the same specimen
at a particular normal stress, but this procedure has been found to
be less efficient than using one multistage test to establish the
residual strength Failure envelope and three tests on different nor-
mally consolidated specimens that are terminated shortly after
measuring the fully softened shear strength. The fully softened
shear strength is usually mobilized before a shear displacement of
10 mm. The range of effective nommal stresses was chosen to
represent the normal stresses that are typically encountered in first
time failures of slopes and embankments,

The specimen preparation procedure for the ring shear appa-
ratus was adapted from that used by Mesri and Cepeda-Diaz
(1986) for direct shear tests. Remolded shale, mudstone,. and
claystone specimens were obtained by air drying a representa-
tive sample of each material. As noled in Stark and Eid (1994),
an undisturbed specimen is nol required for measuring the re-
sidual strength because the peak shear strength is not of con-
cemn. The air-dried material is ball milled until the entire repre-
sentative sample passes the United States Standard sieve Number
200. This facilitates the development of a residual strength con-
dition and measurement of the corresponding Atterberg limits be-
cause the flocculated particles are broken down in the ball milling
process.
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Table 2. Soil Samples Used in Fully Softened Shear Strength Testing

Clay, mudstone, Clay, mudstone, Liquid Plastic Clay-size Activity

Soil shale, and claystone shale, and claystone limit limit fraction (Pl/clay-size
number samples locations (%) (%) (%) fraction)
1 Glacial till® Urbana, 11 24 16 18 0.44
2 Loess” Vicksburg, Miss. 28 18 10 1.00
3 Duck Creek shale® Fulton, T 37 25 19 0.63
4 Slide debris" San Francisco, Calif. 37 26 28 0.39
5 Colluvium® Vallejo, Calif. 39 22 36 0.47
6 Slope-wash material San Luis Dam, Calif. 42 24 34 0.53
7 Crab Orchard shale Peoria, 11l 44 24 32 0.63
8 Failure plane debris” Brillant, Ohio 44 19 39 0.64
9 Colorado shale” Montana, Mont. 46 25 73 0.29
10 Panoche mudstone San Francisco, Calif. 47 27 4] 0.49
11 Panoche shale San Francisco, Calif. 53 29 50 0.48
12 Colluvium Marietta, Chio. 54 25 48 0.60
13 Slide plane material Los Angeles, Calif. 55 24 27 1.15
14 Illinois Valley shale Peru, IiL. 56 24 45 0.7t
15 Comanche shale® Proctor Dam, Tex. 62 32 68 0.44
16 Breccia material Manta, Ecuador 64 41 25 0.92
17 Silty clay® La Esperanza Dam, Ecuador 64 41 21 1.10
18 Claystone Big Bear, Calif. 75 22 54 0.98
19 Siltstone/Claystone” Orange County, Calif, 75 37 48 0.79
20 Bay mud” San Francisco, Calif. 76 41 16 2.19
21 Patapsco shale® Wasington, D.C. 77 25 59 0.88
22 Pierre shale® Limon, Colo, 82 30 42 1.24
23 Shear surfoce (depth 19.8 m) Los Angeles, Calif. 82 31 50 1.02
24 Lower Pepper shale Waco Dam, Tex. 94 26 77 0.88
25 Serpentinite clay” Marion County, Calif, 95 27 54 1.26
26 Brown London clay Bradwell, England 101 35 66 1.00
27 Cucarcha shale” Panama Canal 111 42 63 1.10
28 Denver shale” Denver, Colo. 121 37 67 1.25
29 Bearpaw shale” Saskatchewan, Canada 128 27 43 235
30 Pierre shale Newcastle, Wyo. 137 30 54 1.98
31 QOahe Firm shale Oahe Dam, S.D. 138 41 78 1.24
32 Taylor shale” San Antonio, Tex. 170 39 72 1.82
33 Pierre shale” Reliance, S.D. 184 55 84 1.54
34 Qahe Bentonitic shale Oahe Dam, S.D. 192 47 65 223
35 Lea Park Bentonitic shale Saskatchewan, Canada 253 48 65 3.15
36 Bearpaw shale” Ft. Peck Dam, Mont. 288 4 88 2.1

*Samples not ball milled.
®Index properties from Mesri and Cepedn-Diaz (1986).

Field shear surface usually consist of small seams of clayey
material surrounded by material with a coarser gradation [see Fig.
1(a)]. To simulate field conditions, only the clayey shear zone
material should be tested and not the coarser surrounding mate-
rial. During deposition or subsequent shearing, the coarse par-

{a)

Fig. 1. Photograph of cohesive shear plane material

ticles have been removed from the clayey layer and the strength
of the clayey material controls the slope stability. Skempton
(1985) illustrates this phenomenon with a sketch of the larger
particles being moved or pushed from the shear surface. Thus,
only the clayey shear zone material should be sampled and tested
as shown in Fig. 1(b).

Remolded silt and clay specimens (see sample names in Tables
1 and 2 with one asterisk) are obtained by air drying a represen-
tative sample, crushing it with a mortar and pestle, and processing
it through the Number 40 sieve, which is in agreement with
ASTM procedures, e.g., (ASTM 1999a). Ball milling is not used
for these materials because it would change the texture and gra-
dation of the soil. In both cases, distilled water was added to the
processed soil until a liquidity index of about 1.5 is obtained. The
sample is then allowed to rehydrate for at least | week in a moist
room. The liquid limit, plastic limit, and clay-size fraction of the
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Fig. 2. Secant residual friction angle relationships with liquid limit, clay-size fraction, and effective normal stress

specimens are measured using the ball-milled or sieved soil
samples that are used to create the test specimen.

Effect of Ball Milling on Emplrical Correlations

The torsional ring shear data are used to create the empirical
residual friction angle relationships shown in Fig. 2, which means
that both ball-milled and nonball-milled materials are included in
the empirical relationships. The asterisks in Fig. 2 indicate the
data points that correspond to materials that were not ball milled.
Each asterisk is placed as close as possible to the data point
corresponding to the effective normal stress of 100 kPa in each
clay-size fraction grouping. The ball-milled data in Fig. 2 were
not weighted differently in drawing of the trend lines because in
the field heavily overconsolidated clays, mudstones, claystones,
and shales are disaggregated by shearing to achieve a residual
strength condition and remolded silt and clay specimens are suf-
ficiently disaggregated with the ASTM preparation procedure
(ASTM 1999a). Ball milling simply facilitates the measurement
of the residual strength of remolded overconsolidated clays, mud-
stones, claystones, and shales in the laboratory by expediting the
disaggregation process. This results in smaller shear displace-
ments, and thus time, required to achieve a residual strength con-
dition in laboratory ring shear testing on remolded material. Re-
molded material is preferred as discussed subsequently because of
the difficulties in obtaining, trimming, and orienting of shear sur-
face specimens in direct shear or ring shear devices and the soil
extrusion that can oceur in tests o large shear displacement.

In summary, significant disaggregation of the clay particles
occurs in heavily overconsolidated clays, mudstones, claystones,
and shales during field shearing and laboratory testing roust simu-
late this disaggregation or the measured shear strength will over-
estimate the field residual shear strength (Stark and Eid 1992).
Skempton (1985) and Stark and Eid (1992) present case histories
that verify the importance of disaggregating the clay particles in
laboratory testing of remolded material in predicting the field re-
sidual strength.

Development of Empirical Correlation

Fig. 2 presents a revision of the empirical correlation between
drained secant residual friction angle and soil index properties
(liquid limit and clay-size fraction) at effective normal stresses of
100, 400, and 700 kPa presented by Stark and Eid (1994). It can
be seen that the higher the liquid limit and clay-size fraction, the
lower the secant residual friction angle. The liquid limit is used as
an indicator of clay mineralogy, and thus particle size. As the
particle size decreases, and thus the particle surface area in-
creases, the liquid limit increases and the drained residual
strength decreases, However, clay-size fraction remains an impor-
tant predictive parameter of residual strength because it indicates
the quantity of soil particles smaller than 0.002 mm.

Activity, defined as the plasticity index divided by the clay-
size fraction, has been used in previous residual strength correla-
tions, e.g., Skempton (1985). Both the liquid limit and activity
provide an indication of clay mineralogy, and thus particle size
and shape. Because liquid limit and activity provide an indication
of clay mineralogy, a correlation was sought using both param-
eters. It was found that the residual friction angle correlation is
better defined using the liquid limit instead of activity and the
plastic limit does not have to be measured if only the liquid limit
is used. As a result, the liquid limit is vsed to indicate clay min-
eralogy in the empirical relationships instead of activity.

The correlations in Fig. 2 separate the clay-size fraction into
three groups: less than or equal to 20%, greater than or equal Lo
25% and less than or equal to 45%, and greater than or equal to
50%. These three groupings are similar to those presented by
Lupini et al. (1981) and Skempton (1985), which are less than or
equal to 25%, between 25 and 50%, and greater than or equal to
50%. The three clay-size fraction groupings were used by Lupini
et al. (1981) to distinguish the boundaries between rolling shear,
transitional shear, and sliding shear behaviors, respectively. The
data in Fig. 2 confirm that the effects of particle reorientation are
more pronounced in clays with a clay-size fraction of greater than
or equal to 25% and thus the second clay-size fraction group in
Fig. 2 starts at a clay-size fraction of 25%. The data do not dem-
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onstrale a distinct change from rolling shear to transitional shear
and thus there is a gap in the clay-size groupings between less
than or equal to 20% and greater than or equal to 25% in Fig. 2.
This is in agreement with Skempton (1985) who concludes that
the effects of particle reorientation are only observed in clays that
have a clay-size fraction of 20-25% and thus Skempton (1985)
also did not observe a distinct transition between rolling and tran-
sitional shear. The shear strength difference between rolling and
transitional shear behavior on the secant residual friction angle is
evident from Fig. 2 where the higher values and less stress de-
pendency of the secant residual friction angle are measured for
soils with a clay-size fraction less than or equal to 20%, ie.,
rolling shear or no large impact of particle reorientation. A dis-
tinct transition from transitional to sliding shear behavior also was
not observed and thus there is a gap in the clay-size groupings
between greater than or equal to 45% and greater than 50%. In-
terpolation can be used to estimate the secant residual friction
angle between the three clay-size groups in Fig. 2 for a particular
effective normal stress.

New Empirical Correlation

The testing conducted since Stark and Eid (1994) increased the
number of soils in the clay-size fraction group of less than or
equal to 20% from four to six. Based on the new data, only the
relationship for an effective normal stress of 100 kPa was revised.
This relationship was shifted slightly upward (less than 1°),
which increases the stress dependency of the secant residual fric-
tion angle for soils with a clay-size fraction less than or equal to
20%. The relationship for an effective normal stresses of 400 and
700 kPa were not changed from Stark and Eid (1994). Because
the revisions are small {approximately 1°) the original relation-
ships presented by Stark and Eid (1994) are not included for
comparison purposes.

Fig. 2 also presents the ring shear data for the soils that exhibit
a clay-size fraction greater than or equal to 25% and less than or
equal to 45%. The new data suggest that the range of secant
residual friction angle for effective normal stresses between 100
and 700 kPa should be increased. To accomplish this increase, the
relationship for an effective normal stress of 100 kPa did not
change significantly, i.e., 1° or less, but the 400 and 700 kPa
normal stress relationships were each shifted downward by ap-
proximately 1°. Increasing the data set from 6 to 20 increased the
soil variability in the database, which probably resulted in the
increased range of residual friction angle in this clay-size fraction
group. Moving the relationships for an effective normal stress of
400 and 700 kPa downward suggests that the residual strength for
this clay-size fraction group is more stress dependent than origi-
nally observed by Stark and Eid (1994). For example, at a liquid
Jimit of 60%, the secant residual friction angle in Fig. 2 decreases
from approximately 21° at an effective normal stress of 100 kPa
to about 15° at an effective normal stress of 700 kPa. In Stark and
Eid (1994) the secant residual friction angle only decreased from
approximately 20 to 18° at effective normal stresses of 100 and
700 kPa, respectively, for a liquid limit of 60%.

Fig, 2 presents the ring shear data for the soils from Table 1
that exhibit a clay-size fraction greater than or equal to 50%. The
new data also suggest that the range of secant residual friction
angle for effective normal stresses of 100 and 700 kPa also
should be increased. To accomplish this increase in range of re-
sidual friction angle, the relationship for an effective normal
stress of 700 kPa was shifted downward by approximately 2° for
liquid 1imits less than 100%. For liquid limits greater than 100%

the downward shift decreased from 2° to no change at a liquid
limit of 288%. The largest increase in the range of secant residual
friction angle occurred at a liquid limit of 80% where the secant
residual friction angle in Fig. 2 decreases from approximately 12°
at an effective normal stress of 100 kPa to about 7° at an effective
normal stress of 700 kPa. This corresponds to a decrease in fric-
tion angle of almost 50%. In Stark and Eid (1994) the secant
residual friction angle only decreased from approximately 12 to
8° at effective normal stresses of 100 and 700 kPa, respectively,
for a liquid limit of 80%. However, the data suggest that at liquid
limits greater than 200%, the stress dependency of the failure
envelope starts to decrease.

In summary, the main difference between the empirical rela-
tionships shown in Fig. 2 and the relationships presented by Stark
and Eid (1994) is the increase in the range or stress dependency
of the secant residual friction angle for the two highest clay-size
fraction groups.

Effect of Sample Preparation on Index Properties

An undisturbed specimen can be used for ring shear testing. How-
ever, obtaining an undisturbed shear surface specimen, determin-
ing the actual direction of field shearing, and trimming and prop-
erly aligning the usually nonhorizontal shear surface in the ring
shear apparatus is difficult. As a result, the ring shear test method
presented by Stark and Eid (1993) and incorporated in ASTM D
6467 (ASTM 1999¢) utilizes a remolded specimen. The ring shear
test is performed by deforming a presheared, remolded specimen
at a controlled displacement rate until a constant minimum
drained shear resistance is measured on a single shear plane de-
termined by the configuration of the apparatus, Preparation of a
remolded specimen can influence the liquid limit and clay-size
fraction measured for the material and thus plotting of the data in
Fig. 2. To utilize Fig. 2 in practice, consistent values of liquid
limit and clay-size fraction should be used and this section of the
paper presents a procedure for obtaining consistent values of lig-
vid limit and clay-size fraction to utilize Fig. 2 in practice even
though the heavily overconsolidated clays, mudstone, claystones,
and shales are not ball milled in practice.

Most heavily overconsolidated clays, mudstones claystones,
and shales possess varying degrees of induration (Mesri and
Cepeda-Diaz 1986). This induration involves diagenetic bonding
between clay mineral particles by carbonates, silica, alumina, iron
oxides, and other ionic complexes. The degree of induration (ag-
gregation) that survives a particular sample preparation procedure
will influence the measured index properties (LaGatta 1970;
Townsend and Banks 1974). To simulate the field conditions
under which the residual strength is mobilized and the laboratory
conditions under which the empirical relationships in Fig. 2 were
developed, the material should be disaggregated before measuring
the liquid limit and clay-size fraction. Because liquid limit is used
in the empirical relationships to infer clay mineralogy. ball mill-
ing is used to “free” or disaggregate the clay mineral particles
(Mesri and Cepeda-Diaz 1986). The residual shear strength is not
a function of sample preparation because the aggregated particles
are broken down during the continuous shearing in one direction
in the field and the laboratory. Therefore, to comrelate with the
residual strength, the index properties also must be measured
using a disaggregated specimen. Because the liquid limit and
clay-size fraction are used herein to infer clay mineralogy and
quantity of particles smaller than 0.002 mm, respectively, the
mudstone, claystone, and shale particles were disaggregated by
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Table 3. Soil Samples Used in Liquid Limit {LL) and Clay-Size Faction (CF) Testing

Clay, mud- Clay, mud-
stone, stone, Ratio Ratio
shale, and shale, and ASTM Ball-milled ball-milled/ ASTM Ball-milled ball-milled/
Soil claystone claystone LL LL ASTM CF CF ASTM
number samples locations (%) (%) LL (%) (%) CF
1 Batestown till  Batestown, IIL 21 29 1.38 — — —
2 Duck Creek Fulton, Il 29 37 1.28 19 3 1.63
shale
3 Crab Orchard  Peoria, 1l 36 44 1.22 19 32 1.68
4 Claystone Big Bear, 48 75 1.56 40 54 1.35
Calif.
5 Shear surface  Brillant, Ohio 4 — — 28 39 1.39
6 Illinois Valley Peru, Il 45 56 1.24 35 45 1.29
shale
Shear surface  Novato, Calif. 95 — — 54 61 1.13
8 Shear surface  Los Angeles, 55 62 1.13 17 27 1.59
Calif.
9 Dike shale Cairo, Egypt 52 91 1.75 47 58 1.23
10 Makattam Cairo, Egypt 68 103 1.51 — — —
shale
11 Shear surface  Orange 69 — —_ 30 41 1.37
(LD-8) County, Calif.
12 Shear surface  Orange 75 97 1.29 48 52 1.08
(LD-15) County, Calif.
13 Shear surface  San Diego, 82 119 1.45 73 81 1.11
(depth 8.4 m)  Calif.
14 Pierre shale New Castle, 103 137 1.33 44 54 1.23
Wyo.
s Panoche clay  San Francisco, 125 219 1.75 — 72 —
gouge Calif.
16 Otay Chula Vista, 133 216 1.62 43 53 1.23
Benltonitic Calif.
claystone
17 Bentonitic San Diego, 141 239 1.70 — — —
shale Calif.
18 Claystone May City, — — - 15 29 1.93
Egypt

ball milling a representative air-dried sample until all particles
passed U.S. standard sieve Number 200 (Mesri and Cepeda-Dinz
1986). Ball milling was used only for the heavily overconsoli-
dated clays, mudstones, claystones, and shales because they pos-
sess substantial diagenetic bonding that are usually not destroyed
using a mortar and pestle. A judgment decision is usually made on
whether a material should be ball milled or not. This decision is
made after examination of the chunks of claystone, mudstone,
shale, or overconsolidated clay and determining whether the
chunks can be sufficiently broken down with a mortar and pestle
to disaggregate the clay particles.

The use of ball-milled material facilitated the understanding of
the residual strength and development of the empirical relation-
ships in Fig. 2 because the residual strength is a fundamental soil
property. Ball milling results in a better estimate of the actual
liquid limit (LL) than the ASTM standard test method (ASTM
1999a), because more of the diagenetic bonding and induration is
eliminated which allows more particle surface area to be exposed
and to hydrate than if the clay particles are not disaggregated. The
residual strength is a fundamental property because the s0il struc-
lure, stress history, particle interference, and diagenetic bonding
have been removed by continuous shear displacement in one di-
rection. As o result, the residual strength is controlled by the

resistance of individual clay particles, oriented primarily face-to-
face, sliding across one another. The shear resistance induced by
sliding along individual clay particles is controlled by the funda-
mental characteristics of the clay particles, e.g., type of clay min-
eral(s) and the quantity or percentage of the clay mineral(s), and
the index properties must reflect this disaggregation to obtain a
meaningful correlation.

Ball milling usually results in a higher LL than thal obtained
using the ASTM standard test method (ASTM 1999a). The higher
LL is caused by the ball milling causing more particle disaggre-
gation than the ASTM standard method and thus more water ad-
sorption. This difference between the liquid limit values has com-
plicated the use of the empirical relationships presented by Stark
and Eid (1994) because commercial laboratories primarily, if not
exclusively, utilize the ASTM standard procedure (ASTM 1999a)
to measure the LL. This occasionally results in: (1) nonagreement
between commercial ring shear test results and the empirical re-
lationships and (2) probably an overestimate of the residual fric-
tion angle because the ASTM standard procedure underestimates
the value of LL and/or clay-size fraction. To overcome these dif-
ficulties, values of LL were measured using both sample prepara-
tion procedures to develop an adjustment factor for ASTM de-
rived values of LL. Table 3 presents a comparison of LL values
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Fig. 3. Ratio of ball-milled and ASTM values of liquid limit

measured using both sample preparation procedures and the ratio
of these values. Fig. 3 presents a relationship between the ASTM
derived LL and the ratio of ball-milled to ASTM derived LL
values. The middle relationship shown in Pig. 3 can be used with
an ASTM derived value of LL to estimate the ratio of LL values
obtained using the ball-milling and ASTM standard procedures.
After multiplying the ASTM derived LL value by the ratio of the
LL values, the resulting LL can be used in Fig. 2 to estimate the
drained residual secant friction angle and/or failure envelope.
This should reduce the need for commercial laboratories to ball
mill claystones, shales, and mudstones and facilitate usage of the
empirical relationships. The middle relationship can be expressed
using the following equation and can be used to estimate the ratio
of the liguid limit values:

ball-milled derived LL
ASTM derived LL

It can be seen from Fig. 3 that the liquid limit is affected by
the sample preparation procedure. This is in agreement with the
results reported by LaGatta (1970) for Cucaracha shale from the
Panama Canal in which the liguid limit increased from 49 to
156% by crushing the shale for 6 min in a disk mill. It is antici-
pated that the higher the LL, the greater the bonding between clay
particles, the more difficult disaggregation of the clay particles
becomes, and the higher the difference between the ASTM and
ball-milled values of liquid limit. Thus, high plasticity claystones,
shales, and mudstones probably should be ball-milled.

An adjustment procedure for the clay-size fraction was also
developed to facilitate usage of the empirical relationships. Fig. 4

=0.003(ASTM derived LL) +1.23  (2)
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Fig. 4. Ratio of ball-milled and ASTM values of clay-size fraction

presents a relationship between the ASTM derived values (ASTM
1999b) of clay-size fraction and the ratio of ball milled to ASTM
clay-size fraction values. It can be seen that the ratio decreases as
the ASTM derived value of clay-size fraction increases. It is an-
ticipated that the decrease is caused by the ASTM value being in
better agreement with the ball-milled value at higher values of
clay-size fraction. This may be attributed to the dispersing agent,
sodium hexametaphosphate, being more effective in high plastic-
ity soils than low plasticity soils. The relationship in Fig. 4 can be
used to estimate the ball-milled clay-size fraction using the
ASTM derived value of clay-size fraction. This ball-milled clay-
size fraction also should be used in Fig. 2 to estimate the residual
failure envelope and/or friction angle. The relationship in Fig. 4
can be expressed using the following polynomial equation and
can be used to estimate the ratio of the clay-size fraction (CF)
values:

ball-milled derived CF

=0. ASTM deri 2
R e - O OVIB(ASTM derived CF)

- 0.037(ASTM derived CF) +2.254
@)

In summary, the most important factor in deaggregating the
material is the level to which the clay bonding is removed. Ball
milling produces a greater amount of deaggregation than the
ASTM sample preparation procedure (ASTM 1999a) and index
properties that better represent the fundamental behavior of the
material (Townsend and Banks 1974; Mesri and Cepeda-Diaz
1986). However, to facilitate use of the empirical relationships in
practice, adjustment factors are presented to adjust the LL and
clay-size fraction values derived from the ASTM standard test
procedure (ASTM 1999a and 1999b, respectively).

Drained Fully Softened Strength Empirical
Correlation

Stark and Eid (1997) show that the ring shear apparatus yields a
secant fully softened friction angle that is approximately 2.5° less
than that obtained from a drained isotropically consolidated tri-
axial compression test. This is attributed to the difference in mode
of shear and stress state in the two tests. Because the stress state
in a trjaxial compression test is closer to the field mode of shear in
first time slides, the ring shear secant fully softened friction
angles measured herein are increased by 2.5° in the subsequent
empirical correlation. The increase of the ring shear secant fully
softened friction angle by 2.5° adds uncertainty to the comrelation.
As a result, the fully softened friction angle estimated from Fig. 5
should be compared with existing correlations, e.g., Bjerrum and
Simons (1960), Terzaghi et al. (1956), NAVFAC (1982), and
Mesri and Abdel-Ghaffar (1993), to verify the increase in ring
shear friction angle of approximately 2.5°. However, the proposed
fully softened relationship differs from existing fully softened
friction angle correlations because the relationships are a function
of lignid limit, clay-size fraction, and effective normal stress. In
correlations presented by Bjerrum and Simons (1960), NAVFAC
(1982), and Mesri and Abdel-Ghaffar (1993), there is consider-
able scatter in the fully softened friction angle ¢’ for the range of
plasticity index of 10-100%. It is anticipated that this scatter is
caused by omitting the effect of clay-size fraction and effective
normal stress on the fully softened friction angle. For example, at
a liquid limit of 120% the fully softened friction angle ranges
from 17 to 28° (Fig. 5) for a clay-size fraction greater than or
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Fig. 5. Secant fully softened friction angle relationships with liquid limit, clay-size fraction, and effective normal stress

equal to 25%. This variation js explained when the dala is sepa-
rated by clay-size fraction and effective normal stress as shown in
Fig. 5.

Fig. 5 presents the empirical relationships between drained
secant fully softened friction angle (¢') and liquid limit, clay-size
fraction, and effective normal stresses of 50, 100, and 400 kPa for
the soils represented in Table 2. For n clay-size fraction less than
or equal to 20%, the original data set of four increased by one
during this study. Based on the new data, the empirical relation-
ship for an effective stress of 50 kPa presented by Stark and Eid
(1997) was revised slightly upward (less than 0.5°). The other two
relationships in this clay-size fraction range of <20% were not
changed. However, there is still a lack of data in this clay-size
fraction range to clearly define these relationships.

Fig. 5 also presents (he ring shear data for the soils from Table
2 that exhibit a clay-size fraction greater than or equal to 25% and
less than or equal to 45%. Increasing the data set from 6 to 11
soils resulted in an increase in the range of fully softened friction
angle for effective normal stresses ranging from 50 to 400 kPa.
For example, at a liquid limit of 40%, the secant fully softened
friction angle in Fig. 5 decreases from approximately 32° at an
effective normal stress of 50 kPa to about 26° at an effective
normal stress of 400 kPa. In Stark and Eid (1997) the secant
residual friction angle decreased from approximately 31 to 27° at
effective normal stresses of 50 and 400 kPa, respectively, for a
liquid limit of 40%.

Fig. 5 presents the ring shear data for the soils from Table 2
that exhibit a clay-size fraction greater than or equal lo 50%.
Increasing the data sel from fourteen to twenty resulted in the
Jargest change (approximately 2°) in the range of the fully soft-
ened friction angle. This change was accomplished by shifting the
relationships for effective normal stresses of 100 and 400 kPa
each downward approximately 1°. For example, at a liquid limit
of 80%, the secant fully softened friction angle in Fig. 5 decreases
from approximately 26°, at an effective normal stress of 50 kPa to

about 18°, at an effective normal stress of 400 kPa. In Stark and
Eid (1997), the secant fully softened friction angle decreased
from approximately 25 to 19° at effective normal stresses of 50
and 400 kPa, respectively, for a liquid limit of 80%. The addi-
tional data also resulted in more scatter for the highest clay-size
fraction group. This increase in scatter may be caused by differ-
ences in the particle aggregation resulting from the use of the
ASTM sample preparation procedure discussed previously. The
difference in sample preparation procedure is not evident for the
residual strength condition because the particles have undergone
significant deaggregation via shear displacement to reach a re-
sidual strength condition.

The empirical fully softened friction angle relationships pre-
sented in Fig. 5 can be used to estimate the secant fully softened
friction angle using the liquid limit, clay-size fraction, and effec-
tive normal stress. If the liquid limit and clay-size fraction are
measured using the ASTM Standard Test Methods, ASTM D
4318 (1999a) and ASTM D 422 (1999b), respectively, the values
should be adjusted as discussed previously because some of the
liquid limit and clay-size fraction values used to obtain Fig. §
were measured using ball-milled material. The main difference
between the relationships shown in Fig. 5 and the relationship
presented by Stark and Eid (1997) is the increase in the range of
fully softened friction angle (approximately 2°) for the clay-size
fraction group of greater than or equal to 50%. '

Numerical Difference Between Fully Softened
and Residual Friction Angles '

Fig. 6 presents the numerical difference between the residual and
fully softened friction angles for the 36 soils. It is shown in Table
2 that the difference between the fully softened (') and residual
(¢!) friction angles is maximized for soils with a liquid limit
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Fig. 6. Difference between secant fully softened and residual friction
angles as function of liquid limit

between 80 and 140%. In these soils, a large shear displacement
is required to convert initial edge-to-face particle interactions to
face-to-face interactions and establish a residual strength condi-
tion. This particle reorientation leads to a low residual friction
angle, and thus a large difference between ¢’ and ¢,. For ex-
ample, at a liquid limit of 120%, the difference between ¢ and
¢! is approximately 15 and 11° for effective normal stresses of 50
and 400 kPa, respectively. Fig. 6 also shows that the difference
between ¢’ and ¢! depends on the effective normal stress at
which the two secant friction angles are estimated. Increasing the
effective normal stress decreases the difference between ¢' and
", This suggests that the fully softened failure eavelope exhibits
a larger stress dependency than the drained residual failure enve-
lope. This may be caused by the effective normal stress being the
only factor that affects initial particle orientation in the fully soft-
ened strength condition whereas, both effective normal stress and
large shear displacement affect particle orientation in the drained
residual strength condition.

For low plasticity soils (liquid limit less than 50), the relatively
rotund or bulky particles and/or stiff clay plates result in large
values of ¢ and /. Consequently, the difference between ¢' and
¢! is smaller (6-8°) than for high plasticity soils (11-15° as
discussed in the preceding paragraph). This is caused by the ro-
tund particles and/or stiff clay plates establishing edge-to-face
interaction during shear in the fully softened and residual cases
and not face-to-face interaction. For very high plasticity soils (lig-
uid limit greater than 140%), the flexible and platy particles of
these soils can establish face-to-face interaction at low and high
normal stresses in a remolded specimen without large shear dis-
placement. This mechanism leads to a smaller difference between
¢’ and ¢! than that of the soils with a LL between 80 and 140%.

Fig. 6 can be used Lo evaluate the practical significance of
determining whether or not a pre-existing shear surface is present
in a slope. In natural soils with a liquid limit between approxi-
mately 80 and 140%, it is important (o determine whether the
slope has a pre-existing shear surface because of the large differ-
ence (up to 16°) between the fully softened and residual friction
angles. If a pre-existing shear surface is located, a residual fric-
tion angle should be utilized for slope design. It should be noted
that the difference in ¢’ and ¢! will be greater for shallow failure
surfaces, i.e., lower effective normal stresses, than for deep failure
surfaces.

In soils with a liquid limit less than 50%, there is a smaller
difference (less than 8 and 6° at an effective vertical stress of 50
and 400 kPa, respectively) between the fully softened and re-

sidual friction angles. However, this difference between the fully
softened and residual values may still adversely affect the slope
design depending on the magnitude of effective normal stress
acting on the failure surface in this material. In slopes where there
is not a large difference between ¢' and &, and where some
uncertainty exists on whether a pre-existing shear surface is
present or not, it may be prudent to verify the slope design using
an appropriate value of ;. This could be accomplished by as-
signing an appropriate value of $; to all materials and ensuring
that the resulting factor of safety is greater than unity (Stark and
Poeppel 1994).

Healing of Shear Surfaces

D’ Appolonia et al. (1967) suggest that shear surfaces in cohesive
soil, in particular colluvium, can undergo a “healing” causing the
shear strength mobilized along a pre-existing failure surface to be
greater than the residual value. However, they state that the
mechanism for “healing” is not known. The importance of deter-
mining the existence and magnitude, if any, of healing is illus-
trated by a landslide near Seattle, Wash. Surface features indicate
that this is an ancient landslide that was reactivated in 1990. The
1990 movement involved less than 2 ft of lateral movement. A
consultant proposed that the cohesive colluvium responsible for
the slide had gained strength, i.e., healed, during the inactive or
dormant period prior to 1990. As a result, it was concluded that
the slide is less stable now than before the 1990 movement be-
cause the shear strength increase due to healing was removed
because of the less than 2 ft of lateral displacement. This small
amount of movement did not significantly change the driving or
resisting forces. In other words, the strength gain that occurred
from the time that the ancient landslide occurred until 1990 is not
available after the 1990 movement and thus the slope is less
stable after 1990 than before 1990 because the slope geometry did
not change significantly. This assertion has serious economical
implications for this and other landslides because if the slope is
less stable, insurance companies and others may be liable to re-
turn the slope to the premovement condition, i.e., the premove-
ment factor of safety. This would involve increasing the shear
strength of the soil involved, altering the geometry of the slope,
installing a shear key, and/or draining the slope, all of which are
expensive propositions.

Another reason for determining the existence and magnitude
of healing is the remediation of landslides. If the pre-existing
shear surface “heals” in a shorl period of tirue, i.e., prior to reme-
diation, it might be possible to design the remedial measures
using a shear strength greater than the residual value, which will
reduce the cost of the remedial measures. Therefore, it is impor-
tant to determine: (1) if the shear strength increases from the
residual value with time; (2) if the strength increases with time,
how long does it take to reach the maximum value; (3) if the
strength increases with time, does the strength return to the re-
sidual value with additional movement and if so how much dis-
placement; and (4) what is the maximum shear strength that could
be obtained from healing and used for design purposes.

To address these questions, “healing” Lorsional ring shear tests
have been conducted on low plasticity (Duck Creek shale, liquid
limit of 37) and high plasticity (Otay bentonitic shale, liquid limit
of 112) soil from Table 1. The ring shear tests were conducted
using the procedure described in Stark and Eid (1993 and 1994)
and ASTM (1999¢) except that after the residual strength is
achieved al the desired normal stress of 100 kPa, the test is
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Flg. 7. Shear stress—shear displacement relationships from healing
tests on Duck Creek shale

stopped. The specimen is not removed from the specimen con-
tainer and the normal stress of 100 kPa is maintained for the first
healing period. In general, the healing periods follow an approxi-
mate geometric progression starting with a 1 day healing period.
After |1 day of healing, shearing restarted until the initial residual
strength condition is achieved. After the residual strength is
achieved, the specimen is healed for the next healing periad and
then sheared again. For example, the 5 day healing period corre-
sponds to a specimen that rests for 5 days after reaching a residual
strength condition after the 1 day healing period. At the end of
each healing period, the ring shear test is restarted without pres-
hearing the specimen. Thus, when the lest is reactivated the
strength gain, if any, that occurred during the healing period is
measured. After measuring the maximum healed shear strength
and before another healing period is commenced, the ring shear
test is continued until the residual strength initially measured is
reached. To date, testing is limited to Duck Creek shale and Otay
bentonitic shale al an effective normal stress of 100 kPa. Future
esting is focusing on other soil plasticities and effective normal
stresses. The shear displacement rate used for the initial and heal-
ing phases of the ring shear test is 0.018 mim/min, which is the
same rate used for the residual and fully softened strength testing
described in Tables 1 and 2.

Healing Tests on Low Plasticity Soil

Fig. 7 presents the shear stress—displacement relationships for the
one and 230 day healing tests on the low plasticity Duck Creek
Shale. The resulting shear stress-displacement relationships ex-
hibit a shear resistance after healing that is greater than the initial
residual shear stress of 54.6 kPa. The 1 day and 230 day tests
yield healed shear stresses of 58.8 and 61.7 kPa, respectively.
After healing and shearing, both values of shear resistance return
to approximately the initial residual shear siress of 54.6 kPa.
These small increases in shear resistance after healing are signifi-
cant for the Duck Creek shale because the difference between the
residual and fully sofiened strengths is small because of the low
plasticity (liquid limit of 37) of the soil.

The importance of this small strength gain due to healing is
reflected in Fig. 8, which presents the ratio of the maximum shear
resistance measured after healing to the initial residual shear re-
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Fig. 8. Ratio of maximum shear resistance after healing to initial
residual shear resistance for Duck Creek shale at effective stress of
100 kPa

sistance. The dashed line in Fig. 8 represents the ratio of the fully
softened strength to the residual strength. The fully softened
strength is used for comparison purposes because this strength
would be the upper limit if no sliding had occurred and thus
represents the fully healed condition or maximum strength that
could be expected due to healing because it corresponds to a no
shear displacement condition. These preliminary data suggest that
in low plasticity material, healing of a pre-existing shear surface
does occur, albeit at a relatively slow rate, and the shear strength
after healing may approach the fully softened strength.

1t is important to note that the strength gain due to healing is
lost if a small shear displacement is induced after healing (see
Fig, 7). Therefore, it is recommended thal the remedial measures
utilize a factor of safety that ensures little, if any, additional shear
displacement occurs under static and seismic conditions.

Healing Tests on High Plasticity Soil

Fig. 9 presents the shear stress—displacement relationships results
of 1 and 230 day healing tests on the high plasticity Otay bento-
nitic shale. The resulting shear stress—displacement relationships
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Fig. 9. Shear stress—shear displacement relationships from healing
lests on Otay bentonitic shale
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Flg. 10. Ratio of maximum shear resistance after healing to initial
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exhibil a shear resistance that is greater than the initial residual
shear stress of about 10.2 kPa. The maximum shear resistance
increases with increasing healing time. After mobilizing the
healed shear resistance, the shear resistance decreases with in-
creasing shear displacement until the residual strength condition
is reached again at a shear stress of 10.2 kPa.

In summary, it also appears that the high plasticity material
develops additional shear resistance with time and the percentage
increase is greater than thal observed for the low plasticity s0il
(Fig. 10). The mechanism(s) for this strength gain are not known
but may be related to the interaction of face-to-face particles be-
cause this strength gain occurred after the establishment of a re-
sidual strength condition. These mechanisms of strength gain may
include van der Waals attractions and thixotropy. Thixotropy is
defined as an isothermal, reversible, time-dependent process oc-
curring under conditions of constant composition and volume that
results in material hardening (Mitchell 1993). It is anticipated that
once shearing has been terminated, the soil structure is not in
complete equilibrium even though a residual strength condition is
achieved initially. This nonequilibrium condition may result from
the tendency of clay minerals in close face-to-face contact to have
high repulsion pressures and thus dispersion (Terzaghi et al.
1996). This nonequilibrium condition may lead to a readjustment
or the creation of some particle bonding and thus strength gain to
achieve equilibrinm.

Even though there is a larger increase in shear resistance due
o healing in the high plasticity material, the shear resistance after
healing is considerably lower than the fully softened value. The
difference between the fully softened and healed strength is sig-
nificantly greater for the high plasticity than the low plasticity
soil. Fig. 10 superimposes the results of seven healing tests con-
ducted on Otay bentonitic shale on the results of the six healing
tests performed on Duck Creek shale. It can be seen that the Otay
bentonitic shale exhibits a significantly greater strength gain after
4 days of healing than does the Duck Creek shale. These results
agree with the results of reversal direct shear lests conducted by
Ramiah et al. (1973) that also show a strength gain after large
shear displacement for both kaolinite and bentonite. Ramiah et al.
(1973) show a greater strength gain for short time periods, less
than four days, for high plasticity, e.g., bentonite, than lower plas-

ficity, e.g., kaolinite soil. However, the strength gain shown in
Fig. 9 is also lost if a small shear displacement is induced after
healing.

In summary, these initial test results suggest that a failure sur-
face which has achieved a residual strength condition may un-
dergo a healing process and exhibit a shear strength greater than
the residual value upon reshearing. This finding may have signifi-
cant impact on landslides in high plasticity material because the
strength gain due to healing may be greater than in low plasticity
materials. Mitchell (1960) suggests that if strength gains are de-
termined under a careful and controlled test procedure, no funda-
mental reason exists for preventing the application of thixotropic
effects in design. To better define the potential for strength gain in
clays of varying plasticity and over longer healing times, testing
is continuing.

Conclusions

The following conclusions are based on the interpretation of tor-
sional ring shear tests on clays, mudstones, shales, and claystones
and the results of slape stability analyses.

1. In stability analyses, an effective stress cohesion equal to
zero should be used in residual shear strength conditions
(pre-existing shear surfaces, €.g., old landslides, shear zones,
slickensided surfaces, or fault gouges) becanse the particle
bonds, structure, and stress history have been reduced or re-
moved and the clay particles are oriented parallel to the di-
rection of shear. Therefore, the residual shear strength is con-
trolled by the frictional resistance of the face-to-face contacts
of the oriented particles and should be represented by only a
residual friction angle or a stress dependent failure envelope
that passes through the origin. In first-time slide situations it
is recommended that the effective stress cohesion be as-
signed a zero.

2. Empirical relationships for the residual (Fig. 2) and fully
softened (Fig. 5) shear strengths are presented herein that are
a function of the liquid limit, clay-size fraction, and effective
normal stress. The liquid limit provides an adequate indica-
tion of clay mineralogy and the clay-size fraction indicates
the quantity of particles smaller than 0.002 mm. These rela-
tionships can be used to estimate the stress dependent failure
envelope or a secant friction angle that corresponds to the
average effective normal stress acting on the critical slip sur-
face passing (hrough this material. It is recommended that
the stress dependent failure eavelope or a secant friction
angle corresponding to the average effective normal stress on
the slip surface be used in a stability analysis to model the
effective stress dependent behavior of the residual and fully
softened shear strengths.

3. 'The liquid limit and clay-size fraction are sensitive to the
sample preparation technique utilized. To facilitate use of the
empirical relationships presented herein in practice, an ad-
justment factor for the value of liquid limit and clay-size
fraction derived from the ASTM standard test methods is
presented to account for the effectiveness of ball milling in
deaggregating clay particles. The adjustment factors can be
used to adjust the ASTM derived values of liquid limit and
clay-size fraction to refiect the ball-milling sample prepara-
tion procedure so the ASTM derived values can be used with
the empirical relationships in Figs. 2 and 5 to estimate the
secant residual and fully softened friction angle, respectively.
The adjustment should reduce the need for commercial labo-
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ratories to ball mill heavily overconsolidated claystones,
shales, and mudstones.

4. The numerical difference between the secant fully softened
and the residual friction angles is a function of clay mineral-
ogy and effective normal stress. Natural soils with a liquid
limit between approximately 80 and 140% exhibit the largest
difference in these friction angles {up to 16°). In these soils,
the presence or absence of a pre-existing shear surface
should be clarified during the subsurface investigation. In
soils with a liquid limit less than 50%, there is a smaller
difference (less than & and 6° at an effective vertical stress of
50 and 400 kPa, respectively) between the secant fully soft-
ened and residual friction angles. However, a difference of 8
or 6° between the fully softened and residual angles may still
adversely affect the slope design/stability depending on the
magnitude of effective normal stress acting on the failure
surface in this material and the estimated factor of safety. As
a result, it is prudent to verify the slope design by assigning
a residual friction angle to materials that may mobilize a
residual strength and ensure the factor of safety is greater
than unity.

5. Preliminary results of healing ring shear tests indicate that
preexisting shear surfaces may undergo healing or strength
gain. The magnitude of healing appears to increase with in-
creasing soil plasticity, and this increase could have impor-
tant implications for the size, timing, and cost of landslide
remediation. The strength gain with time may be more im-
portant in high plasticity soil because of the large difference
in the fully softened and residual shear strength of these ma-
terials and thus the large potential for strength gain. How-
ever, the strength gain due to healing appears to be lost after
small shear displacement.
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ATTERBERG LIMITS

ASTM D 4318
PROJECT NAME: AQUATERRA/AMERICAN ENVIRONMENTAL LF/OK
PROJECT NUMBER: 093-90018
SAMPLE ID: S4 - SAMPLE DEPTH: -
SAMPLE TYPL: Bulk
SAMPLE PREPARATION
Wet or Dry Minus #40 Sieve Yes
PLASTIC LIMIT DETERMINATION LIQUID LIMIT DETERMINATION NATURAL MOISTURE
Number of Blows 22 22
Weight of Wet Soil & Tare (gm) 20.69 20.14 20.32 23.59 22.76 TRIAL 1 TRIAL 2 198.09
Weight of Dry Soil & Tare (gm) 19.00 18.53 18.68 17.87 17.27 174.63
Weight of Tare (gm) 11.55 1141 1146 432 432 BLOWS: 22 22 42.61
Weight of Water (gm) 1.69 1.61 1.64 5.72 5.49 23.46
Weight of Dry Soil (gm) 745 7.12 7.22 13.55 12.95 K VALUE: 0.985 0.985 132.02
Water Conlent % 22.68 22.61 22.71 4221 42.39 17.77
PLASTIC LIMIT (PL) LI(.: UlD LIMIT (LL)
P
PLASTICITY INDEX (PD) LIQUIDITY INDEX (LT)
NOTE: DESCRIPTION|Olive, SILTY CLAY, trace fine sand.
USCS (CL) |
PLASTICITY CHART
60 ~ v
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/ ( /
= 40 58 /
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x /
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z / /
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/ MH or|OH
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% /
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LIQUID LIMIT (LL)
TecH[ RF

DATE{  3/2/09
CHECK )
review| 77777

Golder Associates Inc.




093-90018

FEBRUARY 2008
MOISTURE / DRY DENSITY CURVE
ASTM D 698 Method A
| Mechanical | Standard | Wet Method |
PROJECT NAME: AQUATERRA/AMERICAN ENVIRONMENTAL LF/OK
PROJECT NUMBER: 093-90018
SAMPLE ID: S-4 - DEPTH: - SAMPLE TYPE: Bulk
120
\ ZERO AIR VQIDS CURVES
\ Gs=2.80
e \\\ / Gs=2.70
Gs=2.50
A /%
105 %
Emo \\
0 95 \
i \\
2 W\
> o \
& \
0 \
) \x
N N
0% 5%  10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70%  75%
MOISTURE CONTENT (%)
COMPACTION POINTS Maximum Dry Density (pcf) | 107.7
Dry Moisture Optimum Moisture (%) 18.2
Specimen | Density | Content Corrected Maximum Dry Density (pcf)
Number (pch (%) Corrected Optimum Moisture (%)
I 104.2 14.6%
2 107.3 17.1% As-Received Moisture Content | 17.8%
3 106.9 19.9%
4 102.8 22.7% % Retained on # 4 sieve
% Retained on 3/8" sieve
% Retained on 3/4" sieve
DESCRIPTION/|Olive, SILTY CLAY, trace fine sand.
USCS| (CL) | CHECK
REVIEW| /) /,

Golder Associates Inc.




ATTERBERG LIMITS

ASTM D 4318

PROJECT NAME: AQUATERRA/AMERICAN ENVIRONMENTAL LF/OK
PROJECT NUMBER: 093-90018
SAMPLE 1D: S-5 - SAMPLE DEPTH: -
SAMPLE TYPL: Bulk
SAMPLE PREPARATION
Wet or Dry Minus #40 Sieve Yes
PLASTIC LIMIT DETERMINATION LIQUID LIMIT DETERMINATION NATURAL MOISTURE
Number of Blows 22 22
Weight of Wet Soil & Tare (gm) 22.03 21.49 21.99 23.34 21.01 TRIAL1 | TRIAL2 274.55
Weight of Dry Soil & Tare (gin) 20.09 19.62 20.01 17.72 15.97 255.41
Weight of Tare (gm) 11.72 11.69 11.38 437 428 BLOWS: 22 22 52.21
Weight of Water (gm) 1.94 1.87 1.98 5.62 5.04 19.14
Weight of Dry Soil (zgm) 8.37 7.93 8.63 13.35 11.69 K VALUE:| 0.985 0.985 203.20
Water Content % 23.18 23.58 22.94 42.10 43.11 9.42
PLASTIC LIMIT (PL) qu UID LIMIT (LL)
2
PLASTICITY INDEX (PI) LIQUIDITY INDEX (LI)
NOTE: DESCRIPTION|Light Olive Brown, (Shale) SILTY CLAY, trace fine sand.
USCS (CL) |
PLASTICITY CHART
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REVIEW| 7,27,
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FEBRUARY 2008 093-90018
MOISTURE / DRY DENSITY CURVE
ASTM D 698 Method A
| Mechanical | Standard | Wet Method |
PROJECT NAME: AQUATERRA/AMERICAN ENVIRONMENTAL LF/OK
PROJECT NUMBER: 093-90018
SAMPLE ID: S-5 - DEPTH: - SAMPLE TYPE:  Bulk
120
\ ZERO IR VOIDS CYRVES
\ Gs=2.80
e Gs=2.10
Gs=2.p0
110
105 \ \
< \%\
‘g; 100 \\\
0 o5 \
z \
g N\
2 80 N
a \
B \
) \§
. N
o% 5%  10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 60% 65% 70% V5%
MOISTURE CONTENT (%)
COMPACTION POINTS Maximum Dry Density (pcf) | 1115
Dry Maoisture ' Optimum Moisture (%) | 17.2
Specimen | Density | Content Corrected Maximum Dry Density (pcl)
Number (pcf) (%) Corrected Optimum Moisture (%)
1 106.0 10.7%
2 106.6 13.1% As-Received Moisture Content
3 109.4 15.4% NOTE: Material was crushed to pass throught the 3/8" sieve,
4 1.4 17.6% % Retained on # 4 sieve
3 108.0 20.0% % Retained on 3/8" sieve
% Retained on 3/4" sieve
DESCRIPTION |Light Olive Brown, (Shale) SILTY CLAY, trace fine sand.
USCS CL | CHECK
REVIEW| /47,

Golder Associates Inc.
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093-950018

MARCH 2009 -
PARTICLE SIZE DISTRIBUTION & ATTERBERG LIMITS
ASTM D421, D422, D4318
PROJECT NAME: AQUATERRA/AMERICAN ENVIRONMENTAL LF/OK
SAMPLE ID: CL-1 Depth: -
TYPE: Bulk
12 3 2 . u
100 R e S e A (L R
90
B0
% 70
P &0
a
S 50
S
' a0
n
g
30
20
10
0
100 10 1 0.1 0.01 0.001
Particle size in millimeters
Coarse l Fine Coarse I Medium | Fine Sil or Clay
COBBLES GRAVEL SAND FINES
Particle Size Particle Size PLASTICITY CHART
(mm}) %% Passing Classification  Percenlage 60 ra 4
[ | S A Adne
12.0" 304.8 100.0 J /
3.0 75.0 100.0 Cobbles 0.00 - )
2 2.5" 63.5 100.0 ¥ /
E 20" 50.0 100.0 £ il il
Z 1.5" 37.5 100.0 ¥ © ; 7
= =] /1
& 1.0" 25.0 100.0 Z /
8 0.75" 19.0 100.0 | Coarse Gravel 0.00 El= 7 F
N 6 7
0 0.50" 12.7 100.0 = / /
: 0.375" 9.5 100.0 3 a2 HHeroH
2 #4 4.3 100.0 | Fine Gravel 0.00 » cmcy
s #10 2.00 99.9 Coarse Sand 0.15 )
[~4 4
s #20 0.85 99.6 10 ~
v #40 0.43 994 | MediumSand |  0.42 yAETihadt
= #60 025 99.2 :
#100 0.15 98.9 0 10 20 40 80 60 70 ao %0 100 110
| #200 0.075 98.4 Fine Sand 1.02 LIQUID LIMIT (LL)
Fines 98.41
ATTERBERG LIMITS
Method -B (Dry preparation)
Al LL PL PI L1
DESCRIPTION:|Gray, (Shale) SILTY CLAY, trace medium to fine [ [ 37 | 22 [ 15 | -086 |
sand.
USCS: CL I LL (oven-dried)
<{,75 ~ DRGANIC
{OL/OH) TECH T
NOTE: SAMPLE WAS CRUSHED AND PASSED THROUGH THE NO. 3/8" SIEVE BEFORE TESTING, DATE] 3/4/09
cueck| |, A
rReview| ey

Golder Associates Inc.




MARCH 2009

093-90018

MOISTURE / DRY DENSITY CURVE

ASTM D 698 Method A
[ Mechanical | Standard | Wet Method |
PROJECT NAME: AQUATERRA/AMERICAN ENVIRONMENTAL LF/OK
PROJECT NUMBER: 093-90018
SAMPLE ID: CL-1 - DEPTH: - SAMPLE TYPE:  Bulk
150
A\
145 \ \\
140 \ \ ZERG-A|R-VOIBS-CURVES
135 \\ /Gs=2.80
\\\/ / Gg=2.70
S 130 -
g \ /Gs—260
S
= 125 \
2 \
w
g \
> 120
E AN
115 \\\Q
110 \\\
105 \\\\
100 ‘\
0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55% €0% 65% 70%  75%
MOISTURE CONTENT (%)
COMPACTION POINTS Maximum Dry Density (pcf) | 117.8
Dry Moisture Optimum Moisture (%) [ 14.0
Specimen | Density | Content Corrected Maximum Dry Density (pcf)
Number (pcf) (%) Corrected Optimum Moisture (%)
1 114.0 11.6%
2 117.7 13.8% As-Received Moisture Content
3 116.0 15.7% | NOTE: SAMPLE WAS CRUSHED AND PASSED THROUGH THE NO. 3/8" SIEVE BEFORE TESTING.
4 1103 18.2% % Retained on # 4 sieve
% Retained on 3/8" sieve
% Retained on 3/4" sieve
DESCRIPTION|Gray, (Shale) SILTY CLAY, trace medjum to fine sand.
uscs| oL | cueck| AK
REVIEW| /v /4

Golder Associates Inc.
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093-90018

MARCH 2009
PARTICLE SIZE DISTRIBUTION & ATTERBERG LIMITS
ASTM D421, D422, D4318
PROJECT NAME: AQUATERRA/AMERICAN ENVIRONMENTAL LF/OK
SAMPLE ID: CL-2 Depth: -
TYPE: Bulk
12" . 2 - " o §
100 ' o Y I L LR 4 - -I-ﬁl::@:%:%g
90
80
% 70
P 60
a
S 50
S
' 40
n
g9
30
20
10
0
100 10 1 0.1 0.01 0.001
Particle size in millimeters
Coarse I Fine Course I Medium | Fine Silt or Cloy
COBBLES GRAVEL SAND FINES
Particle Size Patticle Size PLASTICITY CHART
{mm) %Passing  Classification  Percentage 60 v 7
— , ULihe Adno
12.0" 304.8 100.0 K /
3.0 75.0 100.0 Cobbles 0.00 " 4
2 25" 63.5 100.0 ¥ /
E 2.0 50.0 100.0 o A g
z 1.5" 371.5 100.0 i 7 V4
- a A
S 1.0" 25.0 100.0 z Iy /
ﬁ 0.75" 19,0 100.0 Coarse Gravel 0.00 % 30 ; /’ L
@ 0.50" 12.7 100.0 E /
S 0375 95 100.0 3 ‘any i
7] #4 438 1000 | FineGrovel | 0.00 = S c|t,/
kS #10 2.00 999 | cowseSund | 0.15 /
| = ’l
% #20 0.85 99,7 10 pd 7
w #40 0.43 99,5 Medium Sand 0.34 AT Iz bl
2 #60 0.25 99,3 0
#100 0.5 99.0 1] 10 20 30 40 50 60 70 80 100 110
| #200 0.075 98.4 Fine Sand 1.12 LIQUID LIMIT (LL)
Fines 98.39
ATTERBERG LIMITS
Method -B (Dry preparation)
N, LL PL Pl LI
DESCRIPTION:|Gray, SILTY CLAY, trace medium to fine sand. T 7 | a2 | 25 | 11 | -081]
USCS: CL | LL (oven-dried)
«<{).75 = QRGANIC
(oLomm TECH TJ
NOTE: SAMPLE WAS CRUSHED AND PASSED THROUGH THE NQ. 3/8" SIEVE BEFORE TESTING. DATE 3/4/09
CHECK|
REVIEW

Golder Associates Inc.



MARCH 2009 093-90018

MOISTURE / DRY DENSITY CURVE
ASTM D 698 Method A

| Mechanical | Standard | Wet Method I
PROJECT NAME: AQUATERRA/AMERICAN ENVIRONMENTAL LF/OK
PROJECT NUMBER: 093-90018
SAMPLE ID: CL-2 - DEPTH: - SAMPLE TYPE: Bulk

120 \
\\ ZEROQ|AIR VOIDS CURVEL

115 80
2.70

7

110

105

\R
\
N\
) N\
. NY
. N\

AN

70

-
[=]
=]

DRY DENSITY (pcf)
[{a)
<

/

0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55% 80% 65% 70% 75%

MOISTURE CONTENT (%)
COMPACTION POINTS Maximum Dry Density (pef) | 110.5
Dry Moisture Optimum Moisture (%) | 17.7
Specimen | Density | Content Corrected Maximum Dry Density (pcf)
Number (pcf) (%) Corrected Optimum Moisture (%)
1 103.2 12.6%
2 108.1 15.3% As-Received Moisture Content
3 110.4 174% | NOTE: SAMPLE WAS CRUSHED AND PASSED THROUGH THE NO. 3/8" SIEVE BEFORE TESTING.
4 108.1 19.7% % Retained on # 4 sieve
5 103.0 22.3% % Retained on 3/8" sieve
% Retained on 3/4" sieve

DESCRIPTION|Cray, SILTY CLAY, trace medium to fine sand.
USCS CL | CHECK
) REVIEW

Golder Associales Inc.
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LABORATORY COMPACTION CHARACTERISTICS OF SOIL REPORT

Report Number: 04111202.0002 1 rerra con

Service Date: 11/07/11 10930 E. 56th St.
Report Date: 11/21/11 Revision 2 - sieve results Tulsa, OK 74146
918-250-0461

Client Project

Aqua Terra Environmental Solutions Aquaterra Testing

Attn: Joe Paul Edwards 10930 E 56th Street

4149 Highline Blvd Tulsa, OK

Suite 350

Oklahoma City, OK 73108 Project Number 04111202
Material Information Sample Information

Source of Material: Sample Date: 11/07/11 Sample Time: 8035

Proposed Use: Sampled By:

Sample Location:

Sample Description: reddish silty sandy lean clay

Laboratory Test Data Result Specifications
Test Procedure: ASTM D698 Liquid Limit: 31
Test Method: Method A Plastic Limit: 16
Sample Preparation: Dry Plasticity Index: 15
Rammer Type: Manual In-Place Moisture (%o):
Maximum Dry Unit Weight (pef): 112.5 Passing #200 (%): 82.8
Optimum Water Content (%): 15.5
USCS:
Zero Air Voids Curve for Assumed Specific
Gravity 2.70
115
= 114 X
2 113 o
g A
- ad R N N
£ 11 1 \- <
k= 110 7 L d N
(] 109
N\
2 108 =
= 107 ,‘
5 = /
E 104 ‘?"
103

L)
9 10 11 12 13 14 15 16 47 18 1% 20 21 22

Water Content (%)

Comments:
Services:

Terracon Rep.:
Reported To:
Contractor:

Report Distribution:

(90) Aqua Terra Environmental Solutions

Reviewed By:

James E. Chandler
Project Manager ITI-Technical

Test Methods:

The tests were performed in general accordance with applicable ASTM, AASHTO, or DOT test methods. This report is exclusively for the use of
the client indicated above and shall not be reproduced except in full without the written consent of our company. Test results transmitted herein
are only applicable to the actual samples tested at the location(s) referenced and are not necessarily indicative of the properties of other apparently

similar or identical materials.
CROUAG, 8-27-11, Rev 6 Page 1 of 1



elegd oS —e— 062 11— ObZ 11— elegelus—e— Ol 1N—— 02LT1— 001 T
00¢ 11— -- BL1T— 09L1T— ovLT1—— 02 11— 001 11 06 11 08 1N— 0. 1N— 09 11— 0§ 11— oy 11—
06 11 08 11— 0LT1— 09 11— 0§ 11— or 11—
SSa1)S |BWION 3ANOaYT
S$S8J)S [BULION 9AID3YT
8 s00emmdanaei=iioos 1R n e » » ’ » #sd 0006 4sd 0008 Jsd 0002 459 0009 Jsd 000 Jsd 000F Jsd 000E 4sd 000z ssd go0L  4sd 0
S
L ¥ 09 4sd 000S 4sd 000v #sd 000€ Jsd 0002 Jsd 0001 Jsd o 6l
6 ] ——
0&+F— ———
082 T1T —J — o
I — e (14
/ O T ..]llllll-lllrr — S
.l|r.J||rr
:./!.!f. Ti e g
0Pz TT —] — T €2 3
.{!.luf / -1 — = —] = & M._
— - c
00z T - L s, = B "y =
L7 poe—— D wm t — —— 5 s @
s vl v —— A} =
/ ./ I — —] e % auw
P — N — N [T e E— @
obT T — = m— s D N Z o
S——_ —~t_ ] W H_
rrlffrft. Sz ] = e ..............J/.//// 4
L - L a
021 11 —] ] e | AV » e U L o
/ s | e ~ S B LY 67 =
= = o T >
0L T I // // s
0611 ] b A 1
T 6k 3 /
/ w B
p o // w.._ £t
¥ s i / M
T~ pa— g %SY > uonoeld ABID < %SZ
ST~ > SSO.IS [BWION 9A108YT SA a|buy uonoli4 pauayog A|n4 juesag
0 | =
Q
17~ /.o//f 2
/ / Eled 8ls —e— 0L 71— 09 T1—— 0§ T1—— 0¥ 11— 08 T1— 02 11—
/ 144 SSOJ)S [BWION 2A139)3
Jsd 0006 Jsd 0008 4sd 0002 4sd 0009 4sd 0005 4sd 000 4sd 00OE isd 000z JsdoooL  4sd 0
1z
w
F W i e %
0433 — 8z 8
09 11— — - o
—_—]
0511 —— | T fl.f.f;./ .m
—— 0€ P ¢
il e - —r—\ .28
e |1 = ———] © o
o S [ e O M e
0211 ——— S € 4
= e 2
2
>
ve
%0§ < uonoeid ey
sSang [BWION 9ARO8YT sh a|buy pausyog Ajnd Juesag %0¢ > uonoeid Aejo
SS8J)S [EWION BAJO9YH T SA 0_m=< uopou4 pausyog >==n_ juedeg
Lok Lz 413 (344 9vl [41% 291 Sl ez 413 sLel S00C 802 e e X44 0 Jsd vses
el vl SHolL [-3:1% coll 98l 86} T YA ez X444 SeT 2 24 252 €92 0 154 6802
gel ol €8l asl 802 [44 €T 274 ka4 (874 g'ec g2z g8 S6e 0 1 prol
082 ore (74 084 09 ovL (74} 0oL 08 08 0L o0p [0 oy ot « 13 T
0 a6} 9’02 e L &44 14 8€e a4 v'se gz 0 ied yseq
0 L'ze 9'eT S0 e 314 %5274 goc 92 (414 g8z 0 Jed ga0z
[ s 9z Gele 842 214 i4:4 coe Fie ece 0 0 isdypot
082 oz az 081 094 vl 0zl 004 08 08 0L 08 05 oy ot 0z ok mm
N1l [P 50’82 562 ¥'0e Lig zze 0 1ed y5e8
g582 coe 20e e € B'ze 0 1=d 8802
40(rG22+402£00 0001 e vie se'Le sze 8ze 9'EE 0 Jed proL
-,40€000°0)="810
Az._.wsu_Ouu_O 08z ovz ] o o ol ] ol 08 09 oL [\ 05 or 3 [ oL T
angs [:k44 00k
454 0655
eleqals @ M8 © 0§ < ——— | %5s 672 D
M1'Z © 0G< ML @ 0G<------ M’ ® G 0 GZ——— MI'T D SP 01§ %0 S5 6ZZ KOG €92 %6'55 L'6T 02z s
M DSyorgz------ Mg ®oz>——  MZ Doz ML D 0g>------ e iy e o e kil eo -
al'ysee 8z'ie 9} ¥ee8 88'¥C 91'vses 1062 L6z ¢
nw E:G_l_ 58802 82 S 880z 868'.C 58802 vroe
4 14 Z
00€ 08Z 092 ObZ 0ZZ 00Z O0BL O09L OvL 0ZL 00O 08 09 Ov Oz O T z T 3 z T 3 z T
6 S99182 L  6890.2v8VZ SZ)185686'L2 590168 v2 S90166'L2 EIETI0VYO'OE | O0VPIOR0'6Z £908.PPrOC 69692609 LE | S/8LY0LSS
oL J5d pges 15d 680Z Jsd ppol Jsd pseg Jsd 8802 1sd py0} Jsd pgee Jsd 6BOZ Jsd vi0l
€ 4 I £ z 1 £ Z 1 1sd 088
1
~_ € €1z N 74 062 05z [1):14 9°0¢ 16z ¥0E L' SIBIVOLSS
— el 80 20 1 80 a0 80 SB0 50 560 %S
./ 7l 80z 5ve s 9ve 94T C'0E S9'82 zoe Pie 09
T gl e [A74 582 (474 (414 Ve cee 08 SB'LE 05 s
i, e @
- 9l o . ]
o8 4oL vzl gel 06z o
i B 2 LA gyl v'ol oz o
. 8 | o zg siol £l A
- 6L F v BEl 691 S'6l 08t v
ey s 9yl sg'lL 8'0¢ 09l w
12 F L AT} 98l 4 8'6l ree sz orlL u
2z 3 weoozol 86l € 90z g€z 9 0zl "
=y a o g/ STz 5874 Lz 89'vZ sTL2 ool w
€ 1 | o gzg F4 zse vee eez .z 06 *
e 8 ° G1'6) 922 192 (54 1'92 982 Sz 762 SL°0E 08 i
.l/ sz 8 L 500z SeZ 89z 8'€T 89z v'6Z §6°L2 §5'62 1> 0L ¢
= \ 9z P ° 602 §vZ A 374 9.2 Z°0E §9'8Z A (4% 09 .
b ™ iz 3 sl A4 §'8T ¥'sZ v'8Z [T 56T L°0€ S6'IE 0S5 %
sy N gz v9zz [ferA 562 §'9z S6C g'ze ¥ 0E v'iE §'ze oy v
B AN c ¢ Lie ze 82¢ oe .
P S 6c e zze 8ze gee 0 ¢
R og i 0l '
e IV/./ e 2 " o [ (] i o 5 ¥ e z 1
= N ze ssnitna (1 ) oibuy uonai3 pousyos And wueaos T
/. e [ IR [PTLT Ves ezl uerze vio6L yes ezl yeLze ¥ 2001 MSW o4
1 e 1SUp5es | sd680z | Jsdvb0L | Jsdvoee | Jsd a0z | Jsdppor | 1sdpoes | JSAGE0Z | 45O prol
v 00 B 004 L] e
() s584)S [BWLION aAlDaHT jod g9
sdiysuonejay sjbuy uonoli4 pausyos Ajnd juesasg 0g< SY> 490> 62 0z M)
Yy 19y 9jbuy
{ez) uopaeiy Aejy
9L75E8 PUE LZPPp0L usamiaq aq 3sny JSd 0GGS TeuS IvuLoN avidaj3 3 0'98 [@w0n/eisemoieed 1'es |1
3AITS HOIHd ONfs yieys - 1 90505300 £97620/200Z/LO LSIHPUET J0 SisKleuy 1o} SieloLIEIE] YIS 1E3US PEUIEIC, JoU 6'2C =% a1buy uopoud pauoyos Al Jueses 0°00} [uonoed Aeiy

1398 v IHDIFR AUYM K : FIWHG AVIY QALIVIWOY - YAl ISVHA 0350998 HIVIAQ 197



.

&

Blegals—e— 062 11— 0V T1— Elegals—e— OvL 11— 02 11— 001 11
002 11-- 08L 71— 09411 ok 11— 0Zb 11— 001 T1 06 11 08 11— 0L7T1— 09 11— 0ST1— or T1—
06 11 08T11— OL711— 097T1— 08 T1—  OoF 11—
SS0.)S |EWION 2A1)99))3
SS8J)S [BWION 2A294T
4d 0006 4sd 0008 Jsd 0002 Jsd 0009 4sd 0005 #sd 000F 4sd 000€ sd 000z 4sd 0001 isd 0
4sd 0006 Jsd 0008 Jsd 0002 359 0009 3sd 0005 Jsd 000 4sd 000€ 4sd 000Z 4sd 0o0L  Jsd 0 6l
B OpbF———
06T TT=—] B~ ————
/ I — i \z
o1 e —— =t @
/-.rllj.!’ T1 — %
— —— <~k cz 3
P T —] i B 3 -
/ / w _-__u nuJ. .|1.l...rrrf ] ~ Y - M
AN <G . i ———— LT <
 B—
- / ﬁl |...rrl.l..|r| |1|||1.......r N mN aOb
= vl : == X =
I/ .l/ | e — e~ % W
08117 — T ] — — B o
== . N~ ' ——— e — — % Q
(1] Th0 b I T P —] 12 =
i TR
..fxuf..!r}. — // — ~~ /.////l w
021 11~ . ...r:.,...rf. T / » —~] RN °
/ ’/{fﬂ o / % <% - e
e S SN 8 /// >
0oL 1 W) 2 = a
0 // === g // // °
6 11 < SN
/ e ....Ab LY Ve
phE== & 5 X
/ -Uv .
Hh 1§} Q ee
: M
917 J//r [~ m
T~ g %S¥ > uonoe.d AB|D < %52
=
hm T~ — J,..//r / > SS2U)S |EUWION 2A1994 3 SA 9|Buy uonol4 pauayog A|n4 juessg
=
«Q
o T~ ///r / ®
st
/ // /// EJEQ 8IS —o— 0L 11— 09 11— 05 71— 0¥ 11— 06 11— 0z 11— |
= 4
/ $56J)S |BWION AT
= 540006 4sd 0008 Jsd 0002 Jsd 0009 isd 0005 4sd 000F JsA000E sd 000z Jsd0OOL  4sd O
f 1z
v
rh + gz 8
09T~ | E
—_— —] 62 T
0T —f— | — | I E}
S 0c >
et s Le8
= — _— <
62 | !.// g
0ETT ——— *® 3
— ] 2
€€ =
(=]
=
ve
%08§ < uopoeid Ae|p
Ssal)g [BWION 2Al9aKT SA albuy pauayos Ajnd Juesag %0¢ > uoljoeid Aej
$S81)1GQ |BUWION BA08H 3 SA O_m:< uonoll4 pausyosg >__:u_ juedag
Lok vzl 443 ecl oV [41% 9 Gl1 erA:1% si'el s0'02 8'0¢ 2’z 9z 0 isdpsee
vl 9Pl SlLoL 891 S9°LL 9’8} 86l Prata [44 922 See 5ve 28 €92 0 1ed 880z
gEl ol %1% a8l 802 (44 514 €ve (414 1§74 8'9Z Siz e'8e 58¢ 0 154 ppoL
08z orz 002 o8 09} orL ozl a0k a8 08 (73 08 o5 o 0E o ok m
0 86l 902 e v'ee €T : ¥ %4 o've v'se 5§92 0 isd psee
o L'z gee sove 414 1ez 89z 0z v8e S8BT 0 15d 830z
0 b4 9z [ r¥xA 842 98T ez 20e V'IE €ce ) 0 ssd ppor
06z awz 00Z o 08 [ 4% ozl 0oL 08 08 oL o8 [ or oe oz ol M
ez 1+ TIE00 ON=""11 165
Ekms._._u._.__ SLOY s8'22 5082 56z voe Lie zze o fed vsee
5582 20e 10¢e e ze :X43 o 45 6802
40(pS2°2+422€00  0°00L e ¥IE SEIE gze 8'ze 9ee o 1sd piar
-,40€000°0)="¢40
_awdumOnu_U_ v'E86 06z oz 00z 0Bl 0Bl orL ozi ool (0 o a L] [ 4 og (] o8 7T
SS proL oez 0oL
150 501
elegoNs @ - M8 © 0§ < —— % 55 08 ot
M2 © 0§< Ml ® 0G<------ M8 @ ¥ 0V 52 ——— MI'Z D Sy 01 62 %00 08z %0 9°0E %00 I 3 o
M ® GOy GZ------ Mg ® 0z> Mz ® 0z> ML @ 0Z>------ L2P0L SL'E yratilt [2-¥4 1Zp0L 2z 80t 4
58802 v8'¥e 58802 8e'le G 8802 vy oe Lie ¥
ywiq pinbiy Jxa 6822 pradil vo'o¢ 1Zvvol L9
1w pinby , A :
00€ 08Z 09Z O¥Z 0ZZ 00Z 08L O9L Okl OZL OOL OB 08 O 0Z O 3 z T 3 Z T 5 3 T
6 9916212 8890.2v8'vZ GZIBSBRE LT 590166 ¥T G90186'LZ ELEZO0VI O | OOVYLOD0'6Z €906.¥YY OE 60692699 L€ | SI68Lb0L'GS
ol Jsd pgeg J5d 6802 154 vpol J5d pges Jsd 8802 1sd ppol Jsd pseR 15d 8802 15d 101
P € 4 I € 4 ] € 4 3 ysd grol
~ L
e €12 8 082 0'sZ 0’8z 9°0¢ 1'62 'og Ile S18LP0L'SS
m”—. 8O FA) 3 B0 80 80 <80 50 8s0 %LS
148 80z 5ve 542 9ve ¥4 Z'0E s9'82 z'0e ¥'IE 09
m_‘ e fA+14 =174 [£°74 [4:14 LiE S6c 108 G8'le 0s L
[7)
9l @
o8 ool ¥zl ael o6z ¢
2 L 4 9yl yal ore o
8k = “ozel [+]5]8 €8l 00z %
6k F wo el 691 S'6l [i:18 n
0z @ L 1 S9°LL g0z 09l e
iz @ o Zgl 98l 44 861 12T sz orL e
7 3 woozol 96l X4 902 o€ 9z ozl "
a o gyl sz'iz [574 11z 59V STz 0oL o
€3 |+ cza 44 7z vee gaz gz 06 ¢
ve o ' glel 92 1’92 154 1'92 9'8Z KA z6T §2°0€ 08 o
sz 8 t 6002 §'€T 89z g€z 89z 62 $6°L2 S5°6T e oL :
9z P B0 [oR 74 (A 9T 9.2 (A 59'9Z Z0E v'LE 09 0
2 & 512 T'se 5’82 v'se v'8Z L1'LE 5’62 108 G6'1E 05 s
B o9 €9z S'62 s'9z 562 [543 ¥°0€ v'LE 8'Ze oy v
8 ¢ Ve ze 62¢ g
6c : zee gze gee 0z J
o¢ : ]! '
Fm” (43 113 [} L] v i L] 1 * T z b
ze sesiBeq A...vw 8|Buy uopopy peusyos Ajin4 ueses T
€€ WESRiL wgle i BERETL N ok nEsEn ugie Wit MSW Jo 4
K ve VSES | 45D 680 | SO pROb | ¥SE8 680z | jsdvyw0r | jsdveeg | 156802 | 1SOw0L |-
0Ly e 00k o [
(o) ssang [euLoN aARday3 jod g9
sdiysuone|ay a|buy uonsu4 pauayog Ajng juesag 0s< _ 5> )0 67 _ 0z s,
(%) uonoess Aejo
91°PSEE PUE LZpp0L Ueemieq aq1sniy JSd G| 5SS IusoN avpa)3 _ ¥ 191 _Ego:ﬁ..gﬁ_su 1'ss |1
3011S HOMd ONfs yeis - 190605900 £97E20/£002/19 LSIIPUET JO SISAIEUY 10} S1j0WEIEd WEUBAS IEBYS POUBIC, 4o 0'8Z = oIbuy uonoLI pausKos Alind Jueass 0001 [uonoesd Aeid

R INUYNIASNTY ) SSAALC DNINIING (9 ASHA] ¥ LY § QXN I BWHS AVAD) AIDVINOY - VAL ISVHY, aXgoy) 23ng 7)) 2789




elegsyis—o— 062 11— OFZ 11— elegels—e— Ovk 11— 02k 11— 00l 11
002 11 08t T1— 091 11 ok 11— 02k 11— 001 T 06 11 0811— OoTM— 09T1—  0ST1— O 11—
06 11 081N— O0L711— 09711— 0ST1— OoF 11—
S$SaJ}S [BWION 3A1O31T
$S21)S |eULION 3A2Y3
#5d 0006 45d 0008 4sd 0002 J5d 0009 4sd 0005 #sd 000K 4sd 000€ 4sd 000Z 5d 000L 45 0
4sd 0006 4sd 0008 4sd 0002 Jsd 0009 Jsd 000S 4sd 000F Jsd 000E Jsd 000z Jsd 0o0L  Jsd 0 6l
6 e e —
L s e —
Gpe T /flj’rlf. .W e — el (¥4
! o? 11 e —~] —1 m
——| (o7 o 3
o i— P— 08T - e €z 3
I e e —— S g
00z 11 - —— T — N <
—— | N 69 — — = / < @
08LTI L vl mm F—= —~——] —— Y =+
— ..l/ | et =" —— 2 3
[y I ~— = — —— @
e — —— =5 e
opF 1T — — — —— X 2 m
R W S [ 8 AN &
021 7T~ ] = T N o BT SR 5
[~ _—— hes T~ 2 s SN 62 >
— - - 0 NN >
] — S 5 A e
N i T T G Y >
I <, c N\
. g SN Ie
) T
e N 4 X
~ P 6l
~—_ / ) // W b}
s e S% 2 e
)
S~ ~——_ ~_ // g %S¥ > uopoeid Ael < %cz
L — — > SSa1}g [BWION 9AI30aYT SA 9|Buy uonolg pauayog A|n4 jueseg
T~ /r. /.f L N, o
~] ro Y| TN BIEQ 81S —8— 02 T1— 09 71— 05 Tt— 0p 11— 0¢ 11— 0z T1—|
/ // $S9J]§ |BWION 9AI2343
./ ™~ 4sd 0006 4sd 0008 4sd000L 4sd 0009 3sd 000§ 4sd 00O 4sd00OE 4sd 000z ssdoooL  ssd o
N\! | .
l o
v P C——— 8z 9
N 0911 —| —l L2
T —)
\ o5 ——ou_ | [ ——F——] _—— E
= o€ P o
\ i a— N —— BIE
0 TT—f— X5
N ——— T i
G2 11 S n
2
-1
ve
%08 < uopoeld Aeyp
Ssaulg [eWION 2A19aT SA 8]Buy pausyos AIn4 juesag %0z > uonoeld Aeiy
$Sa))S [BWION 9AI30aY T SA 3|buy uonoLd pausyos Ajn4 jueseag
L'ol (4% ZEL 8€El 249 (413 291 Sil fr4:1% Skel S0'02 802 e 9z [} Jed ygeR
v'eL Qv siel 89l szl a'al 80} Se'le t24 g7z gee 2 24 (414 [>%:14 0 Jed gB0T
GEl Vol [4:]1 x¢1% 802 (44 €2 £ve 782 914 24 14 gl [*3:14 G'8e 0 459 vpOL
08z ovz 002 D13 09} orL ozl 0oL o 08 oL 08 05 or e (V4 o m
0 g6l 902 e vee 1574 g'ee ave v'se c'9z 0 ied pseq
0 ez g€ s9've E'SZ (314 892 942 ¥'ez §ec 0 15d paoz
[} -4 4 [rarxa gz 982 i 44 coe (% (¥4 0 0 Jed prop
062 ovz oz (= 1] 091 orL ozl (1% 08 08 oL 08 0 ov ot 0z oL m
ez 1+ 00 0= 078
H..cm,.i.ﬁn._,__ F7 [+ 94 59'62 g6z 1453 Vie Tz i 15d y5€9
| ggee coe Loe vie 2€ 8ze 0 Jed 8302
40(¥62'2+40.€00  0°00L e viE S6'le s2e 8'2¢ o'ee 0 154 vpou
-,40€000°0)=""40
T.F_.wd_uuouuo_ '.ﬂﬁ. 082 ove aoz on 9L orL azi o0 o ol 0L o s o o (V4 [3 m
LTS LEZ ooy
454 0Z6E
elegals e Ar'8 8 06 < —— % IS 3 o
M2 © 05< M @ 0g<------ '8 © St 0l G —— M2 D G¥ 01 52 %T 0L L't %C 62 0Lz HToT 662 e -
M1 @ Gy OIGZ------ Mg @ 0Z> M2 @ 0z> M @ 0Z>-=--- 29'5029 16°¢ 205929 't 9 5929 1447 0iz [
a1'vsee [45%4 91'vSe8 ¥8'v2 91 vSeE8 la'8z 86z i
nwn _v_zc_n_ 5’8802 WLve ¥$8802 e LT 58802 GE'0E
: z 4 2z
00€ 08Z 092 O¥Z 02z 00Z 08L 09L ObL OZL 00L 08 09 Oy 0z O B 3 T 3 z T T z T
6 veeEPL IE 9EELL VT 8Y08°L2 LCCR 4 V¥BEV8' L2 2evLy0E 80606 8¢ ¥2SE0F 8295 1€ 256 95
oL 4sd p5eR 4sd 6802 Jsd ypoL J5d y5eg J5d 8802 Jsd ppoL 15d pgeg Jsd 8802 i5d ppoL
= L € z 3 € z 1 € z L Jsd ozee
e~ 3
. 1z LT (-4 Ve 8.2 S0¢ 6'82 ¥0¢ 91E 26695
el 80 Lo 1 80 80 80 580 50 S50 %02
7l 80z b:244 sz 9vT 9.2 [44 S98e zoe Pie 09
mv e 252 =31 vsZ [4:14 Lie S8z Lot S8 IE 0s 5
oW
9l @ . .
5 B 4ol Tl g€l o6z 4
2 o1zl 9yl 7ol oz o
8ba o gz si'oL el 00z o
6l F v el 691 g6l o8l v
0z @ o gyl so'LL 80z 091 o
iz @ o Z6l 98l ze 861 L1'ze 74 orl 2
7 3 LI A1) 86l £2 90z g€z 9 ozl "
a L - [eTA A 374 Le S9'vT sTlz 00l o
€ m o gz'8l ze (414 v'ze €5z [:rA 06 o
ve o ° 616l 9zz 192 >4 1’9z 982 g2 z6z G208 08 .
sz S L5002 g4 99z 8'€T g9 ¥'62 A §5'62 1> 0L :
9z » LR Y174 o4 gLz 374 9.2 z0e §9°82 z'0€e vie 09 ]
1z a L AvA (474 5’82 v'sT ¥'8Z L'LE 56T 108 G6'LE 05 ¢
e [ 4/ €9z §'6Z g9z §'62 £ze ¥'0e ¥'IE g'ze or v
8z . e ze 6ze 0e
4 2 z'ze 8¢ o€ 02 '
og . o]} g
—«m” (43 13 []3 “ L ] & L] £ » 14 z i
ze ssesteq (4 ) ojfuy uopap4 peusyos g Jueses T
€€ ueie WEES) hoat woaee wEaE wons WA W L wehs _Z...mvz JleB |
e j50 pSER | 450 680 vPOL_| Jsd¥ses | Js0 60z | jsdwpol | jsdpoee | Jsdes0z | 4sd wpok
wdh oor o601 O 0% TGS O
(D) ssag [eWION aAldal3] J0d gL
sdiysuonedy s|buy uonoli4 pausyog A|ind Jueosg 06% [ 55495 52 [ 0> W],
(%] vonoess Aeio
SLVSER PUR LZ'pp0L Ueamaq oq isniy Jsd OZ6E sseds LN oAy _ 00 _Leﬁu\m.ﬂ;_a 824 026 M
30I7S ¥OIdd ON|s yeig - 150509900 £OYEZO/E002/LD ,SINPUET JO SISAIRUY JOj SISIOLIEIE] YIBUSIS JBSYS PaUIRI, oY 1'€Z = ¢ albuy uonoug pausyos A|Ind juedes 0°00) |uonvesy eid

VRS AVED QIDIVAWNQY L LHBIEH T 13 O = WIAG F9L L53M




11219 Richardson Drive
North Little Rock, AR

LOG OF BORING NO.: P=6

SHEET NUMBER: 1 of 1

DRILLER: Timothy Swyden

SURFACE ELEVATION: 719.31 ft

DRILLING RIG: Dedrick 50 Turbo

TOCELEVATION: 721.01 ft

CLENT: AEL Landfill

DRILLING METHOD: Split Spoon/Core

WELL DEPTH COMPLETION: 48 fbgs

PROJECT NAME: 203-Acre Expansion

DRILLING CONTRACTOR: Mohawk

PROJECT NUMBER: 27220345.00

Drilling, Inc.

PROJECT LOCATION: Sand Springs, Oklahoma

LOCATION:
EASTING: 2500001.93
NORTHING: 4276672.52

GEOLOGIST: Joe Wrath

SAMPLING METHOD: Split Spoon/Core

WATER LEVEL: 19.36 fbgs

START DATE: BORING DIAMETER: 8.25" STBLZD WATER ELEVATION: 699.95 ft
FINISH DATE: WELL DIAMETER: 2" WATER LEVEL DATE: 7 /15 /2021
D(E:TT)H LITHOLOGY LITHOLOGY DESCRIPTION Smpe  [orRe e §§ MONITORING WELL MONITORING WELL DESCRIPTION ELE‘(:TT)'W
5 B T 724
=  E— | -
i ‘ | Stick Up (1.70 ft) -
] il Protective Cover — 720
0 —_-Topsgi!-I—Topsoil; dark brown _} \s § Concrete Pad =
—fut i :\ to brown with some / | § § (Approximately 6") B
. \ roots p § '§ Grout from ground — 716
5 — N \ surface to 23 ft bgs [
N N Q 2 in dia. Sch. 40 PVC -
| NN T -
] § \ soild riser from O - — 712
1 N N 28.74 ft bgs -
N N
10 — NN -
= \ “&\ —— 708
. NN -
= Silty Clay; burnt % Q\\ =
15 — reddish orange with k \ = 704
i tan mottling, % § -
1 Saturated at 26’ AN ! [
1 bos N =
20 == | § \Q 24 hr Stabliized WL= [ 790
_. N \\\\\ 19.36' bgs »
= [ { [
E | NN — 696
= | 2% = Bentonite hole plug seal |
25 — : | & & from23ftbgsto 26 fr -
] | Wet at 26' bgs 052
_ | -
30 — | | Sand filter pack from |~
26 ftto 38.74 ftbgs |— 688
| [
| E
35 — | —
5= | 10 ft of 2 in dia, 0.010 [~ 684
= | slot, Sch. 40 PVC sreen [~
o = Shale; gray, End Cap — 680
- weakly cemented | »
‘ — 676
45 =
. | -
| TD Drilled 48' bgs | 672

THE STRATIFICATION LINES REPRESENT APPROXIMATE
BOUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL
TRANSITIONS MAY BE GRADUAL




11219 Richardson Drive
North Little Rock, AR

LOG OF BORING NO.: B=21

SHEET NUMBER: 1 of 1

DRILLER: Jeremy Edgman

SURFACE ELEVATION: 738.9 ft

DRILLNG RIG: Atlas T3W

TOC ELEVATION: NA ft

CLENT: AEL Landfill

DRILLING METHOD: Cuttings

WELL DEPTH COMPLETION: 40 fbgs

PROJECT NAME: 203-Acre Expansion

PROJECT NUMBER: 27220345.00

PROJECT LOCATION: Sand Springs, Oklahoma

DRILLING CONTRACTOR: Mohawk
Drilling, Inc.

LOCATION:
EASTING: 2499940.2
NORTHING: 429023.5

GEOLOGIST: Robert Fowler

SAMPLING METHOD: Cuttings

WATER LEVEL: 15.83 fbgs

START DATE: 7/6 /2021

BORING DIAMETER: 8.25"

STBLZD WATER ELEVATION: 723.07 ft

FINISH DATE: 7 /6 /2021

WELL DIAMETER: NA

WATER LEVEL DATE: 7 /7 /2021

=

D(E:TT)H LITHOLOGY LITHOLOGY DESCRIPTION Smiph  feome Bow é% MONITORING WELL MONITORING WELL DESCRIPTION ELE‘{:TT)'W

-5 ‘ - | =
] | -

— | — 740
0o — ' : -
_ . Topsoil; dark brown I~
. C
SN with rootlets . |
Cotti 0 —
ngs f— 736
I — T
| N
Cutti 5 — 732
ngs C
| — 728
Silty Clay; reddish Cutti 10 | B
brown to orange ngs -
| Wet at 15' bgs 794
| 24 hr Stabilized WL =
Cutti 15 ' 15.83' bgs L
- ngs —
| — 720
5 i 1 L
= Cutti |
| ngs 20 — 716
—— | |

25 = — :

] : — 712
Cutti 25 C
7 ngs |
i t_ -

- | Shale; tan I — 708
_ ==Shale—=— transitions to dark Cutti -
_: gray at 32' bgs ngs 30 —

S ———— — 704
“I:_—'; Cutti 35 N
i ————————— ngs —

40 ——m TD Drilled 40" bgs =

THE STRATIFICATION LINES REPRESENT APPROXIMATE
BOUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL
TRANSITIONS MAY BE GRADUAL




11219 Richardson Drive
North Little Rock, AR

LOG OF BORING NO.: B=26

SHEET NUMBER: 1 of 1

DRILLER: Jeremy Edgman

SURFACE ELEVATION: 758.7 ft

DRILLING RIG: Atlas T3W

TOC ELEVATION: NA ft

CLEENT: AEL Landfill

DRILLING METHOD: Cuttings

WELL DEPTH COMPLETION: 59 fbgs

PROJECT NAME: 203-Acre Expansion

PROJECT NUMBER: 27220345.00

PROJECT LOCATION: Sand Springs, Oklahoma

DRILLING CONTRACTOR: Mohawk
Drilling, Inc.

LOCATION:
EASTING: 2499994.3
NORTHING: 429479.1

GEQLOGIST: Robert Fowler

SAMPLING METHOD: Cuttings

WATER LEVEL: 36.35 fbgs

START DATE: 7/6/2021

BORING DIAMETER: 8.25"

STBLZD WATER ELEVATION: 722.35 ft

FINISH DATE: 7 /6 /2021

WELL DIAMETER: NA

WATER LEVEL DATE: 7 /7 /2021

=

D(E:TT)H LITHOLOGY LITHOLOGY DESCRIPTION il ég MONITORING W MONITORING WELL DESCRIPTION ELE‘zFATT)WN

-5 ] ‘ =
| | 760

O 1?3“'"'- Topsoil; dark brown =
— 5 with rootlets / Cutti 0 756
] ngs =

5 — — =
] Silty Clay; reddish Cotti | [— 752
= brown to orange ngs 5 | =
] | |

10— | 748
— Cutti 10
. ngs |

15 =} i 744
=] Silty Clay; tan Cutti | .
= transitions to gray
= with some i l 740

20 — sandsfone gravels | ' =
= at 20" bgs | Cutti =

| ngs 20 E— 736

25 —% —

Cutti 25 — 732
il | ngs B

30 =3 ] F— 728
i Cutti 30 ‘ —
. ngs -

35 I | — 724
= Cutti 35 24 hr Stabilized WL = E
N ngs 36.35 — 720

L ——— | ] —
———=Shale . Shale; gray, friable Cutti 40 — 716
S ngs -

| =
Cutti | 45 — 712
- "o | | E

50 — | | | :— 708
R Cutti [
I | ngs | 50 [ —

55 —— | . — 704

—— Cutti | Wet at 55" bgs -
= ' TD Drilled 59" bgs —— 700

THE STRATIFICATION LINES REPRESENT APPROXIMATE
BOUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL
TRANSITIONS MAY BE GRADUAL




11219 Richardson Drive
North Little Rock, AR

LOG OF BORING NO.. B-34

SHEET NUMBER: 1 of 1

DRILLER: Timothy Swyden

SURFACE ELEVATION: 815.8 ft

DRILLING RIG: Dedrick 50 Turbo

TOC ELEVATION: NA ft

CLIENT: AEL Landfill

DRILLING METHOD: Split Spoon/Core

WELL DEPTH COMPLETION: 108 fbgs

PROJECT NAME: 203-Acre Expansion

DRILLING CONTRACTOR: Mohawk

PROJECT NUMBER: 27220345.00

Drilling, Inc.

PROJECT LOCATION: Sand Springs, Oklahoma

LOCATION:
EASTING: 2500000
NORTHING: 430500

GEOLOGIST: Robert Fowler

SAMPLING METHOD: Split Spoon/Core

WATER LEVEL: 87 fbgs

START DATE: 4/14/2021

BORING DIAMETER: 8.25"

STBLZD WATER ELEVATION: 728.8 ft

FINISH DATE: 4/15,/2021

WELL DIAMETER: NA

WATER LEVEL DATE: NA

=
D(EFPTT)" LITHOLOGY LITHOLOGY DESCRIPTION S BEE é & MONTORNG weL MONITORING WELL DESCRIPTION ELE‘::TT)DN
5 i | | ' — 820
0 : | | :
e SPT /f\ o L3379 18 'r_
— . . |
2 \ SPT_~_5 4 811,/ 18 — 810
—— — Shale; gray, thinly | [ [ I =
10 —E=SNdleE= pedded, frigble | | C
= ! ixsw/g\‘),]é, i 18 I
| 1 I
. | | TR — 800
L.SPT . 15 676 18 _
20 —] | - - | L
— Silty Clay; dark ~.SPT r/;“\ 20 /;|‘~6*7‘7 5 18 !_
] brown, orange ; | -
2 = mottling L SPT ; 25 5551 18 I__ 790
30 — ? _: L
— Clay; dark brown, K. SPT_~ \_30_/‘.\ 6,18, ) 18 —
= " 17 | =
35 — with orange and ' [N 1
e gray mottling /\ SPT . 35 4 16,2 l 18 [ 50
40 — Shale; brown, thinly _ 7,29 | [
= bedded, friable L SPT _+. 40 4 30,5 | 12 -
45 3 '- \oss/ -
= hSPT . 45 4\ 5" 6 — 770
— ] 50"/ -
———"—hale=—= ~ SPT .50 A\ 6 /| 4 -
55 —————  Shale; gray, thinly _ 59,/ ! - 260
= bedded, friable N SPT_+._ 55 5‘2) 3.5 -
- | ST 60 4 \35/) 3 u
65 =— :\ Core /" 60 59]/ 36 -
- Core 63 3 60 — 750
— N Limestone; gra L
70 ’ g YI |
T=————= \_ reacts with HCL / Core | 68 60 _
75 —E—=vhale=— Shale; gray Core 73 0 C a0
- A= —_— Siltstone; gray, Core 78 60 C
—L Siltstone — |
—— = hard competant | =
85 — Core | 83 60 — 730
= — Shale; gray, thinly — W ' —
= e ’ ! et at 87 bgs .
90 _:%_1 bedded, fricble Core | 88 60 9 C
95 Sl Core | 93 60 790
= 0 (T ] . i -
100 —F— Siltstone— 1 Siltstone; gray, Core 08 48 =
i hard competant | =
105 =} — -
E === Core 103 60 . 710

TD Drilled 108’ bgs

THE STRATIFICATION LINES REPRESENT APPROXIMATE

BOUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL

TRANSITIONS MAY BE GRADUAL




11219 Richardson Drive
North Little Rock, AR

LOG OF BORING NO.: P=-39

SHEET NUMBER: 1 of 1

DRILLER: Timothy Swyden

SURFACE ELEVATION: 821.98 ft

DRILLING RIG: Dedrick 50 Turbo

TOC ELEVATION: 821.98 ft

CLIENT: AEL Landfill

DRILLNG METHOD: Split Spoon/Core

WELL DEPTH COMPLETION: 99 fbgs

PROJECT NAME: 203-Acre Expansion

DRILLING CONTRACTOR: Mohawk

PROJECT NUMBER: 27220345.00

Drilling, Inc.

PROJECT LOCATION: Sand Springs, Oklahoma

LOCATION:
EASTING: 2500000.48
NORTHING: 430955.82

GEOLOGIST: Joe Wrath

SAMPLING METHOD: Split Spoon/Core

WATER LEVEL: 78 fbgs

START DATE: BORING DIAMETER: 8.25" STBLZD WATER ELEVATION: 743.98 ft
FINISH DATE: WELL DIAMETER: 2" WATER LEVEL DATE: NA
D(EFPTT]H LITHOLOGY LITHOLOGY DESCRIPTION L é 8 MONTORING Wew MONITORING WELL DESCRIPTION ELE‘{:TT)'W
2
S Z | — 825
0 =
Sandy Silt; burnt | — 820
5 reddish orange with =
tan moftling = 815
10 — =
=: . — 810
15 — | - E
= ' | ? 805
20 — '
= Sandstone; tan, I:__ 800
—1 Sondstone moderately -
25 — . cemented E
= | . — 79
30 — : E
m ! — 790
35 —] =
= - | | — 785
40 — | ' E
= — 780
45 — =
=1 — 775
50 V0= =
| ——————| — 770
55 —i -
- '_:.— 765
60 — =
= — 760
65 — Shale; gray, -
=1 weakly cemented, — 755
70 — Saturated at 74’ =
= bgs — 750
75 =] -
745
|
80 E
‘ — 740
85 — =
. — 735
90 — -
— 730
95 — -
= — 725

THE STRATIFICATION LINES REPRESENT APPROXIMATE
BOUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL
TRANSITIONS MAY BE GRADUAL




LOG OF BORING NO. -7

PAGE \ OF L'{

OWNER: American Environmental Landfill

SITE: Subsurface Investigation PROJECT: 00087.05
Drilling Rate
0
8 DESCRIPTION
S @ UsCs
% GROUND SURFACE ELEV. g Symbol
IHY,
7, 7G—2 BRowl VE&[ StvT(
/7// CLAY,MOIST, | ow e
(LS Prani L
e D ] ORAMGE CRIWN s
i ——— SAND STOE DM
AT, !
777 7
e
«—72-:{— ~/ ""@'—— 1L - suay ceat LANIEC S V"’/cl’
AT o |
vt
_-_'__ __-—' ‘5/— — !
il T - SR T i S S ML
" ';' e pvens St W Serdd M '
i
[i a (I
"-': ; -- E ,-" 2L ::;—S;.?_—E)?"‘ Ao g need ) o —L»
LA yee frea ceay v
/ / $AND e Mo
25|
The Stratification Lines Represent the Approximate Boundary BOREHOLE DIA :
Lines Between Soil and Rock Types. The Transitions May be
Gradual. WELL DIA:
WATER LEVEL OBSERVATIONS v g BORING STARTED :
wi BORING COMPLETED :
wl P o tat fo i | RIG "FORMAN
wl " ENVIRONMENTAL, INC. APPROVED JOB

PaXtairTaSialag sl NS PRSEES PN




LOG OF BORING NO. 613

PAGE ZOF*!
OWNFER: American Environmental Landfill
SITE: Subsurface Investigation PROJECT: 00087.05
' Drilling Rate
8 DESCRIPTION
5 3 USCS
% GROUND SURFACE ELEV. E Symbol
o a
-3
A L 375,
— — | 35— Yo" TAN SuAave S+
L : HE IS
A L/D - 70 ! C’Tﬂ.ﬂ’f {H/‘l.& S'l—(,
T FR13LE PR =
- e R ‘
—— B v L Lr- 5
" ke
The Stratification Lines Represent the Approximate Boundary BOREHOLEDIA :
Lines Between Soil and Rock Types. The Transitions May be
Gradual. WELL DIA:
WATER LEVEL OBSERVATIONS 2 BORING STARTED :
wi , RN BORING COMPLETED :
wi i e o | RIG FORMAN
wi -~ ENVIRONMENTAL. IMC. APPROVED JOB

AT AT VT Ve .



LOG OF BORING NO. 4-1%

PAGE 3 OF ¢
OWNER: American Environmental Landfill
SITE: Subsurface Investigation PROJECT: 00087.05
Drilling Rate
8 DESCRIPTION
T g USCS
g GROUND SURFACE ELEV. - Synibol
& A
T 38
. (b
—_——— ~ GO
L G S/-
..—T'—' I T - '?Q
I o 1 GeRTE Swace SHrLs
Rt FEvtaAL 1 LINESTUME LAYELS
_ 1 - 07 e SHALE F h
. e
The Stratification Lines Represent the Approximate Boundary BOREHOLE DIA :
Lines Between Soil and Rock Types. The Transitions May be
Gradual. WELL DIA:
WATER LEVEL OBSERVATIONS | -~ - BORING STARTED :
wi ' _ BORING COMPLETED :
wl it | RIG FORMAN
wi ENVIRDNMENTAL. INC. APPROVED JOB

AT AT L e S




LOG OF BORING NO. 32

pace ¥ or 4
OWNER: American Environmental Landfill
SITE: Subsurface Investigation PROIECT: 00087.05
Drilling Rate
8 DESCRIPTION
o o Uscs
% GROUND SURFACE ELEV. g’ Symbol
& A
i S
—_— L ~Ps”
L Go— g1 LimEsTaRe 79
] ‘ I UCur &€ 5
T Y
-. | EORS «——---}:. —ﬁ r‘“
I
ll )
- 971

The Stratification Lines Represent the Approximate Boundary
Lines Between Soil and Rock Types. The Transitions May be

BOREHOLEDIA : §~ /g -

WELLDIA:  #/A

Gradual.

WATER LEVEL OBSERVATIONS e e BORING STARTED: 12/ 23/ e
wl i I BORING COMPLETED :  (»./ 2-":/": t
wl ot oo | RIG FORMAN

wl < "ENVIRDNMENTAL, INC. APPROVED JOB

MATA AT YO el o A




LOG OF BORING NO. 17

PAGE \ OF %
OWNER: American Environmental Landfill
SITE: Subsurface Investigation PROJECT: 00087.05
‘e Drilling Rate

8 DESCRIPTION b—

3 3 UsCcs
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/ CLAY; MUIST, Low ,
A _PL&Jn e 1T : -
g ) s

12\ orRANMEE BRowN
SANMESTONE DAV

|l L

77 ¢ o
-%i—(j’ L - gy cLaf CANIERS _ W/Cf_.

\o |

e ; 1

i1-- 21’ SEAMGE F&amtt . ML
Craveey ShT W/ SANR Mo

Y2 -35 oRANMLE BR 9
@ ST CLAN v *
S'AvND’ yeERN MOUST ';h/

/ e I e Pl
-=fl -
7 A

The Stratification Lines Represent the Approximate Boundary BOREHOLE DIA :
Lines Between Soil and Rock Types. The Transitions May be

Gradual. WELL DIA:;

WATER LEVEL OBSERVATIONS | .=~ .~ . | BORING STARTED :

wi A% o BORING COMPLETED :

wi e 2 | KIG FORMAN
wi " ENVIRONMENTAL. INC. APPROVED JOB




LOG OF BORING NO. nw- 13

PAGE % OF &
OWNER: American Environmental Landfill
SITE: Subsurface Investigation PROJECT: 00087.05
Drilling Rate
g DESCRIPTION
5 e USCS
% GROUND SURFACE ELEV. E Symbol
& A
=
f:‘—.»-':-:-}-;.:; ” B 3 g
=" Lo B
T 3s o' rad shaLC = SE
{D qo "‘/J"_‘ ik P

The Stratification Lines Represent the Approximate Boundary BOREHOLEDIA : | 7/
Lines Between Soil and Rock Types. The Transitions May be -

Gradual. WELL DIA: 2./

WATER LEVEL OBSERVATIONS | ~ . .~ .. - BORING STARTED : /4 /o1
wl PO IR BORING COMPLETED: 1/« fa1_
wi port st b Lol B oo IRIG FORMAN

wl ;" ENVIRONMENTAL. IMC. APPROVED JOB

AT ATV L el a e Ao



AQUATERRA Loc oF sornG No: B-4B SHEETNUMBER 1 of 3
ENVIRONMENTAL SOLUTIONS, INC.
11120 East 26th Street North, Wichita, 67226 DRILLING CONTRACTOR: Associated Env. Industries, Corp. WELL CONSTRUCTION DETAILS
CLIENT: American Environmental Landfill DRILLER: Bill D. maTerRiAL: PVC
PROJECT NAME: Phase IV Additional Hydro invest. DRILLING RIG: Failing F-10 DIAMETER: 2 IN
PROJECT NUMBER: 04462.10 DRILLING METHOD: HSA's / Air Rotary WELL TOTAL DEPTH: 70 FTBGS
PROJECT LOCATION: 212 North 177 Wesl Avenue SAMPLING METHOD: Continuous Samper / Cuttings SCREEN LENGTH: 20  FT
Sand Springs, Oklahoma BORING DIAMETER: 8.75" /6" RISER LENGTH: 50 T
BORING LOCATION:  See Map WELL DIAMETER: 2-Inch TOP OF SCREEN: 50 rrBGS
WELL COMPLETION: Stick-up BOTTOM OF SCREEN: 70 FTBGS
AES PROJECT NO:  04462.10 SURFACE ELEVATION: 772.50 ~ screenstoT:  0.010 N
AES GEOLOGIST: Kelly Hoyt TOC ELEVATION: 775.02 TOP OF FILTER PACK: 45 FT BGS
START DATE: 03/15/11 FINISH DATE 0317/11 WATER LEVEL: 49.16 TOP OF SEAL: 40 FTBGS
START TIME: 1645 FINISH TIME 1030 WATER ELEVATION; 725.86 TYPE OF SEAL: Benlonite Chips 3/8"
DRILLING RUN RECOVERY DEPTH | USCS |[C DATE: 5/12/2011 TYPE OF FILTER PACK: 10-20 Silica Sand
TYPE 7 N EEET | cLass | 1 SOIL DESCRIPTION AND DRILLING CONDITIONS NOTES AND WELL CONSTRUCTION
- SILT sandy, moderate yellow brown
1 10YR 4/4, medium stiff, moist
N
HSA 0-5 5.0 A
4 | WG
IC] CLAY sandy, moderate brown, 5YR 5/4
5 medium stiff, dry, (fine grain sand)
6| 10k, 5
| SILT sandy, moderate brown 5YR 5/4
7 very stiff, dry, (fine grain sand)
HSA 5-10 5.0 —
8
o1
10| |
1|
12[ |
HSA 10-15 4.7 —
13
14
15| |
16] |
17 |
HSA 15-20 3.2 . i
.
19 |
20 |
LEGEND: PID - Photoionization Detector HA - Hand Auger THE STRATIFICATION LINES REPRESENT APPROXIMATE
SS - Split Spoon PP - Pocket Penetrometer W - Wash Bore ITB_OUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL
|cS - 5 foot CME Sample HSA - Hollow Stem Augers RB - Rock Bit RANSITIONS MAY BE GRADUAL.

ST - Shelby Tube NX - Rock Core




AQUATERRA

ENVIRONMENTAL SOLUTIONS, INC.

7311 West 130th St, Overland Park, KS 66213

LOG OF BORING NO.: B-4B

SHEET NUMBER 2 of 3

GEOLOGIST: Kelly Hoyt

CLIENT:

American Environmental Landfill

DATE 03/17/11

PROJECT NAME:

Phase 1V Additional Hydro Invest.

PROJECT NUMBER: 04462.10

DEPTH
IN FEET

SAMPLER RUN RECOVERY

TYPE (FT)

uUscs
CLASS

|

SOIL DESCRIPTION AND DRILLING CONDITIONS

NOTES:

21

22

HSA 20-25 5.0

23

24

25

26

27
Air

Rotary 20 NA 28

29

30

31

32
Air

Rotary 30-35 NA -

34

35

36

EEEEEREEEEEERRENEREEENEREREREEEE

37
Air

Rotary 35-40 NA 28

39

40

41

42
Air

Rotary 40-45 NA p

44

EEEEEENEREEEEER

45

SILT sandy, moderate brown 5YR 5/4
very stiff, dry, (fine grain sand) 1575

SILT sandy, dark yellow orange 10YR 7/6
medium stiff, moist - damp

-saturaed zone 23.5 - 24.5

7435

SHALE, moderately weathered, moderate
yellow brown

71575

SHALE, dark gray, dry

3/16/11 1745
Stopped driliing with
HSA's @25

3/17/11 930
Begin air rotary drilling

LEGEND:

SS - Split Spoon
CS - 5 foot CME Sample HSA - Hollow Stem Augers
ST - Shelby Tube

PID - Photoionization Detector
PP - Pocket Penetrometer

HA - Hand Auger
WB - Wash Bore
RB - Rock Bit
NX - Rock Core

THE STRATIFICATION LINES REPRESENT APPROXIMATE
BOUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL
TRANSITIONS MAY BE GRADUAL.




AQUATERRA Loc oF sorNGNo: B-4B SHEET NUMBER 3 of 3

ENVIRONMENTAL SOLUTIONS, INC.

7311 West 130th St, Overland Park, KS 66213 GEQLOGIST: Kelly Hoyt
CLIENT: American Environmental Landfill |[DATE: 03/17/11
PROJECT NAME: Phase |V Additional Hydro Invest. |[PROJECT NUMBER: 04462.10
SAMPESE RUN recovery | DEPTH | USCS |C SOIL DESCRIPTION AND DRILLING CONDITIONS NOTES:
TYPE (FT} IN FEET | CLASS | 1|
| SHALE, dark gray, dry ”
46 o .
a7 | oo
Air " -
45-50 NA — i :
Rotary 48 120.5
|| LIMESTONE, light gray
49 ] o
50 : 115.5
] SHALE, dark gray, dry 2 IS
51 -b..‘-i "...
52| | e
Air i
50-55 NA L o A
Rotary 53 s
54| | 124, 5 T
SHALE, medium brown, dry T
55
s6{ | -
57 : B l_ : .
Ai o7
Ir 55-60 NA = ot P 1
Rotary 58 1.5
SHALE, dark gray, dry
59 2o ]
60| | [l
61| | TR
62| | SR
ir .
A 60-65 | NA - ]
Rotary 63 o .
64| | S
65| | I
66| | AT
67 | 7
Air L
65-70 NA — =
Rotary 68 |
. —
69 | ™"
70| 1015 Boring Terminated ]
LEGEND: PID - Photoionization Detector HA - Hand Auger THE STRATIFICATION LINES REPRESENT APPROXIMATE
SS - Split Spoon PP - Pockef Penefrometer WB - Wash Bore BOUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL
CS - 5 foot CME Sample HSA - Hollow Stem Augers RB - Rock Bit TRANSITIONS MAY BE GRADUAL.

ST - Shelby Tube NX - Rock Core




AQUATERRA

ENVIRONMENTAL SOLUTIONS, INC.

LOG OF BORING NO.:

B-7A

SHEET NUMBER

1 of 9

11120 East 26th Street North, Wichita, 67226

DRILLING CONTRACTOR:

Associated Env. Industries, Corp.

WELL CONSTRUCTION DETAILS

SS - Split Spoon

8T - Shelby Tube

PP - Pocket Penetrometer

CS - 5 foot CME Sample HSA - Hollow Stem Augers

WB - Wash Bore
RB - Rock Bit
NX - Rock Core

TRANSITIONS MAY BE GRADUAL.

CLIENT: American Environmental Landfill DRILLER: Bill D. maTERIAL: PVC
PROJECT NAME: Phase IV Additional Hydro Invest. DRILLING RiG: Failing F-10 DIAMETER: 2 IN
PROJECT NUMBER: 04462.10 DRILLING METHOD: HSA's / Air Rotary WELL TOTALDEPTH: 212 FTBGS
PROJECT LOCATION: 212 Nonh 177 West Avenue SAMPLING METHOD: Continuous Sampler / Cuttings SCREEN LENGTH: 40 FT
Sand Springs, Oklahoma BORING DIAMETER: 8.75" /6" RISERLENGTH: 172 FT
BORING LOCATION:  See Map WELL DIAMETER: 2-Inch ToPOF SCREEN: 172 FTBGS
WELL COMPLETION:  Stick-up BOTTOM OF SCREEN: 212  FTBGS
AES PROJECT NO:  04462.10 SURFACE ELEVATION: 898.40 ~ screensLoT:  0.010 N
AES GEOLOGIST: Kelly Hoyt TOC ELEVATION: 901.49 TOP OF FILTER PACK: 163 FTBGS
START DATE: 03/16/11 FINISH DATE: 04/12/11 WATER LEVEL: 184.41 TOP OF SEAL: 157 FTBGS
START TIME: 1140 FINISH TIME: 1715 WATER ELEVATION: 717.08 TYPE OF SEAL: Bentonite Chips 3/8"
DRILLING = RECOVERY DEPTH | uscCs |C DATE: 5/12/2011 TYPE OF FILTER PACK: 10-20 Silica Sand
TYPE (FT) IN FEET | cLAsS | 1 SOIL DESCRIPTION AND DRILLING CONDITIONS NOTES AND WELL CONSTRUCTION
in SILT, dk yellow brown, med stiff, moist
1 CLAY silty, dark yellow brown 10YR 4/2
|| stiff, moist
2 ]
HSA 0-5 4.1 —
3| [s9s.4
| SHALE, highly weathered, light olive gray
4 8q4. 5Y 5/2
. || ' SANDSTONE, dark yellow orange 10YR 6/6
5 fine grain
o
=
HSA 5-10 0.0 [ | Hard' slow drilling
8| 6-18
9 : Cuttings reduced to a
] powder
10
1] |
12[ |
HSA 10-15 2.5 —
13 |
14 | A few of the teeth on the
] auger have come up
15 with the cuttings
16] |
17 |
HSA 15-20 2.7 —]
18| 1604
] — [[SHALE, moderately weathered, medium
19 dark gray N4, dry, friable
20 |
LEGEND: PID - Photoionization Detector HA - Hand Auger THE STRATIFICATION LINES REPRESENT APPROXIMATE

BOUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL




AQUATERRA

ENVIRONMENTAL SOLUTIONS, INC.
7311 West 130th St, Overland Park, KS 66213

LOG OF BORING NO: B_7A

SHEETNUMBER 2 of 9

GEOLOGIST: Kelly Hoyt

CLIENT:

American Environmental Landfill _|[DATE: 04/12/11

PROJECT NAME:

Phase IV Additional Hydro Invest.

PROJECT NUMBER: 04462.10

SAMPLER
TYPE

RUN

RECOVERY
(FT)

DEPTH
IN FEET

uscs |C
CLASS

1

SOIL DESCRIPTION AND DRILLING CONDITIONS NOTES:

HSA

20-25

21

HSA

25-30

3.1

HSA

30-35

2.4

HSA

35-40

2.7

HSA

40-45

3.1

21[ |
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

44

ENEEENEEENENENENENEEENEEENENENENENEEENENENEREEE

45

SHALE,_moderateiy weathered, medium
dark gray N4, dry, friable

SHALE, moderately weathered, light gray N7
dry friable

SHALE, moderately weathered, medium
dark gray N4, dry, friable

LEGEND:

SS - Split Spoon
CS - 5 foot CME Sample HSA - Hollow Stem Augers
ST - Shelby Tube

PID - Photoionization Detector
PP - Pocketl Penetrometer

HA - Hand Auger THE STRATIFICATION LINES REPRESENT APPROXIMATE
WE - Wash Bore BOUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL
=B 2 57 TRANSITIONS MAY BE GRADUAL.

NX - Rock Core




AQUATERRA

ENVIRONMENTAL SOLUTIONS, INC.

7311 West 130th St, Overland Park, KS 66213

LOG OF BORING NO.: B_7A

SHEET NUMBER 3 of 9

GEOLOGIST: Kelly Hoyt

CLIENT:

American Environmental Landfill

DATE: 04/12/11

PROJECT NAME:

Phase |V Additional Hydro invest.

PROJECT NUMBER: 04462.10

DEPTH
IN FEET

SAMPLER RUN RECOVERY

TYPE (FT)

CLASS

c

SOIL DESCRIPTION AND DRILLING CONDITIONS

NOTES:

46

47

HSA 45-50

48

49

50

51

52

HSA 50-55

53

54

55

56

ENEREEEEERNEEENEEEEREN

57

HSA 55-60

58

59

1411 60
1413

61

62

HSA 60-65

63

64

65

66

ENERENEEENENENENEEE

67

HSA 65-70

68

69

[TTTT]

1416 70

SHALE, moderately weathered, medium
dark gray N4, dry, friable

SHALE, dark gray, dry

3/16/11 1500
HSA drilling terminated
@50

3/17111 1355
Begin drilling with air
rotary

LEGEND:
SS - Split Spoon

ST - Shelby Tube

PID - Photoionization Detector
PP - Pocket Penetrometer
CS - 5 foot CME Sample HSA - Hollow Stem Augers

HA - Hand Auger
WB - Wash Bore
RB - Rock Bit
NX - Rock Core

THE STRATIFICATION LINES REPRESENT APPROXIMATE
BOUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL
TRANSITIONS MAY BE GRADUAL.




SS - Split Spoon
CS - 5 foot CME Sample HSA - Hollow Stem Augers
ST - Shelby Tube

PP - Pocket Penetrometer

AQUATE RRA LoG oF BormG o B-TA SHEETNUMBER 4 of 9
ENVIRONMENTAL SOLUTIONS, INC.
7311 West 130th St, Overland Park, KS 66213 GEOLOGIST: Kelly Hoyt
CLIENT: American Environmental Landfill [DATE: 04/12/11
PROJECT NAME: Phase |V Additional Hydro Invest. [[PROJECT NUMBER: 04462.10
SEMELER RUN Recovery | DEPTH | USCS |C SOIL DESCRIPTION AND DRILLING CONDITIONS NOTES:
TYPE (FT) IN FEET | cLass | |
1418 - SHALE, dark gray, dry
71
]
Air 70-75 —
NA
Rotary 73|
74
75[ |
76| |
771 |
Air
75-80 NA —
Rotary 78
9|
1420 go| |
1423 ||
81
g2| |
Air
80-85 NA —
Rotary 83
sa| | 84-90' drilling is harder
|| more compentent shale
85
86| |
87| |
ir
5 85-90 NA -
Rotary 88
go| |
1429 9o |
1431 -
91
o |
Air
90-95 NA —|
Rotary 93
04| |
95| |
LEGEND: PID - Photoionization Detector HA - Hand Auger THE STRATIFICATION LINES REPRESENT APPROXIMATE

BOUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL

WB - Wash Bore
TRANSITIONS MAY BE GRADUAL.

RB - Rock Bit
NX - Rock Core




AQUATERRA

ENVIRONMENTAL SOLUTIONS, INC.

LOG OF BORING NO.: B_7A

SHEETNUMBER 5 of 9

SS - Split Spoon
CS - 5 foot CME Sample HSA - Hollow Stem Augers
ST - Shelby Tube

PP - Pocket Penetrometer

7311 West 130th St, Overland Park, KS 66213 GEOLOGIST: Kelly Hoyt
CLIENT: American Environmental Landfill _|[DATE: 04/12/11
PROJECT NAME: Phase |V Additional Hydro Invest. ||PROJECT NUMBER: 04462.10

SAMPLER RUN RecoverY [ DEPTH | USCS |C SOIL DESCRIPTION AND DRILLING CONDITIONS NOTES:
TYPE (FT) IN FEET | CLASS | |
|| SHALE, dark gray, dry
a6 [
g7| |
Air 95-100 —1
NA
Rotary o8| |
99
1436 100 _|
1439 |
101 -
102| |
Air
100-105 NA - —
Rotary 103
104
105 |
106 _|
107 |
Air
105-110 NA —
Rotary 108
108] |
1442 110] |
1444 -
111
12|
Air
110-115 NA —
Rotary 113
14|
15|
116] |
17|
Air
115-120 NA —
Rotary 118
119
1448 120] |
LEGEND: PID - Photoionization Detector HA - Hand Auger THE STRATIFICATION LINES REPRESENT APPROXIMATE

BOUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL

WB - Wash Bore
TRANSITIONS MAY BE GRADUAL.

RB - Rock Bit
NX - Rock Core




AQUATERRA

ENVIRONMENTAL SOLUTIONS, INC.

LOG OF BORING NO: B_7A

SHEET NUMBER 6 of 9

85 - Split Spoon

ST - Shelby Tube

PP - Pocket Penetrometer

CS - 5 foot CME Sample HSA - Hollow Stem Augers

WB - Wash Bore
RB - Rock Bit
NX - Rock Core

TRANSITIONS MAY BE GRADUAL.

7311 West 130th St, Overland Park, KS 66213 (GEOLOGIST: Kelly Hoyt
CLIENT: American Environmental Landfill _||IDATE: 04/12/11
PROJECT NAME: Phase IV Additional Hydro Invest. [[PROJECT NUMBER: 04462.10

SAMPLER RUN Recovery | DEPTH | USCS |C SOIL DESCRIPTION AND DRILLING CONDITIONS NOTES:
TYPE (FT) IN FEET | CLASS | |
1450 IR SHALE, dark gray, dry
121
122 |
Air - [120-125 —
NA
Rotary 1231
124
125 |
126 |
127 |
Air
125 - 130 NA —
Rotary 128
120 |
1454 130 |
1456 =
131
132 |
Air
" 1130-135| NA -
Rotary 133
134 |
135 |
136 |
137 |
Air
" 1135-140] NA -
Rotary 138
139 |
1500 140 |
1502 |
141
142 |
Air
140 -145 NA —
Rotary 143
144 |
 —
145
LEGEND: PID - Photoionization Detector HA - Hand Auger THE STRATIFICATION LINES REPRESENT APPROXIMATE

BOUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL




AQUATERRA L0G OF BORNGNO: BT A SHEETNUMBER 7 of 9
ENVIRONMENTAL SOLUTIONS, INC.
7311 West 130th St, Overland Park, KS 66213 (GEOLOGIST: Kelly Howt
CLIENT: American Environmental Landfill |[DATE: 04/12/11
PROJECT NAME: Phase |V Additional Hydro Invest. |[PROJECT NUMBER: 04462.10
SARECER RUN recoverY | DEPTH | USCS |C SOIL DESCRIPTION AND DRILLING CONDITIONS NOTES:
TYPE (FT) IN FEET | cLASS | |
- SHALE, dark gray, dry
146
147
Air - |145-150 —
N
Rotary A | 148 |
149
1506 150[__|
1507 ]
151
152 |
AIr 1 450-155| NA —
Rotary 153
154 |
155 |
156 |
157 |
Air
155 -160 NA —
Rotary 158 /| /|
150 | /1 U/
1512 160 | /1
1514 [ /| U/
161 /’ /
I /1 /)
i
Al 1160-165] NA - /| V)
Rotary 163 / /|
164 Bl % e
165 — | ..n.- * e
166 | ool e
167 | N LI S ——
Air 165 - 170 NA | LIMESTONE, light gray dry =
Rotary 168 s
169 |
1521 170] | -
LEGEND: PID - Photoionization Detector ~ HA - Hand Auger THE STRATIFICATION LINES REPRESENT APPROXIMATE

BOUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL

WB - Wash Bore
TRANSITIONS MAY BE GRADUAL.

RB - Rock Bit
NX - Rock Core

SS - Split Spoon PP - Pocket Penetrometer
CS - 5 foot CME Sample HSA - Hollow Stem Augers
ST - Shelby Tube




“ g

SS - Split Spoon

ST - Shelby Tube

PP - Pocket Penetrometer

CS - 5 foot CME Sample HSA - Hollow Stem Augers

AQUATERRA toG oF BoRNGNO: B-7 A SHEETNUMBER 8 of 9
ENVIRONMENTAL SOLUTIONS, INC.
7311 West 130th St, Overland Park, KS 66213 GEOLOGIST: Kelly Hoyt
CLIENT: American Environmental Landfill "DATE: 04/12/11
PROJECT NAME: Phase IV Additional Hydro Invest. ||PROJECT NUMBER: 04462.10
SAMPLER RUN Recovery | DEPTH | USCS {C SOIL DESCRIPTION AND DRILLING CONDITIONS NOTES:
TYPE (FT) IN FEET | CLASS | |
1523 | SHALE, dark gray, dry
171 7284
172 |
Air  [170-175 — L
NA L
Rotary T .
174 Lo
175 el
176_| ™
177| | =,
Air o A
175-180| NA - L]
Rotary 178 el
179 | YOk
— N
1527 180 w7
e =P L T
1529 H o
181 Il °
182 | 7T
Air o
180 -185 NA — =
Rotary 183 ool I o
184 | S
- by 2o WATEL Ve e e IS
185 e e
186| | o™
187 | o
Air
185 - 190 NA — .‘I—-,,
Rotary 188 ol 24
g0 | ]
1533 190[ | gl ]
1535 I “ |_- -
191 =,
192 | =
Air ) E
190 -1 NA — (%
Rotary 9 193 . X
108 | 2 -
195| | e I
LEGEND: PID - Photoionization Detector HA - Hand Auger THE STRATIFICATION LINES REPRESENT APPROXIMATE

BOUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL

WB - Wash Bore
TRANSITIONS MAY BE GRADUAL.

RB - Rock Bit
NX - Rock Core




SS - Split Spoon

ST - Shelby Tube

PP - Pocket Penetrometer

CS - 5 foot CME Sample HSA - Hollow Stem Augers

AQUATERRA LoG oF BorNGNO: B-T A SHEETNUMBER 9 of 9
ENVIRONMENTAL SOLUTIONS, INC.
7311 West 130th St, Overland Park, KS 66213 GEOLOGIST: Kelly Hoyt
CLIENT: American Environmental Landfill _|[DATE: 04/12/11
PROJECT NAME: Phase IV Additional Hydro Invest. |[PROJECT NUMBER: 04462.10
< E RUN RecoverY | DEPTH | USCS (C SOIL DESCRIPTION AND DRILLING CONDITIONS NOTES:
TYPE (FT) IN FEET | CLASS 1
[ ] SHALE, dark gray, dry <l
196 4
107 | -}
Air  |195-200 — e
NA -
Rotary 198 | " I_ i
3/17111 1545 “|
199 Stopped drilling with ] T
. air rotary @ 200' | -
1539 200 —_ A N 2
4/12/11 1430 | h
201| | Begin drilling with air o W s
| rotary e
202 | e
Air N
200 - 205 NA — —
Rotary 203 il
204] | =
205 | S
206 | “ ]
207 | =
Air . x
205-210| NA - el
Rotary 208 S
200 | o il &
- L I_.. ._
210[ | e
211 | w7
212 ]| D B
Air | " i
- NA - .
Rotary |2107215 " o
214 |
215 |
216 | I
217] |
Ai el (e
' |215-220[ NA - X
Rotary 218
_— 4/12/11 1515
219 | Stop drilling with air N I ot
] rotary @ 220'
220 614 Boring Terminated ey [
LEGEND: PID - Photoionization Detector HA - Hand Auger THE STRATIFICATION LINES REPRESENT APPROXIMATE

BOUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL

WB - Wash Bore
TRANSITIONS MAY BE GRADUAL.

RB - Rock Bit
NX - Rock Core




AQUATERRA

ENVIRONMENTAL SOLUTIONS, INC.
11120 East 26th Street North, Wichita, 67226

LOG OF BORING NO.:

B-11A

SHEET

NUMBER 1 of §

DRILLING CONTRACTOR:

Associated Env. Industries, Corp.

WELL CONSTRUCTION DETAILS

SS - Split Spoon

ST - Shelby Tube

PP - Pocket Penetrometer

CS - 5 foot CME Sample HSA - Hollow Stem Augers

WB - Wash Bore
RB - Rock Bit
NX - Rock Core

TRANSITIONS MAY BE GRADUAL.

CLIENT: American Environmental Landfill DRILLER: Bill D. MATERIAL: PVC
PROJECT NAME: Phase IV Additionai Hydro Invest. DRILLING RIG: Failing F-10 DIAMETER: 2 IN
PROJECT NUMBER: 04462,10 DRILLING METHOD: Air Rotary WELL TOTALDEPTH: 100  FTBGS
PROJECT LOCATION: 212 North 177 West Avenue SAMPLING METHOD:  Cuttings SCREEN LENGTH: 40 FT
Sand Springs, Oklahoma BORING DIAMETER: 14.75" /6" RISER LENGTH: 60 rT
BORING LOCATION: - See Map WELL DIAMETER: 10-Inch surface / 2-Inch TOP OF SCREEN: 60 rFrBGS
WELL COMPLETION: Stick-up BoTTomoF scReen: 100 FTBGS
AES PROJECT NO:  04462.10 SURFACE ELEVATION: 789.50 ¥/ screenNsto:  0.010
AES GEOLOGIST: Kelly Hoyt TOC ELEVATION: 792.66 TOP OF FILTER PACK: 55 FTBGS
START DATE 04/11/11 FINISH DATE: 05/02/11 WATER LEVEL: 68.64 TOP OF SEAL: 39 FT BGS
START TIME: 1345 FINISH TIME: 1145 WATER ELEVATION:  724.02 v~ TYPE OF SEAL: Bentonite Chips 3/8"
DRILLING RUN RECOVERY DEPTH | USCS DATE: 6/6/2011 TYPE OF FILTER PACK: 10-20 Silica Sand
TYPE (FT) N FEET | cLass SOIL DESCRIPTION AND DRILLING CONDITIONS NOTES AND WELL CONSTRUCTION
|| 8% CLAY silty, olive brown
1 10" surface casing
[ | installed to 27"
2
Air 05 NA |
Rotary 3
i 7855
| ] SHALE, olive brown
5 —_—
o[
=
Air
5-10 NA -
Rotary 8
=
10[ |
—
11
12[ |
Air
10-15 NA L
Rotary 13
14|
1158
15 SHALE, moderate yellow brown
16 |
17|
Air
15-20 NA |
Rotary 18
19 |
i SHALE, dark gray
20
LEGEND: PID - Photoionization Detector HA - Hand Auger THE STRATIFICATION LINES REPRESENT APPROXIMATE

BOUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL




AQUATERRA LoG oF BornGNo: B-11A SHEET NUMBER 2 of 5
ENVIRONMENTAL SOLUTIONS, INC.
7311 West 130th St, Overland Park, KS 66213 GEOLOGIST: Kelly Hoyt
CLIENT: American Environmental Landfill ||DATE: 05/02/11
PROJECT NAME: Phase 1V Additional Hydro Invest. [[PROJECT NUMBER: 04462.10
SAMPEER RUN Recovery | DEPTH | USCS |C SOIL DESCRIPTION AND DRILLING CONDITIONS NOTES:
TYPE (FT) IN FEET | CLASS | |
L SHALE, dark gray
21
22 |
Air
20-25 NA ——
Rotary 23
24|
25 |
26| |
27[ |
Air
25-30 NA —
Rotary 28
20 |
30 |
S
3|
32
Air
30-35 NA — |
Rotary 33
34| |
s
36| |
37| |
Air
35-40 NA —
Rotary 38
30| |
4| | /]
| | /]
a2 | /]
Air /
40-45 NA —
Rotary 43 /
44] | L/
45] | Ve
LEGEND: PID - Photoionization Detector ~ HA - Hand Auger THE STRATIFICATION LINES REPRESENT APPROXIMATE
SS - Split Spoon PP - Pocket Penetrometer WE - Wash Bore BOUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL
CS - 5 foot CME Sample HSA - Hollow Stem Augers RB - Rock Bit TRANSITIONS MAY BE GRADUAL.
ST - Shelby Tube NX - Rock Core




AQUATERRA

ENVIRONMENTAL SOLUTIONS, INC.
7311 West 130th St, Overland Park, KS 66213

LOG OF BORING NO B_1 1A

SHEETNUMBER 3 of 5

GEOLOGIST: Kelly Hoyt

CLIENT:

American Environmental Landfill

DATE: 05/02/11

PROJECT NAME:

Phase |V Additional Hydro Invest.

PROJECT NUMBER: 04462.10

SAMPLER
TYPE

RUN

RECOVERY
{FT)

DEPTH
IN FEET

uscs
CLASS

c

SOIL DESCRIPTION AND DRILLING CONDITIONS

NOTES:

HSA

45-50

NA

HSA

50-55

NA

HSA

55-60

NA

HSA

60-65

NA

HSA

Air
Rotary

65-67

65-70

NA

46

47

48

49

50

51

52

53

54

55

56

57

ENEEEEEENEEEEEENEEEEREEE

58

59

60

61

62

63

64

65

66

67

68

69

HEEEEEEEENEEERREENREEEE

70

SHALE, dark gray

1445
LIMESTONE, light gray

110

SHALE, dark gray

EANAAAANNR AR AR ANNRNNY

ORI R IS

- »

O T T T -

-

SONONVNNNNNNNNNANNNNNNNNN

LEGEND:

S8S - Split Spoon
CS - 5 foot CME Sample HSA - Hollow Stem Augers
ST - Shelby Tube

PID - Photoionization Detector

PP - Pocket Penefrometer

HA - Hand Auger
WB - Wash Bore
RB - Rock Bit
NX - Rock Core

TRANSITIONS MAY BE GRADUAL.

THE STRATIFICATION LINES REPRESENT APPROXIMATE
BOUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL




S8 - Split Spoon

ST - Shelby Tube

PP - Pocket Penetrometer

CS - 5 foot CME Sample HSA - Hollow Stem Augers

AQUATERRA LogoF BorNGNO: B-11A SHEETNUMBER 4 of 5
ENVIRONMENTAL SOLUTIONS, INC.
7311 West 130th St, Overland Park, KS 66213 GEOLOGIST: Kelly Hoyt
CLIENT: American Environmental Landfill "DATE. 05/02/11
PROJECT NAME: Phase |V Additional Hydro Invest. JIPROJECT NUMBER: 04462.10
SAMRLER RUN RECOVERY || DEPTH || USCS i SOIL DESCRIPTION AND DRILLING CONDITIONS NOTES:
TYPE (FT) IN FEET | CLASS | 1
SHALE, dark gray 1
71 T
2201 i |__
Air 70-75 — “l_ ]
NA - -
Rotary 73| E |__ 1
74 |
75| y
76| | S
N 7
Air S
75-80 | NA o, o
Rotary 78 | X
79| | 7
80| | 77
- 7]
e i — ..“
82 o =
Air Y i
80-85 NA — -
Rotary 83
g4l | i
85| | <77
86| | -
87| | 7
Air ;s -
8590 | NA - L
Rotary 88 = i
so| | S
90| | =
o1 | S
92 | T
Air 1, o oy
90-95 NA - .o . , l—-, |
Rotary 93 LIMESTONE, light gray i
o4 | |_ 1 o
95| | AT
LEGEND: PID - Photoionization Detector HA - Hand Auger THE STRATIFICATION LINES REPRESENT APPROXIMATE

BOUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL

WB - Wash Bore
TRANSITIONS MAY BE GRADUAL.

RB - Rock Bit
NX - Rock Core




ST - Shelby Tube

NX - Rock Core

AQUATERRA 106 oF BorRNGNO: B-11A SHEETNUMBER 5 of 5
ENVIRONMENTAL SOLUTIONS, INC.
7311 West 130th St, Overland Park, KS 66213 GEOLOGIST: Kelly Hoyt
CLIENT: American Environmental Landfill _|[paTE: 05/02/11
PROJECT NAME: Phase |V Additional Hydro Invest. |[PROJECT NUMBER: 04462.10
SAMPLER RUN Recovery | DEPTH [ USCS |C SOIL DESCRIPTION AND DRILLING CONDITIONS NOTES:
TYPE (FT) IN FEET | CLASS |
LIMESTONE, light gray |_
96| | 10935 o I
] SHALE, dark gray ol
97| | 2 [
Air | 95-100 = g
Rotary hs %8| | pal.5 “o ]
LIMESTONE, light gray N
99 .
100] | i
 —— e -
101] | S
102| | -
Air .
100-105 NA I— . :
Rotary 103 bBL.5 ’
|| SHALE, dark gray
104 v I
105 | ; .
106 | ‘ "
107 | e [
Air ol
105-110 NA — ¢
Rotary 108 N .
100[ | x|k
110 _| £14. o
- Boring Terminated
111
112 |
Air
110-115 NA —
Rotary 113
114 |
115 |
116 |
17| |
Air il
115-120 NA —
Rotary 118
110 _|
120 |
LEGEND: PID - Photoionization Detector HA - Hand Auger THE STRATIFICATION LINES REPRESENT APPROXIMATE
SS - Spiit Spoon PP - Pocket Penetrometer WB - Wash Bore BOUNgARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL
CS - 5 foot CME Sample HSA - Hollow Stem Augers RB - Rock Bit TRANSITIONS MAY BE GRADUAL.
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Abstract This paper investigates the shear strength of
municipal solid waste (MSW) using the back analysis of
failed waste slopes as well as field and Jaboratory test
results, Shear strength of MSW is a function of many factors
such as waste type, composition, compaction, daily cover,
moisture conditions, age, decomposition, overburden pres-
sure, etc, These factors together with non-standardized
sampling methods, insufficient sample size to be represen-
tative of in situ conditions, and limited shear displacermnent
or axial strain imposed during the laboratory shear testing
have created considerable scatter in reported results, Based
on the data presented herein, large shear displacements are
required to mobilize the peak shear strength of MSW which
can lead to displacement incompatibility between MSW
and the underlying material(s) such as geosynthetic inter-
faces and foundation soils. The data presented herein are
used to develop displacement compatible shear strength
parameters for MSW. Recommendations are presented for
modeling the displacement and stress dependent strength
envelope in stability analyses.

T. D. Stark - N, Huvaj-Sarihan

Civil and Environmental Engineering,
University of Tllinois at Urbana-Champaign,
205 N. Mathews Ave., Urbana, IL 61801, USA
e-mail: tstark @uiuc.edu
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Huazhong University of Science and Technology.
1037 Luoyu Road, 430074 Wuhan, China
e-mail: li_guocheng2005 @hotmail.com

Keywords Municipal solid waste - Shear strength -
Slope stability - Landfill

Introduction

This paper investigates the shear strength of municipal
solid waste (MSW). The recommendations presented
herein build on previous results and recommendations
presented by Eid et al. (2000) and others, such as Gerber
(1991), Grisolia et al. (1991, 1995), Jessberger and Kockel
(1991), Jessberger (1994), Gabr and Valero (1995), Kockel
and Jessberger (1995), Edincliler et al. (1996), Jones et al.
(1997), Pelkey (1997), Mazzucato et al. (1999), Thomas
et al. (1999), Pelkey et al. (2001), Gabr et al. (2002), Vilar
and Carvalho (2004) and Zekkos (2005). Table 1 presents a
list of the references and data used herein.

Shear strength testing of MSW is difficult because of the
heterogeneous composition of landfill materials, difficulty
in sampling, specimen preparation, testing, and range of
particle size, and time-dependent properties, such as the
age of the MSW and decomposition state, unit weight, etc.
Published laboratory and field shear test data and back-
analysis of field case histories are used herein to develop a
better understanding of MSW shear strength and present
recommendations for MSW strength to be used in static
and seismic slope stability analyses of landfills.

MSW laboratory test data
Because of the need for a strength envelope in static and
seismic slope stability analyses, a basic Mohr-Coulomb

approach is utilized herein and by the researchers cited
previously to model the shear strength of MSW. The

) Springer
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summary of shear strength data presented herein should be
regarded as a generalization necessitated by the need for a
strength envelope and should be used with considerable
engineering judgment. There is an increasing need for
estimating the shear strength of MSW because of an
emphasis on stability analyses after 2 number of landfill
slope failures. This need is greatest because the height of
proposed landfills is increasing. The increasing height of
landfills is to increase disposal capacity and can involve a
new facility or a vertical expansion of an existing facility.
This trend now includes proposed facilities that exceed an
MSW depth of 180 m.

There is a wide range of effective stress shear strength
parameters for MSW reported in the literature. Effective
stress parameters are used in both static and seismic sta-
bility analyses because the high permeability of MSW
usually does not allow generation of significant shear
induced pore-pressures prior to or during slope instability
unless aggressive leachate recirculation is being conducted.
In general, if the MSW has a moisture content less than the
field capacity of the MSW, shear induced pore pressure
probably will not develop. Thus, effective stress stability
analyses are usually performed to evaluate the stability of
landfills.

Reported values of MSW effective stress friction angle
(¢") range from 10 to 53° while effective stress cohesion
(c") ranges from 0 to 67 kPa. This range is caused by the
numerous factors that influence the test results including
the inherent heterogeneous nature of waste, sample age,
degree of decomposition, composition of the waste, spec-
imen size, unit weight, pre-test processing, test method,
and test conditions (Edincliler et al. 1996; Manassero et al.
1996; Van Ilmpe 1998; Isenberg 2003). Large-scale labo-
ratory direct shear tests (at least 30 cm x 30 cm
dimensions) on MSW samples obtained from field borings,
or excavations, and in situ direct shear tests (as large as
1 m x 1 m) on as-compacted MSW are common methods
used to determine the shear strength of MSW (see Table 1).
Of course, the representative nature of these samples is
debatable but the testing provides some guidance on the
shear strength of MSW. These limitations suggest that
back-analysis of failed waste slopes should be used to
guide the laboratory strength parameters.

Shear behavior of MSW

Effect of shear displacement/axial strain

The shear strength of MSW is shear displacement or axial
strain dependent and tends to increase with increasing

deformation (Eid et al. 2000). Review of existing labora-
tory data shows that most of the laboratory shear tests
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investigated are not continued to a sufficient displacement
or strain to mobilize the peak strength of the MSW. Instead
the shear test is terminated prior to mobilization of the peak
shear resistance (Gerber 1991; Grisolia et al. 1991; Jess-
berger and Kockel 1991; Jessberger 1994; Gabr and Valero
1995; Kockel and Jessberger 1995; Edincliler et al. 1996;
Jones et al. 1997; Mazzucato et al. 1999; Thomas et al.
1999; Bouzza and Wojnarowicz 2000; Pelkey et al. 2001;
Gabr et al. 2002; Vilar and Carvalho 2004).

Figure 1 shows typical shear stress—displacement rela-
tionships from direct shear tests on MSW. The shear boxes
used in these studies range from 15 to 100 cm long, 15 to
100 cm wide, and 22 to 30 cm deep. The tests were ter-
minated at various shear displacements with the maximum
shear displacement being about 250 mm. In most of the
tests, the measured shear stress is still increasing when the
direct shear test was terminated. From Fig. 1 a shearing
displacement substantially greater than 150 mum is usually
required to achieve the peak shear resistance of MSW.
Pelkey et al. (2001) show the shear strength of MSW at
different shear displacement levels and conclude that the
peak shear strength of MSW is reached at a shear dis-
placement of 100-220 mm (in a direct shear box that is
450 mm long and 305 mm wide with upper and lower
shear boxes each 300 mm deep).

Stark et al. (2000) conclude that the shear strength of
MSW increases with increasing strain or displacement.
This leads to high strength values that are in good agree-
ment with field observations of vertical scarps from landfill
slope failures remaining near vertical for significant peri-
ods of time. Stark et al. (2000) conclude that the MSW acts
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Fig. 1 Stress—displacement relationships from direct shear tests on
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as a reinforced mass and additional strain/displacement
mobilizes the reinforcing effect of plastics, rope, fabrics,
and other materials.

Figure 2 presents strength envelopes for MSW obtained
from the direct shear data from the references surmmarized
in Fig. 1 for various shear displacements. The data symbols
used in Fig. 2 comespond to different levels of shear dis-
placement. The lowest strength envelope corresponds 1o a
shear displacement of 10 mm and the highest strength
envelope corresponds to a shear displacement of 150 mm.
This reaffirms increasing shear resistance with increasing
shear displacement in direct shear tests, and shows the
shear resistance can increase by a factor of two depending
on the applied shear displacement.

Figure 2 also presents equations for the varjous strength
envelopes that can be used to estimate the shear resistance
of MSW for a given level of shear displacement. For
example, if an estimated permanent seismic deformation of
100 mm is being considered, the shear resistance of MSW
can be estimated using the strength envelope that corre-
sponds to 100 mm of shear displacement in Fig. 2.

Figure 3 shows typical deviator stress (0,—03) versus
axial strain relationships from isotropically consolidated-
drained triaxial compression tests on MSW. The triaxial
compression specimens range from 15 to 30 cm in diam-
eter and 30 to 60 cm long. The tests were conducted to 2
maximum axial strain of 46% which corresponds to a
vertical displacement of 21 cm based on an initial speci-
men height of 45 cm. As can be seen in Fig. 3, triaxial
compression data on MSW consistently shows the deviator
stress increasing continuously with axial strain, without
reaching a well-defined peak value (Singh and Murphy
1990; Machado et al. 2002; Vilar and Carvalho 2004). This
is in contrast to the direct shear data, which sometimes
reaches a peak or ultimate value (see Fig. 1) prior to test
termination. It is anticipated that this difference is caused
by the difference in the mode of shear and magnitude of
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displacement applied in the direct shear and triaxial
devices.

Figure 4 presents strength envelopes from isotropically
consolidated triaxial compression lests on MSW obtained
from the studies summarized in Fig. 3 for various levels of
axial strain. The lowest strength envelope corresponds to
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an axial strain of 5% and the highest strength envelope
corresponds to an axial strain of 20%. This also affirms
increasing shear resistance with increasing axial strain in
triaxial compression tests on MSW. Figure 4 also presents
equations for the various strength envelopes that can be
used to estimate the shear resistance of MSW for a given
level of axial strain.

Grisolia et al. (1995) performed triaxial compression
tests on MSW and report that even at axial strains in excess
of 20-30%, the peak shear strength is not mobilized. They
present their findings in the form of mobilized friction angle
and cohesion as a function of axial strain. At an axial strain
of 10%, the mobilized cohesion of 5 kPa and a friction
angle of 10° are reported while a cohesion of 30 kPa and a
friction angle of 20° is reported for an axial strain of 25%.
Vilar and Carvalho (2004) described drained isotropically
consolidated triaxial compression tests on 200 mm in
diameter and 400 mm high specimens and report stress—
strain relationships that are concave upwards. Thus, the
peak strength is not achieved even at axial strains up to
30%. They also recommend that the resulting shear strength
envelopes be based on the axial strain at which the partic-
ular deviator stress is obtained. Their triaxial data suggest
that the frictional resistance of the MSW tends to be fully
mobilized at axial strains of less than or equal to 20% while
the cohesion intercept starts to be mobilized at axial strains
of 10% or more. A limiting value of strain for mobilization
of the cohesion intercept could not be discerned from the
data (Vilar and Carvalho 2004). This may be beneficial for
seismic analyses that predict a large amount of earthquake-
induced permanent deformation because the cohesion
intercept significantly influences the calculated factor of
safety (FS) and yield acceleration (Stark and Choi 2004).

The shear displacement or axial strain dependency of
MSW shear strength has created some confusion in the lit-
erature because the reported strength parameters correspond
to different displacements or different axial strains. The
reported MSW strength parameters usually correspond to
the measured shear stress at the displacement or axial strain

at test termination because the shear resistance is frequently’

still increasing. This is problematic because the range of
displacement or axial strain that can be applied in shear
devices varies considerably. This incompatibility probably
results in some of the observed variability in the reported
strength parameters. It is recommended that laboratories
include a subscript to their strength parameters that indicates
the displacement or axial strain at which the MSW strength
parameters are determined. Others recognized the problem
of reporting strength parameters for MSW when the failure
point is not clearly defined or reached before the test is
terminated. For example, Vilar and Carvalho (2004) and
Harris et al. (2006) recommend that the Mohr—Coulomb
criterion be related to some value of axial strain.

@ Springer

Isenberg (2003) emphasizes that waste shear strength
and density are a function of site specific waste composi-
tion and operational techmiques, such as waste type,
composition, compaction, daily cover, moisture conditions,
age, overburden pressure, etc. Isenberg (2003) reports peak
shear strength parameters that range from ¢’ = 20-35° and
¢’ = 0-50 kPa. These shear strength parameters are in
agreement with the values proposed by Eid et al. (2000) of
@' = 35° and ¢/ = 0-25 kPa. Milanov et al. (1997) report
the most likely or reasonable shear strength parameters of
MSW are ¢'= 1-2 kPa and ¢’ = 35-40°.

Therefore, it is suggested that MSW shear strength
parameters be reported with the displacement or axial
strain level at test termination or where the shear strength
parameters are being determined as will be presented
herein.

Effect of normal stress

Increasing demand for vertically expanding existing land-
fills and the interest in mega-landfills, has created a need
for characterizing the shear strength of MSW at high nor-
mal stresses. Therefore, the stress dependency of MSW
shear strength parameters is discussed in this section.
Figures 2 and 4 demonstrate the dependence of MSW shear
strength on the magnitude of normal stress as well as shear
displacement or axial strain.

The data and shear strength envelopes presented in
Fig. 4 show clearly the stress-dependent nature of the
Mohr—Coulomb strength envelope of MSW. The nonlin-
earity of the strength envelope can be evaluated in terms of
the mobilized secant friction angle (as defined by Stark and
Eid 1994), the value of which is decreasing with increasing
normal stress. This indicates the importance of the stress-
dependent nature of the MSW shear strength. Del Greco
and Oggeri (1994) also suggested that the shear strength of
MSW is stress dependent for normal stresses up to 110 kPa
and recommended a stress dependent friction angle as early
as 1994. There is little data at normal stresses greater than
500 kPa. A normal stress of 500 kPa corresponds to a
waste depth of only 40 m based on a typical waste unit
weight of 12.6 kN/m? (80 pef). A waste depth of 40 m is
considerably smaller than depths of 180 m, which are
currently being proposed. Thus, it is prudent to be con-
servative at normal stresses greater than 500 kPa.

Figure 5 presents all of the laboratory data compiled
during this study and described in Table 1. One important
aspect of this data is the mormal stress range up to
1,800 XPa, which corresponds to a waste height of about
145 m based on a typical waste unit weight of 12.6 KN/m®.
This height approaches the height currently being proposed
for a landfill with a height of 180 m. Prior MSW strength
relationships do not extend beyond 400 kPa and thus have



Environ Geol (2009) 57:1911-1923

1917

1200 mp—————— T T T T 7 T

1000 |

800 | A ’
Zekkos (2008)

svmbol ? reference number
3 05 &6

g 4 10 1
12

600

Shear Stress (kPa)

15

400 I
s
Van Impe (1998)
2]

200

péea OV D!
=
PR+ 0O
=

*

+

*
22 m NJ

v

»

=

Po EALcv w4 DJ»P
d Ao | BR
avaranjian et. al(1995) a N
i A L e 1 1 1 I

200 600 €00 1000 1200 1400 1600 1800
Effective Normal Stress (kPa)

0 a
0 200

Fig. 5 Summary of measured and back-calculated MSW shear
strength for effective normal stresses less than 1,800 kPa

limited applicability for mega-landfills and significant
vertical expansions because MSW shear strength is normal
stress dependent.

As expected, the data in Fig. 5 show considerable scatter
but a trend of nonlinear increase in shear resistance with
increasing normal stress is evident for normal stresses less
than 1.000 kPa. Two bracketing trend lines are presented
in Fig. 5 to facilitate the use of this data in evaluating
the reliability of landfill slopes, which is discussed
subsequently.

Reliability of 1andfill slopes

The probability of failure and reliability of the computed
factor of safety (FS) of landfill slopes can be estimated
using the method described by Duncan (2000). This pro-
cedure requires estimating the standard deviation in the
quantities impacting the computed FS; one of which is
MSW shear strength. Thus, the standard deviation of the
MSW strength must be estimated to calculate the change in
the FS due to the standard deviation in MSW strength. A
Taylor series is used to estimate the standard deviation and
variance in the FS based on the change in FS caused by the
standard deviation in all of the parameters that influence
the FS (Duncan 2000). The standard deviation in the factor
of safety (o) is estimated using the following Taylor series
expression:

N A
FEV\2 2 2
where AF is the change in factor of safety computed for the

most likely value (MLV) +1 SD and the MLV —1 SD for
the parameter in question. Thus, the change in factor of

safety for the MSW strength envelope in Fig. 5 that cor-
respond to the most likely strength envelope +1 and the
most likely strength envelope —1 SD must be estimated.

The two trend lines in Fig. 5 can be used to estimate the
highest (HCV) and lowest conceivable values (LCV) of the
strength envelope for calculation of the SD of the MSW
strength. The three-sigma rule is used to estimate the SD of
a parameter because 99.7% of all values of a normally
distributed parameter fall within three SDs of the value
(Dai and Wang 1992). This assumes that the HCV and
LCV correspond to values that are three SDs above and
below, respectively, the average value (Duncan 2000).
Figure 5 shows that the HCV and LCV strength envelopes
encompass about 98% of the data shown for normal
stresses less than 600 kPa and thus the trend lines are
reasonable approximations of the HCV and LCV. Using
the HCV and LCV in Fig. 5, the SD of strength can be
calculated using the following expression:

_ (HCV - LCV)

B 6

The data presented herein can be used to estimate the
reliability of landfill slopes instead of simply reporting 2
value of FS.

g

Recommended MSW shear strength parameters

Shear strength parameters at normal stresses
less than 200 kPa

Figures 5 and 6 present all of the laboratory dala com-
piled during this study and described in Table 1 for
normal stresses less than 1,800 and 500 kPa, respectively,
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which correspond to a shear displacement less than or
equal to 25 mm or an axial or shear strain less than or
equal to 10%. A shear displacement of 25 mm and an
axial strain of 10% are used because these values are
compatible with the stress—strain behavior of geosynthetic
interface and foundation soil (Eid et al. 2000). Compatible
shear displacement—shear stress relationships are illus-
trated in Fig. 6 of Eid et al. (2000), showing that the
cohesive soil and MSW mobilize a peak strength at a
shear displacement less than 2.5 mm and greater than
40 mm, respectively. Back-analysis of field case histories
show that the mobilized resistance of MSW corresponds
to the shear resistance at a displacement of about 25 mm.
Eid et al. (2000) recommended MSW shear strength
parameters of ¢ = 25 kPa and ¢’ = 35° which corre-
sponds to a shear resistance of about 64 kPa for a normal
stress of 55 kPa. Figure 6 of Eid et al. (2000) shows that a
shear resistance of 64 kPa is mobilized in the direct shear
test on MSW at a shear displacement of 20-25 mm.
Because MSW exhibits a much higher peak strength and
direct shear testing is usually conducted to at least 25 mm
of shear displacement, a 25 mm is used to define the
strength of MSW. A corresponding value of axial strain is
about 10%.

Zekkos et al. (2007) recommends failure criterion based
upon K, = 0.3 and an additional 5% of axial strain in tri-
axial compression tests. The data presented by Zekkos
et al. (2007) show a better regression coefficient when a
failure criterion of K, = 0.3 and an additional 10% of axial
strain is used, which is in better agreement with Eid et al.
(2000) and the axial strain of 10% recommended herein.
Using an axial strain of 5% appears to be conservative for
MSW based on vertical slopes in MSW that remain stable
for long period of time.

Zekkos et al. (2007) use the variable K, to define dif-
ferent points on the stress—strain relationship. The use of K|,
is confusing because K, is usually used to represent the
coefficient of lateral earth pressure at rest, not a point after
shearing has commenced in a triaxial compression test. The
variable K is more representative and is the ratio of the
major (¢,) and minor (o3) principal stresses. In various ICD
triaxial compression tests conducted by Zekkos (2005) the
ratio of o, to g3 of 0.3 occurred at an axial strain of 2-9%.
Thus, the failure criterion of K = 0.3 and an additional
axial strain of 5% corresponds to an axial strain of about
7-14%. The failure criterion of K = 0.3 and an additional
axial strain of 10%, which exhibits a higher regression
coefficient, corresponds to an axial strain of about 12-19%.
The average of these criteria is an axial strain of 10% as
recommended by Eid et al. (2000) and herein. A failure
criterion of 10% axial strain in ICD triaxial compression
tests is also less confusing. The amount of axial strain that
occurs at a particular ratio of a; to o3 is a function of
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confining pressure, waste composition, specimen prepara-
tion and compaction, and strain rate.

In summary, stress—strain compatible failure criteria for
MSW appears to be a shear displacement of 25 mm or an
axial strain of 10% in ICD triaxial compression tests.

Superimposed on data in Figs. 5 and 6 are several
strength envelopes recommended by Kavazanjian et al.
(1995), Van Impe (1998), Zekkos (2005) and Eid et al.
(2000). Kavazanjian et al. (1995) suggest the following
shear strength parameters for MSW: ¢ = 24 kPa and
¢' = 0° for normal stress range of 0-30 kPa, ¢’ = 0 and
¢' = 33° for normal stress range of 30~300 kPa. Van Impe
(1998) summarizes the shear strength of MSW data from
laboratory tests as well as from back-analysis of case
histories, suggesting a strength envelope defined by
¢ =20kPa and ¢’ = 0° for an effective normal stress
range of 0-20 kPa. For the 20-60 kPa normal stress range,
he recommends ¢’ =0 and ¢’ = 38° and for normal
stresses greater than 60 kPa ¢ > 20 kPa and ¢' = 30°.
Thus, Van Impe (1998) recommends a tri-linear envelope
to capture the stress dependent nature of MSW. Zekkos
(2005) also recommends a stress-dependent strength
envelope where friction angle decreases with confining
stress.

Also shown in Figs. 5 and 6 is the linear strength
envelope proposed by Eid et al. (2000) in terms of
¢’ =25%kPa and ¢’ = 35° Eid et al. (2000) selected a
linear envelope because the data considered in their study
is limited to normal stresses less than 350 kPa. This
strength envelope plots above the strength envelopes of
Van Impe (1998) and Kavazanjian et al. (1995). The Eid
et al. (2000) envelope was chosen so that it plots above the
lowest MSW shear strengths measured in laboratory tests
because the mobilized strength, i.e., the presence of stable
vertical or near vertical landfill slopes after a slope failure
and back-analysis of landfill slope failures, is greater than
the strength parameters of ¢’ = 25 kPa and ¢’ = 35°.
Thus, the Eid et al. (2000) envelope is a lower bound on
field data of MSW shear strength. Eid et al. (2000) con-
cluded it would be too conservative to capture the lowest
laboratory measured strengths at normal stresses less than
200 kPa because of limitations in MSW specimen prepa-
ration, testing equipment, and magnitude of applied shear
displacement.

The authors do not believe that the recommended or
MLV strength envelope should plot below all of the
laboratory measured shear strengths at normal stresses
less than 200 kPa as suggested by Kavazanjian et al.
(1995). However, the recommended strength envelope
should plot at or near the lower bound of the field or
back-calculated shear strength values. Kavazanjian et al.
(1995) base their strength envelope on the lower bound of
the laboratory and back-calculated data, as they should
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because they use back-calculation of non-failed slopes to
reinforce the laboratory data. The problem with back-
calculating non-failed slopes is the FS is not known. In
contrast, Eid et al. (2000) only back-calculated failed
slopes in which sufficient information is available to
perform a meaningful back-analysis. It will be shown
subsequently a different rationale is used to develop a
strength envelope for normal siresses greater than or equal
to 200 kPa because of a lack of field case histories at
these normal stresses.

Finally, it is recommended that the reliability of the
computed ES be estimated using the methodology pre-
sented by Duncan (2000) so the recommended strength
envelope in this study should be used as the MLV for
normal stress less than 200 kPa.

Importance of MSW strength parameters at normal
stresses less than 30 kPa

Kavazanjian et al. (1995) and Van Impe (1998) recommend
different strength parameters for normal stresses less than
30 kPa. In a stability analysis a normal stress of 30 kPa on
an inclined failure surface through the waste mass corre-
sponds to a waste depth of about 48 m assuming a
coefficient of lateral earth pressure of 0.5. An inclined
failure surface through the waste is used because landfill
slope failure usually involves a transitional slide along a
weak underlying layer (Stark et al. 2000). If a coefficient of
lateral earth pressure of 0.3 is used as recommended by
Zekkos (2005), 30 kPa corresponds to a waste depth of
8 m. The lateral earth pressure coefficient is used because
the stress normal to the inclined failure snrface is desired.
The depth of 4.8 m is calculated by dividing the normal
stress of 30 kPa by a typical MSW unit weight (12.6 KN/
m?), and the lateral earth pressure coefficient.

Most landfills are much deeper than 4.8 m, especially
mega-landfills, so the initial horizontal portion of the
strength envelope only impacts an extremely small portion
of the critical failure surface that passes through the
MSW. A sensitivity analysis shows that varying the
strength parameters in the upper 4.8 m of the critical
failure surface that extends to the liner system in a deep
Jandfill does not significantly impact the calculated FS for
waste depths greater than about 15 m as compared to the
strength parameters recommended by Eid et al. (2000).
Thus, the refinement of the MSW failure at normal
stresses less than 30 kPa does not appear to be warranted
for landfills with a waste depth greater than about 15 m.
However, refinement of the strength envelope at normal
stresses greater than 300 kPa is important because the
MSW shear strength parameters are known to be confin-
ing stress dependent.

Shear strength parameters at normal stresses greater
than 200 kPa

The MSW strength data for normal stresses greater than
about 200 kPa used by Eid et al. (2000) shows a nonlinear
increase in shear strength with increasing normal stress as
pointed out by discussers (see Stark et al. 2001). Thus, this
paper provides recommendations for strength parameters
for normal stresses greater than 200 kPa to overcome this
limitation of the recommendation in Eid et al. (2000).
Although some of the data in the higher normal stress range
suggest that the strength envelope is linear (e.g. Kava-
zanjian et al. 1995), most of this data has a wasle
percentage of less than 30% (soil percentage of about 60—
70%), which means that the materials tested probably
should not be classified as waste. Recent data by Pelkey
(1997), Pelkey et al. (2001) and Van Impe (1998) suggest
that the slope of the shear strength envelope decreases as
the normal stress increases. 129 ?s"
Figures 5 and 6 represents the i inear strength enve-
lope that captures the stress dgpendency of MSW at
effective normal stresses greater than 200 kPa. For normal
stresses less than 200 kPa, ¢/ = 6 kPa and ¢’ =35 is
recommended which is consistent with Eid et al. (2000)
but utilizes a ¢’ of six instead of 25 kPa. Even with the
reduced ¢’ value, the recommended strength envelope
exceeds the strength envelopes proposed by Kavazanjian

et al. (1995) and Van Impe (1998) for the applicable . 4177 f‘;

normal stresses.

For normal stresses greater than or equal to 200 kPa, the
recommended strength envelope changes to_¢’ = 30 kPa~
and @' = 30° to represent the stress dependency of MSW
shear strength. A normal stress of 200 kPa on an inclined
failure surface through the waste corresponds to a waste
depth about 32 m assuming a coefficient of lateral ear
pressure of 0.5 and a typical waste unit weight of 12.6 kN/
m?>. 1f the landfill has a waste depth of less than 32 m, the
strength parameters of ¢’ = 6 kPa and ¢’ = 35° can be
used. If the landfill depth is greater than or equal to 32 m,
the bilinear envelope should be used. To facilitate the use
of the bi-linear envelope in stability analyses, the bilinear
envelope can be approximated using the following
expression:

r = 15 4+ 0.610, — 0.00002(c,)"

Alternatively, various points on this bilinear envelope,
i.e. various pairs of shear and normal stress values, can be
used in slope stability softwares to model the strength
envelope directly.

Recommended strength envelope in this study is com-
sistent with the recent recommendation by Zekkos (2005)
reporting the strength envelope of MSW as:
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t=c+o, - tan¢’

where ¢ = 15 kPa. Considering the decrease in friction
angle with increasing confining stress, Zekkos (2005)
recommended the following equation for the shear strength
of MSW, where P, is 1 atm.:

t=15+0, -Mn[36—5-log(ﬁ>]
P,

Figure 5 shows good agreement between the recom-
mended bilinear envelope and the envelope corresponding
to the equation above. A bilinear strength envelope to
model MSW is also suggested by Del Greco and Oggeri
(1994), Pelkey et al. (2001), and Gabr et al. (2002).

The recommended strength parameters or equation
developed herein above results in a strength envelope that
plots below the Eid et al. (2000) strength envelope as
shown in Fig. 5. This is because the recommended strength
envelope plots at or near the lower bound of the new case
histories analyzed herein, which provide the best estimate
of mobilized MSW strength. These case histories are dis-
cussed subsequently. ’

Figure 5 also shows that the recommended strength
envelope at normal stresses greater than 200 kPa plots at
the lower bound of the laboratory measured shear strength
values because there is a lack of field case histories that
cormrespond to normal stresses significantly greater than
200 kPa. Thus, it is prudent to use a strength envelope
near the lower bound of the laboratory measured shear
strength values because field case histories are not avail-
able to confirm the laboratory measured shear strength
values. As a result, the recommended strength envelope
captures the one data point at a normal stress of about
1,750 kPa. Clearly, additional data is needed at higher
normal stresses to confirm this recommended strength
envelope.

The bilinear strength envelope shown in Fig. 5 still
depicts MSW as a strong material. The high strength of
MSW is confirmed by landfill slopes that can stand at steep
angles for considerable time (Koelsch 1993). Examples of
steep landfill slopes are reported by various researchers,
e.g. 60-m-high nearly vertical scarp that resulted from the
slope failure of a Cincinnati landfill which remained stable
for 10 months until it was remediated (Stark et al. 2001),
21-m-high vertical excavation in MSW in Illinois which
has remained stable over 10 years (Stark et al. 2001),
1H:3 V (about 71°) slope in the Umraniye dump site in
Istanbul (Kocasoy and Curi 1995), a 75° slope excavated in
Goettingen—Deiderode landfill in Germany (Koelsch 2005),
stable 1.2H:1 V and 0.67H:1 V slopes in Hiriya landfill in
Israel five years after a slope failure in 1997 (Isenberg
2003), and a vertical scarp after the Payatas landfill slope
failure in Philippines in 2000 (Merry et al. 2005). Based on

@ Springer

the observation of steep landfill slopes that remain stable, it
is concluded that the focus of landfill stability analyses
should be the materials that underlie the MSW, e.g., geo-
synthetic interfaces and weak foundation soils, and not the
MSW unless there is a weak continuous layer in the waste
mass.

Back-calculated MSW shear strength
from failed waste slopes

Kavazanjian et al. (1995) back-analyzed unfailed landfill
slopes to estimate the shear strength of MSW. The landfill
slopes (Lopez Canyon, CA; OII Landfill, CA; Babylon,
New York; Private Landfill, OH) had not failed or expe-
rienced movement, therefore they assumed a FS equal to
1.2 for the slope. Using a FS equal to 1.2 and assuming a ¢’
of 5 kPa, they back-calculated the MSW friction angle.
More recent data suggests a greater cohesion than 5 kPa
which will reduce the back-calculated value of ¢'.

Eid et al. (2000) analyzed four landfill slope failures to
estimate the mobilized strength of MSW. Other case his-
tories were considered for back-analyses but not included
in that study because of significant uncertainties in some of
the field conditions, such as slope geometry, leachate level,
and subsurface information. These four case histories are
included in Figs. 5 and 6 and reinforce the recommended
bi-linear strength envelope.

Seven additional landfill slope failures were analyzed
and Table 2 summarizes all of the case histories analyzed
to date. The back-analyses of Warsaw, Poland; Istanbul,
Turkey; Payatas, Philippines and Hiriya, Israel landfills are
Almas-Brazil and Leuwigajah-Indonesia landfill slope
failures were analyzed as part of this study.

One of these slope failures involves the Gnojna Grora
Hill 1andfill, in Warsaw, Poland (Bouzza and Wojnarowicz
2000; Huvaj-Sarihan and Stark 2008). The unit weight of
the waste material was 17 kN/m® (because the waste is
mixed with demolition debris) and the natural water con-
tent of the waste is 28-80%. The groundwater/leachate
level is 3—5 m below ground surface. No geosynthetic liner
system was installed prior to waste placement and thus the
waste is in contact with native materials and groundwater.
Thus, the groundwater level corresponds to the leachate
level. The slope did not experience a large slide but tension
cracks developed in buildings on top of the landfill indi-
cating the onset of sliding. Some of the observed building
cracks may be caused by waste settlement rather than slope
movement but tension cracks were observed indicating the
onset of instability. Because the slope did experience
extensive movement, the FS was assumed to be near unity
for the back-analysis. To back-calculate an effective stress
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Table 2 Summary of MSW landfill case histories used to back-calculate MSW shear strength

Back-calculated

Label in Figs. 5 Reference Maximum Average effective  Average leachate
and 6 landfill stress along failure level in terms of shear stress
height (m) surface in waste Pore Pressure ratio®  (kPa)
(kPa)

NI New Jersey site (Oweis and Khera 1998); 23 62 0.065 46
Dvinoff and Munion 1986)

M Maine site (Richardson and Reynolds 1991) 27 34 0.045 35

(& Cincinnati site (Eid et al. 2000) 84 90 0.078 103

EO Eastern Ohio site (Stark et al. 1998) 24.5 35 0.02t 29

W Warsaw site, Poland 26 106 0.44 40
(Bouzza and Wojnarowicz 2000)

DI Dona Juana, Columbia (Hendron et al. 1999, 60 55 0.15-0.80 34
Gonzalez-Garcia and Espinoza-Silva 2003;
Fernandez et al. 2005; Hendron 2006)

P Payatas, Phillipines (Merry et al. 2005) 33 95 043 69.5

H Hiriya landfill, Israel (Isenberg 2003) 60 32 0.65 46

IS Istanbul landfill, Turkey 45 65 0.50 72.5
(Kocasoy and Curi 1995)

BR Cruz das Almas Landfill, Brazil 40 289 0.30 203
(Gharabaghi et. al 2006)

IN Leuwigajah dumpsite, Indonesia (Koelsch 2005) 70 31.2 0.21 86

2 Pore pressure ratio, 7, = 4/yh

friction angle, the MSW was assumed to exhibit a ¢’ of
0 kPa. The back-calculated ¢/ is 21°. The back calculated
friction angle is reasonable considering the age of the
waste. The landfill is estimated to be 300 years old (Bouzza
and Wojnarowicz 2000). Therefore, the back-calculated
shear strength of MSW is expected to be comparable to the
shear strength of a cohesive soil. The average normal stress
on the observed failure surface through the waste is
106 kPa.

Another landfill analyzed was located in Istanbul,
Turkey. The dumpsite has been in operation since 1976.
Composition of the waste material, after removal of the
recyclable material by scavengers, is estimated to be
about 70% food remains/organics, 10% papers, 6% tex-
tile, 3% plastics, 3% metals (Kocasoy and Curi 1995).
Maximum MSW slope height was about 45 m, with steep
front slopes of up to 45° or even more. The MSW was
placed without any liner system. The waste is not com-
pacted and is not covered with soil. The catastrophic
slope failure occurred in 1993 and included up to
1,000,000 m* of waste. Pictures taken after the failure and
the cross section used in slope stability analyses are
shown in Huvaj-Sarihan and Stark (2008). Heavy rains,
and excessive leachate level built up within the old
decomposed waste were likely the triggering mechanism,
together with recently placed demolition debris on top of
the waste (Kocasoy and Curi 1995). An MSW unit weight
of 11 kN/m® is assumed because no further information is
available. The average normal and shear stresses on the

observed failure surface through the waste is 65 and
72.5 kPa, respectively.

The Hiriya waste dump is located in Tel-Aviv, Israel,
and was in use from 1952 to 1998 (Isenberg 2003). The
landfill reaches a height of 60 m above the surrounding
level ground, with the slopes of 45° or more. The landfill
does not have an engineered bottom liner, final cover, or
leachate and gas control systems. Side slopes of Hiriya
landfill range from 1.3H:1 V to 1.6H:1 V. As aresult of the
steep slopes, the lack of drainage and erosion controls, the
landfill has experienced small and large instability prob-
lems. In 1997 a major slope failure occurred following a
period of heavy rain. Pictures taken after the failure and the
cross section used in slope stability analyses are shown in
Huvaj-Sarihan and Stark (2008). The average normal and
shear stresses on the observed failure surface through the
waste is 32 and 46 kPa, respectively.

The unit weight of MSW is an important parameter in
engineering analyses of landfill performance, but signifi-
cant uncertainty currently exists regarding its value
(Zekkos 2005). There was not enough information to
model the change in unit weight with depth in the back
analysis of these landfill slope failures.

Conclusions

The following conclusions can be discerned concerning the
shear strength of MSW:
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1. Shear strength of MSW depends on many factors, such
as, waste type, composition, compaction, daily cover
material, moisture conditions, leachate management,
age and overburden pressure and these factors shouid
be considered in the design process.

2. Laboratory or in situ shear strength data should reflect
the level of shear displacement or axial strain that
corresponds to the reported shear strength value
because MSW shear resistance usually increases with
increasing displacement/strain. This trend is more
pronounced in triaxial compression than direct shear
testing results.

3. It is recommended that a shear displacement greater
than 60 mm or an axial strain of greater than 20% be
used in MSW shear testing to mobilize a shear
resistance that may be representative of the peak shear
strength of MSW.

4. The peak shear strength of MSW is high as evident
from at or near vertical landfill slopes or scarps that
remain stable for a considerable time. As a result,
testing and stability evaluations should focus on the
materials underlying the MSW, e.g., underlying geo-
synthetics and native soils, unless a weak, continuous
layer of waste is present.

5. MSW shear strength is normal stress dependent. It is
recommended that a bilinear strength envelope be used
to represent the shear strength at high normal stresses.
For normal stresses less than 200 kPa, shear strength
parameters of ¢’ = 6 kPa and ¢’ = 35° and for normal
stresses greater than or equal to 200 kPa, ¢’ = 30 kPa
and ¢' = 30° are recommended. The recommended
bilinear envelope is based on shear stremgth data
corresponding to a shear displacement of 25 mm or
10% axial strain and thus should be compatible with
the shear behavior of underlying geosynthetic inter-
faces and foundation soil. However, considerable
judgment should be used when implementing this
strength envelope in a stability analysis because
additional data is needed to refine this envelope.

6. Future research on the shear strength of MSW should
include more laboratory testing and back-analyses of
landfill failures to further refine the MSW shear
strength parameters proposed herein.
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ABSTRACT: The rationale for using peak, residual, or a combination of these shear strengths for
the analysis of geosynthetic-lined slopes and design recommendations for landfill liner and cover
systems is presented herein. Landfill liner systems using geosynthetics that contain sideslopes are
recommended to be designed using the methodology presented by Stark and Pocppel: (1) assign
residual shear strengths to the sideslopes and peak shear strengths to the base of the liner system and
satisfy a factor of safety greater than 1.5; and also (2) assign residual strengths to the sideslopes and
base of the liner system and satisfy a factor of safety greater than unity. The authors recommend that
the stability of landfill cover systems be analysed using peak shear strengths with a factor of safety
greater than 1.5 because of the absence of large detrimental shear displacement along the weakest
interface. If. for some reason. the slope angle of the cover system exceeds the [riction angle of the
weakest interfuce, or large displacements such as construction-induced displacements or seismically
induced displacements are expected, a residual shear strength with a [actor of safety greater than
unity should be used for the cover design. In both liner and cover designs a peak composite [ailure
envelope that describes the weakest interface should be used to represent the peak shear strength,
and the residual failure that corresponds to the peak composite failure envelope should be used
instead of the lowest residual failure envelope.

KEYWORDS: Geosynthetics, Interface shear resistance, Design, Direct shear test, Ring shear test,
Shear strength, Slope stability

REFERENCE: Stark, T. D. & Choi, H. (2004). Peak versus residual interface strengths for landfill
liner and cover design. Geosynthetics International, 11, No. 6, 491-498

waste containment facility. The usual design objective
for waste containment facilities is to maximise storage
capacity. Thus sideslopes are designed and constructed
as steeply as possible, and the waste height and slope will

1. INTRODUCTION

The main objectives of this manuscript are to clarify the
recommendations for the design of geosynthetic-lined

landfill liner slopes presented by Stark and Poeppel
(1994) and to present new recommendations for the
design of landfill cover systems. This discussion is limited
to slope instability that might occur along a soil-
geosynthetic or geosynthetic-geosynthetic interface.
This discussion does not relate to possible slope
instability that may develop in soils underlying a waste
containment facility or through the waste materials.
The selection of the interface shear strength that
should be used for design of the liner and cover system is
important because it affects the disposal capacity of a

1072-6349 © 2004 Thomas Telford Ltd

be as high and steep as possible, respectively. Many
researchers (e.g. Martin er al. 1984; Saxena and Wong
1984; Koerner et al. 1986; Williams and Houlihan 1987;
Negussey et al. 1989; Bove 1990; Mitchell et al. 1990;
O’Rourke et al. 1990; Takasumi et al. 1991; Yegian and
Lahlaf 1992; Stark and Poeppel 1994; Stark et al. 1996;
Dove and Frost 1999) have shown that the residual
interface shear resistance can be as much as 50-60%
lower than the peak interface shear resistance. Thus use
of a residual strength in design results in substantially
flatter slopes, smaller disposal capacity, and decreased
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revenue. However, a number of case histories (Seed ez al.
1990; Seed and Boulanger 1991; Byrne et al. 1992; Stark
1999) show that an overestimate of the geosynthetic—
geosynthetic interface shear resistance can lead to slope
instability and substantial remediation costs.

2. DESIGN OF LANDFILL LINER
SYSTEMS

2.1. General

Stark and Poeppel (1994) present a design approach that
uses a combination of the peak and residual for the
design of landfill liner systems. This recommendation is
based on the interface testing for and back-analysis of
the slope instability in the Kettleman Hills Hazardous
Waste Facility. Stark and Poeppel (1994) conclude that
two design scenarios should be considered in stability
analyses of geosynthetic liner systems. This recommen-
dation has been verified with other case histories (e.g.
Stark et al. 1998, 2001).

The first design scenario uses the peak interface shear
resistance along the base or bottom of the landfill liner
system and the residual interface shear resistance along
the sideslope(s) of the liner system and satisfying a 2-D
factor of safety of at least 1.5 for the final slope
configuration, at least 1.3 for interim slopes, and 1.1 to
1.3 depending on the design seismic event. The second
scenario involves ensuring that the 2-D factor of safety
exceeds unity when the appropriate (discussed sub-
sequently) residual interface shear resistance is applied
to the base and sideslopes of the liner system. The second
design scenario is considered because the peak interface
strength is usually mobilised at a small laboratory
displacement (Stark et al. 1996). Because of the
uncertainty of the relationship between laboratory
shear displacements and field shear displacements, the
effect of progressive failure, and possible shear displace-
ment caused by earthquake shaking, this scenario should
be carefully considered. In other words, if everything
goes wrong, i.e. a residual interface strength is mobilised
along the weakest interface, the slope should remain
stable because the 2-D factor of safety is greater than
unity. If the residual interface strength is measured in a
direct shear apparatus, a factor of safety greater than
unity, e.g. 1.1, should be considered to compensate for
the limited continuous shear displacement applied in this
apparatus (Stark and Poeppel 1994; Marr and Christo-
pher 2003).

There are uncertainties surrounding the application of
these design scenarios. The main uncertainties are
related to determining the residual shear resistance that
should be used for the sideslopes and whether or not this
recommendation is applicable to the design of the cover
system. This manuscript is focused on clarifying the
authors’ opinion with regard to the use and applicability
of these design scenarios in the design of landfill
geosynthetic-lined slopes. Thiel (2001) correctly limits
this recommendation to the design of liner systems,
which is reflected in the title of his paper. Stark and
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Poeppel (1994) consider only the liner system at the
Kettleman Hills Facility and other liner systems and not
a final cover system.

Stark and Poeppel (1994) conclude that a residual
interface shear resistance is mobilised along the side-
slopes of liner systems, and the critical interface on the
sideslope can differ from the base of the liner. The
residual strength can be mobilised for many reasons
including waste settlement or creep that leads to shear
displacements along specific interfaces (Long et al. 1995),
waste placement activities (Yazdani er al. 1995), lateral
movement or bulging of waste (Stark e: al. 2000),
construction activity of the liner system (McKelvey
1994), thermal expansion/contraction of the geosyn-
thetics, stress transfer between the waste on the sideslope
and the landfill base that is acting as a buttress (Stark
and Poeppel 1994), strain or displacement incompat-
ibility between the waste and geosynthetic interface of
interest (Eid et al. 2000), and/or earthquake-induced
displacements. These shear displacements may lead to
mobilisation of a residual strength, which can result in
progressive failure effects between the sideslope and at
least a portion of the base of a bottom liner system
(Byrne 1994; Stark and Poeppel 1994; Gilbert and Byrne
1996; Reddy et al. 1996; Filz et al. 2001). Additional
evidence of these shear displacement mechanisms has
been developed since 1994 and is presented in the
following sections to reinforce the recommendations in
Stark and Poeppel (1994).

2.2. Development of residual interface strength condition

A residual interface shear resistance will develop in
the field only if detrimental shear displacement occurs
along a geosynthetic interface in the liner system. The
two important factors in the above statement are:
(1) detrimental or damaging shear displacement, and
(2) the interface along which this detrimental shear
displacement will occur. Detrimental shear displacement
means that the interface shear resistance is being reduced
from the peak value because shear displacement is
occurring.

The two main areas for slope instability in the cross-
section shown in Figure 1 are a slide mass near the slope
face, i.e. toe area, and the entire waste mass sliding along
a failure surface that extends along the base of the
landfill and up the sideslope. The stability of the slope
face area is controlled by the interface in the base liner
system exhibiting the lowest peak strength and the waste
strength, and is independent of the sideslope.

The stability of the entire waste mass sliding along a
failure surface that extends along the base of the landfill
and up the sideslope is the focus of the design
recommendation of using a residual interface strength
on the sideslope. The driving force or force causing
instability in this scenario is the triangle of waste above
the sideslope of the landfill. The stability of this triangle
of waste is controlled by the interface shear resistance
mobilised along the sideslope and base of the landfill.
The majority of the shear resistance in this failure mode
is derived from the base of the landfill because the
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Figure 1. Schematic diagram illustrating mobilisation of buttressing effect of waste on the base of the landfill

normal stress is greatest along the base, and the failure
surface is longer assuming that the same interfaces
appear on the sideslope and the base of the landfill. The
interface shear resistance along the base i1s given by
¢! tan d,, where 8, is the peak interface fiction angle of
the weakest interface and ¢/, is the effective normal stress
acting on this interface. Thus the practice of installing
smooth HDPE geomembrane on the base and textured
HDPE on the sideslope for value engineering and
drainage layer stability purposes may have detrimental
effects on stability because the smooth HDPE geomem-
brane will exhibit a smaller interface strength than
textured HDPE.

Because of the low shear resistance exhibited by
geosynthetic interfaces, the triangle of waste in Figure 1
must mobilise some shear resistance along the base of the
landfill to prevent instability. The shear resistance of
geosynthetic interfaces along the sideslope is low because
of the low ¢/, and &, along the sideslope. This results in
shear displacement along the weakest interface in the
sideslope liner system, mobilising the passive resistance
of the MSW along the base of the landfill. This stress
transfer mechanism is especially relevant to MSW
because of the compressible nature of MSW. If the
base of the landfill were filled with an incompressible
material, such as concrete, the shear displacement
required to mobilise the shear resistance along the base
of the landfill would be smaller. However, the com-
pressible nature of MSW results in significant deforma-
tion being required to mobilise the shear resistance along
the base of the landfill, especially at the sideslope/base
transition. This stress transfer phenomenon has been
duplicated using numerical methods by Byrne (1994),
Gilbert and Byrne (1996), and Reddy et al. (1996).

Byrne (1994) was the first to use numerical methods to
depict the behaviour of a liner system in response to
waste placement to investigate the shear strength
mobilised along the base and sideslope for the Kettleman
Hills slope failure. Byrne (1994) uses the finite difference
computer code FLAC (Cundall 1976) to recreate the
filling process and shear strength mobilised in the base
and sideslope of the liner system at the Kettleman Hills
facility. The initial analysis involves placement of waste
to a depth that is 3 m lower than the depth at faiture. The
second stage corresponds to the waste depth at failure of
about 30m. The results of the first stage of waste
placement indicate a stable condition, but a residual
strength condition is mobilised along the sideslope and a

post-peak shear strength condition is mobilised along the
initial portion (about 20%}) of the base of the landfill in
the vicinity of the sideslope. Over the remaining 80% of
the landfill base, the induced shear stress is resisted by
60% of the peak shear strength.

After placement of the second stage of waste
placement, i.e. waste depth at failure, failure along
the liner system is imminent. A residual strength
condition is mobilised along the sideslope, and the
zone of post-peak shear strength along the base of the
landfill now extends about 40% of the length of the
base from the sideslope. Over the remaining 60% of the
landfill base the shear stress is resisted by about 90% of
the available peak shear strength. Placement of another
1 m of waste is sufficient to cause slope instability
(Byrne 1994).

Subsequent finite element analyses of the Kettleman
Hills slope failure (e.g. Reddy et al. 1996; Filz et al. 2001)
indicate similar conclusions as those reached by Byrne
(1994). These conclusions are that the shear resistances
mobilised along the base and sideslope of the landfill are
not equal, and the use of a peak smooth geomembrane-
clay interface shear resistance along the entire failure
surface does not predict the failure. More importantly,
use of a peak smooth geomembrane—clay interface
strength overpredicts the mobilised strength, and thus
a combination of peak and residual strengths should be
used in 2-D limit equilibrium methods.

Progressive failure occurs in slopes in which the
driving force exceeds the mobilised strength of the
weakest layer, e.g. the slope angle exceeds the friction
angle of the weak layer (Mesri and Shahien 2003). If this
occurs, the interface at the location where the driving
force exceeds the interface friction angle becomes over-
stressed. If this local overstressing is great enough that
the interface yields and shear displacement occurs, the
shear stresses applied to this location are transferred to
the interface element adjacent to this overstressing
because the interface is undergoing a post-peak strength
loss and cannot restrain the imposed shear stresses. If the
existing shear stresses and the transferred shear stresses
are great enough to cause the adjacent portion of the
interface to yield, the overstressing will be transferred
further. This process can continue until enough of the
interface is overstressed that a slope failure occurs. If
the shear strength of the weakest interface increases
sufficiently, the initial overstressing can be arrested and
slope failure is averted. Thus the fact that a limited
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portion of the interface achieves a post-peak condition
does not mean the entire slope should be designed using
residual interface strength. Byrne (1994) shows a residual
strength condition developing along the entire sideslope
and transferring stresses to the base of the landfill
Gilbert and Byrne (1996), Reddy et al. (1996) and Filz
et al. (2001) also suggest the possibility of progressive
failure occurring along a liner interface, and thus a
residual or post-peak strength, respectively, may be
applicable.

In summary, these analyses support the conclusion
that a residual interface strength can be mobilised along
a landfill sideslope while a peak interface strength is
mobilised along the base.

2.3. Composite failure envelope design for bottom liner
system

The interface along which detrimental shear displace-
ment may occur is the interface that exhibits the lowest
peak interface shear resistance in the bottom liner system
regardless of the value of the residual interface shear
resistance. For example, if the interface with the lowest
peak interface shear resistance exhibits the highest
residual interface shear resistance, the detrimental
shear displacement may still occur along this interface
but the resulting stability will be controlled by the
residual interface shear resistance along this interface
and not the lowest residual interface strength, e.g. a
GCL. The reason for not mobilising the lowest residual
interface shear resistance is that detrimental shear
displacement will not occur along an interface with a
higher peak strength before movement is initiated along
the interface with the lowest peak interface strength. If
detrimental shear displacement does not initiate along an
interface, the shear resistance cannot drop to the residual
value. In other words, there is no evidence that an
interface can somehow end up at a residual strength
condition if it is not subjected to detrimental shear
displacement.

The failure envelope that corresponds to the lowest
peak interface strength may correspond to the strength
of one or more interfaces because geosynthetic interface
strength is stress-dependent and non-linear (Stark and
Poeppel 1994; Stark er al. 1996; Fox et al. 1998; Dove
and Frost 1999). If more than one interface is used to
develop the failure envelope for the interface with the
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lowest peak strength, the failure envelope is referred to
as a composite failure envelope. The selection of a
composite failure envelope for a multi-layer liner system
is discussed at the end of the liner and cover system
discussion.

The proper failure envelope for use in the design
scenarios for bottom liner systems is reviewed in this
section. This procedure is primarily for liner system
design because of the large range in normal stress along
the liner system. However, this procedure can be used for
a cover system too. The range of normal stress is usually
small in a cover system, i.e. 2.5-20.0 kPa, so the weakest
peak interface strength usually does not change over this
range in normal stress. However, if the weakest peak
interface strength does change over this small normal
stress range, a composite failure envelope should be
developed for cover design purposes using the procedure
described below.

The procedure for constructing a peak composite
failure envelope uses the following three steps:

1. Determine the interface(s) or material(s) in the
composite liner system that exhibit(s) the lowest
peak strength for the full range of normal stresses
encountered along the bottom liner system.

2. Determine the peak composite failure envelope for
the weakest interface(s) or material(s) in the
composite liner system for the full range of
effective normal stresses encountered along the
liner system.

3. Determine the residual composite failure envelope
that corresponds to the peak composite failure
envelope in Step 2.

The resulting peak and residual composite failure
envelopes are used in the two design scenarios presented
by Stark and Poeppel (1994) and discussed in Section
2.1. An example of developing a peak composite failure
envelope is presented in Figures 2-5. Figure 2 presents
the peak failure envelopes for the following interfaces
measured using a torsional ring shear device (Stark and
Poeppel 1994):

e nonwoven geotextile-smooth HDPE geomembrane
(GM);

e clay-smooth GM; and

e geonet—smooth GM.

150
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= 100 A
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®
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Figure 2. Peak failure envelopes for three components of the composite liner system at Kettleman Hills Waste Repository (Stark and

Poeppel 1994)
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Figure 3. Peak composite failure envelope for three components of the composite base liner system at Kettleman Hills Waste

Repository

For ¢’ <280 kPa, the geonet-smooth GM interface
exhibits the lowest peak shear strength and is the critical
or weakest peak interface strength. However, the clay-
smooth GM interface is critical for ¢ > 280 kPa.
Therefore a composite failure envelope, illustrated by
the dashed line in Figure 3, should be used to represent
the peak interface strength of the liner system. In other
words, the peak composite failure envelope represents
the weakest composite interface, and this shear displace-
ment will occur along this composite interface before
some other interfaces. Therefore this composite interface
is the interface along which a residual strength condition
could develop.

Figure 4 shows the individual residual strength failure
envelopes for the same liner interfaces shown in Figure 2,
and Figure 5 shows the design residual failure envelope
(dashed) for the liner system. The design residual failure
envelope corresponds to the peak composite failure
envelope and does not simply represent the lowest
residual composite failure envelope. The geotextile—

smooth GM interface exhibits the lowest residual shear
strength, but this residual envelope is not used for design
because the peak strength of the geotextile-smooth GM
interface will not be exceeded (see Figure 2) before the
peak composite failure envelope is exceeded. Thus a
residual strength condition will not be mobilised along
the geotextile-smooth GM interface because detrimental
shear displacement will occur on the geonet-GM and/or
the clay-GM interface before it occurs on the geotextile—
GM interface. Thus the residual composite failure
envelope is between the highest and lowest residual
failure envelopes.

In this example, there is not a large difference between
the peak failure envelope of the geotextile-GM and
geonet-GM interfaces at ¢}, <280 kPa, so it may be
prudent in this case to design for both of these interfaces
at ¢/, <280 kPa, which would involve checking to ensure
the factor of safety is also greater than unity if the
residual failure of the geotextile-GM interface is used for
o, <280 kPa.
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Figure 4. Residual failure envelopes for three components of the composite base liner system at Kettleman Hills Waste Repository

(Stark and Poeppel 1994)
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Figure 5. Design residual failure envelope for three components of the composite base liner system at Kettleman Hills Waste

Repository
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The proper selection of a composite failure envelope
for design is especially important when a bottom liner
system contains a reinforced GCL because of the high
peak strength and low residual strength of hydrated
bentonite (Stark and Eid 1996; Fox et al. 1998). With a
reinforced GCL, other interfaces that exhibit a large
post-peak strength loss, e.g. nonwoven geotextile—
textured GM or double-sided drainage composite-
textured GM, should also be evaluated to develop a
representative composite failure envelope. The residual
failure envelope for any hydrated GCL will plot well
below the geotextile-smooth GM residual failure envel-
ope in Figure 4 because it corresponds to the shear
strength of hydrated bentonite. However, the peak
strength envelope for an encapsulated unreinforced
GCL and a reinforced GCL is likely to be significantly
higher than that for many other typical interfaces in the
liner system. If so, the GCL peak shear strength will not
be exceeded, and the GCL will not reach a residual shear
condition. Thus the GCL internal residual envelope
should not be used for the sideslopes (design steps 1 and
2) or the base liner (design step 2). Use of the GCL
internal residual failure envelope under these conditions
would be unnecessarily conservative. This emphasises
that the main design issue surrounding GCLs is not
shear strength but hydraulic equivalence (Stark et al.
2004).

In summary, designers should not simply use the
minimum residual failure envelope for design, but should
determine which materials will reach a residual shear
condition and then use the corresponding residual
composite failure envelope for design. This is accom-
plished by first establishing the minimum peak com-
posite failure envelope.

3. DESIGN OF LANDFILL COVER
SYSTEMS

The proper methodology for selection of the design
failure envelope for a cover system differs from the liner
system design because of differences in the expected
detrimental shear displacements. In particular, the
design scenarios presented by Stark and Poeppel (1994)
are not applicable to cover systems. Unpublished two-
and three-dimensional back-analyses of cover failure
studies by the first author show that peak interface
strengths are mobilised throughout a cover system. This
results for a number of reasons, including the presence of
low shear stresses, low normal stresses (which limit
detrimental, i.e. damage-inducing, shear displacements
to a geosynthetic interface), smaller shear displacements
required for stress transfer in soil cover than in MSW,
and smaller settlements of the compacted soil veneer as
compared with MSW. Although there is an opportunity
for considerable construction-induced shear displace-
ments to occur in cover systems, these displacements can
be minimised by placing cover materials from bottom to
the top of the sideslopes or by including tensile
reinforcement (Koerner and Soong 1998). Therefore it
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is recommended that the stability of cover systems be
analysed using the peak shear strength of the weakest
interface, or if applicable the weakest composite inter-
face, with a factor of safety greater than 1.5.

There are some situations where a residual interface
shear resistance with a factor of safety greater than unity
should be used in cover system design. If the slope angle
of the final cover system is greater than a peak interface
shear strength of the weakest interface, progressive
failure can occur (Gilbert and Byrne 1996). As denoted
previously, progressive failure occurs in slopes in which
the driving force exceeds the mobilised strength of the
weak layer, i.e. the slope angle exceeds the friction angle
of the weak layer. Also, when large displacements such
as construction-induced displacements or seismically
induced displacements can be expected, the use of
residual shear strength is recommended.

Thus, if the average slope angle of the cover system is
greater than the lowest peak interface friction angle, a
residual interface friction angle should be used for
design. However, cover systems reinforced with tensile
members can limit the progressive displacement on the
weakest layer, and thus a residual interface shear
strength will not fully mobilise. In such a case, the
stability of a cover system can be analysed using the peak
shear strength of the weakest interface with the factor of
safety greater than 1.5.

4. RECOMMENDATIONS

The following recommendations can be discerned from
information presented in this paper.

1. Detrimental, or damaging, shear displacement may
occur within geosynthetic-lined landfill liner side-
slopes owing to construction activities, thermal
expansion/contraction, large displacements needed
to mobilise the passive resistance of a waste buttresses
on the base liner, strain or displacement incompat-
ibility between the waste and geosynthetic interfaces,
earthquake-induced displacement, lateral waste
movement, waste placement procedures, or waste
settlement. These shear displacements can lead to
mobilisation of a post-peak strength and/or progres-
sive failure effects between the sideslopes and base of
a bottom liner system.

2. The failure envelope that corresponds to the lowest
peak interface strength may correspond to one or
more geosynthetic interfaces because geosynthetic
interface strength is stress-dependent. If more than
one interface is used to develop the failure envelope
for the interface with the lowest peak strength, the
envelope is referred to as a composite failure
envelope. The procedure for constructing a peak
composite failure envelope for multi-layer liner and
cover systems uses the following three steps:

(a) Determine the interface(s) or material(s) in the
composite liner system exhibiting the lowest peak
strength for the full range of normal stresses
encountered along the bottom liner system.
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(b) Determine the peak composite failure envelope
for the weakest interface(s) or material(s) in the
composite liner system for the full range of
effective normal stresses encountered along the
liner system.

(c) Determine the residual composite failure envel-
ope that corresponds to the peak composite
failure envelope in Step (b).
3. Utilising the peak and residual composite failure
envelopes obtained above, the two design scenarios
for the bottom liner systems with a sideslope
presented by Stark and Poeppel (1994) can be used:
(a) assign residual shear strengths to the sideslopes
and peak shear strengths to the base of the liner
system and satisfy a factor of safety greater than
1.5; and

(b) assign residual strengths to the sideslopes and

base of the limer sysiem and satisfy a factor of

salely greater than 1.0 or 1.1 if direct shear data
are used.

4. The stability of geosynthetic cover systems can be
analysed using the peak shear strength of the weakest
interface, or if necessary the weakest composite
interface, with the factor of safety greater than 1.5.
The use of a peak interface strength is recommended
for the cover system because of the lack of or limited
amount of detrimental shear displacement along the
weakest interface in a cover system compared with a
liner sideslope. However, if the average slope angle of
the cover system is greater than the lowest peak
interface friction angle, or large displacements such as
construction-induced displacements or seismically

induced displacements are expected. a residual inter-
face friction angle should be used for design.
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Elevation
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Hartwell, John, 11/20/2023
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Elevation

Slope Stability Analysis - Lateral Expansion (2023), American Environmental Landfill, Sand Springs, OK

Hartwell, John, 11/20/2023

AEL West LF Lat Exp 2023 rev2.gsz, Const DST( Forced to Side Slope Liner)

SLOPE/W, Morgenstern-Price
FOS: 2.06, Horz Seismic Coef.: 0

Volume: 547.38192 ft*, Weight: 77,211.99 Ibf

Resisting Moment: 3,211,043.1 Ibf-ft, Activating Moment: 1,560,134.1 Ibf-ft
Resisting Force: 45,803.052 Ibf, Activating Force: 22,265.371 Ibf
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Elevation

Slope Stability Analysis - Lateral Expansion (2023), American Environmental Landfill, Sand Springs, OK
Hartwell, John, 11/20/2023

AEL West LF Lat Exp 2023 rev2.gsz, Post Closure Global Static (Forced to WGI Primary Liner)
SLOPE/W, Morgenstern-Price

FOS: 1.86, Horz Seismic Coef.: 0

Volume: 58,349.479 ft*, Weight: 5,055,038 Ibf
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Elevation

Slope Stability Analysis - Lateral Expansion (2023), American Environmental Landfill, Sand Springs, OK
Hartwell, John, 11/20/2023

AEL West LF Lat Exp 2023 rev2.gsz, Working Phase

SLOPE/W, Morgenstern-Price
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1.0 INTRODUCTION

This Groundwater Monitoring Plan is intended to assist the operators of American Environmental
Landfill, Inc. in conducting the sampling and analysis of groundwater at the American Environmental
Landfill (AEL). The AEL is located near Sand Springs, Oklahoma in Sections 35 and 36, Township 20
North, Range 10 East, in Osage County, Oklahoma. The project site is on the Wekiwa Oklahoma 7.5
Minute USGS Quadrangle map. AEL is bordered by the Arkansas River to the South (Figure 1). The AEL
operates under the Oklahoma Department of Environmental Quality (ODEQ) Permit Number 3557021.

The objective of the groundwater monitoring system is to assess potential changes in groundwater
quality and determine if these changes are the result of an impact from the landfill. Groundwater data
is evaluated by establishing sample locations and developing an appropriate statistical background
level for the comparison of compliance data. Background data is collected from locations where the
groundwater has not been impacted by the landfill or during times when the groundwater has not been
impacted by the landfill. Once appropriate background concentrations have been established,
compliance data are statistically evaluated with respect to the background data.

This Groundwater Monitoring Plan describes the hydrogeological setting, the monitoring network,
background and monitoring parameters, sampling frequency, sampling procedures, and statistical
methods. The procedures in this Groundwater Monitoring Plan were developed following ODEQ
regulations and the US EPA's guidance for statistical analysis of groundwater monitoring data.
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2.0 GROUNDWATER MONITORING

This Section presents the existing and proposed monitoring well networks, sampling schedule, and
monitoring parameters for AEL.

2.1 GROUNDWATER MONITORING NETWORK

The groundwater monitoring system shall be installed and yield groundwater samples from the
uppermost aquifer that represent the quality of background groundwater that has not been affected
by the AEL and that represents the quality of groundwater that has passed underneath the AEL. The
current groundwater monitoring system for the American Environmental Landfill consists of twelve
(12) monitoring wells. Seven of these monitoring wells in the groundwater monitoring network
monitor the existing landfill area (Phases |, II, lll, V, and VI) and are designated as MW-1, MW-3, MW-
5, MW-6, MW-8R, MW-15A, and MW-21A. Five (5) monitoring wells in the groundwater monitoring
network monitor the Phase IV Expansion area designated as MW-1_1V, MW-31B, MW-34, MW-36,
and MW-38. The existing monitoring well coordinates and elevations are presented in Table 1, and
the historical groundwater elevations are presented in Table 2.

Groundwater monitoring wells were installed on land owned by the AEL at a distance of no more than
150 meters from the permitted waste boundary of the disposal area. There are three upgradient
monitoring wells (MW-1, MW-8R, and MW-21A) and four downgradient monitoring wells (MW-3, MW-
5, MW-6, and MW-15A) located in the Existing Landfill Phases |, II, lll, V, and VI. There is one
upgradient monitoring well (MW-1_IV) and four downgradient monitoring wells (MW-31B, MW-34,
MW-36, and MW-38) located in the Phase IV Landfill Expansion Area. Because the lateral expansion
will be contiguous with the Phase IV Expansion Area, one upgradient monitoring well (MW-1_IV), and
two downgradient monitoring wells (MW-36 and MW-38) are proposed to be removed from the
groundwater monitoring network and will be plugged and abandoned in accordance with the OWRB
requirements stated in OAC 785:35. There are two proposed downgradient groundwater monitoring
wells (MW-39 and MW-40) to be added to the groundwater monitoring network. Piezometer 1 (P-1) is
proposed to be converted to MW-40. There is one proposed upgradient groundwater monitoring well
(MW-41) to be added to the groundwater monitoring network. Figure 2 shows the location of all
abandoned, existing, and proposed borings, piezometers, and detection wells. The proposed
monitoring well coordinates and elevations are presented in Table 3. Boring logs and a typical well
construction diagram for existing and proposed monitoring wells are included in Appendix A.

2.1.1  Monitoring Well Installation

The AEL will provide the ODEQ two weeks' written notice prior to any drilling. The monitoring wells will
be installed in accordance with OAC 785:35 and registered online or by mail with the OWRB within 60
days after installation by a licensed monitoring well installation contractor.

2.1.2  Monitoring Well Development

Monitoring wells will be developed through the use of a surge block and pump or bailer. The surge
block will be moved vigorously through the screened interval or the saturated portion if the screen
extends above the water table in order to suspend sediment in the well and remove fines from the
filter pack. The pump or bailer will then be used to remove the water from the monitoring well. The use
of the surge block may require several iterations until the water runs clear. Once one well volume has
been removed from the monitoring well, the pH, specific conductance, and temperature of the water
will be measured and recorded. The monitoring well will be purged until the groundwater quality
measurements stabilize between purged well volumes or the purged water is clear.
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2.1.3  Monitoring Well Redevelopment

Monitoring wells will be redeveloped when 15% or more of the well screen is occluded or the
turbidity appears to be increasing. Monitoring well redevelopment will follow the procedures listed
above.

2.1.4  Monitoring Well Sealing and Abandonment

If any monitoring well or piezometer requires abandonment, the sealing and abandonment will be
conducted in accordance with the OWRB as stated in the OAC 785:35. The two monitoring wells
(MW-36 and MW-38) and any observation well including piezometers will be abandoned by an
Oklahoma certified well driller following these procedures.

2.2 GROUNDWATER MONITORING PARAMETERS AND SAMPLING
SCHEDULE

2.2.1 Background Monitoring

Background groundwater quality is required to be established at each monitoring well in accordance
with OAC 252:515-9-31. One full year of quarterly sampling consisting of statistically independent
data is required to be collected for each parameter or constituents listed in 252:515-9-31(d)(1).
Background groundwater data should contain the natural variations in groundwater chemistry.
Ideally, the background data should contain enough data points to conduct the selected statistical
analysis and exhibit any seasonal, temporal, or spatial variability. The background groundwater
quality data should be representative of the groundwater quality near the landfill but not impacted by
the landfill.

If new wells are installed near an existing well that monitors the same formation with a similar
screen depth, it may be possible to use the existing well's background data for the newly installed
monitoring well. A confirmation sample should be collected from the newly installed monitoring well
and compared to the previous monitoring well's background data. If the confirmation sample results
are statistically similar to the previous monitoring well's background data, the monitoring well may be
placed into routine detection monitoring. The ODEQ's approval for waiving the background sampling
requirements should be obtained before proceeding with any replacement monitoring well
installations.

2.2.2 Detection Monitoring

Groundwater samples for detection monitoring should be collected following the same sampling
procedures used to collect the background groundwater quality samples. Samples are to be
collected from the monitoring wells semi-annually. A report of the sampling results and results of the
statistical analysis will be submitted to the ODEQ within 60 days of the sampling date.

2.2.3  Monitoring Constituents

The constituents for background and detection monitoring are listed in OAC 252:515-9-31(d) and
include pH and specific conductance at each groundwater monitoring point. The background and
detection monitoring parameters are listed in Table 4. These constituents shall be used unless
alternative constituents are approved in accordance with OAC 252:515-9-72.
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3.0 SAMPLING PROCEDURES

The following subsections summarize specific tasks involved in sampling of the groundwater
monitoring system. Samples will be obtained from the facility's groundwater monitoring system by a
sampling technician fully trained in the required sampling procedures.

3.1 WELL INSPECTION

Prior to performing any purging or sampling, each monitoring well will be inspected to assess the
integrity of the well components. The condition of each well will be evaluated for any physical
damage that may have been caused by the operation of site equipment or other vehicular traffic. The
security of each well will be assessed in order to confirm that no outside source contaminants have
been introduced to the well. All inspection information, as well as the date and time, general weather
conditions, and sampling personnel identification, will be documented on the Field Sampling Sheet
presented in Appendix B. The actual form utilized may vary in format but the information indicated
will be recorded.

3.2 SAMPLE COLLECTION PROCEDURES

For sample collection, each monitoring well in the groundwater monitoring system will be sampled
utilizing equipment and methodologies that minimize the potential for alteration or contamination of
the sample and that are capable of obtaining a sample representative of the formation groundwater.
Care will be taken to avoid placing clean sampling equipment on the ground or on any contaminated
surface. Additionally, personnel who contact sampling equipment that may contact the interior of the
monitoring well or the groundwater shall wear powderless latex (or equivalent) gloves. If
contamination is known to exist at certain locations, non-contaminated wells will be sampled prior to
those wells that are known to be contaminated.

3.3 EQUIPMENT DECONTAMINATION

All equipment that may contact the interior of the well or groundwater will be decontaminated in the
field immediately prior to use, or in the office/lab and protected using aluminum foil and/or plastic
bags. Decontamination procedures will be documented for each sampling event. The
decontamination procedure will consist of the following steps:

e Wash with laboratory-grade soap (such as Alconox or Liquinox);
o Triple rinse with distilled or deionized water; and
e Air dry prior to use.

Personnel who contact sampling equipment subsequent to decontamination shall wear powderless
latex (or equivalent) gloves. Gloves will be replaced immediately if they become contaminated or
torn.

3.4 WATER LEVEL MEASUREMENTS

Prior to groundwater purging and sampling, water level measurements will be taken at each well
location utilizing a dedicated or portable water level indicator, tape, or other suitable measuring
device capable of achieving an accuracy of 0.01 feet. The measuring device will be used in
accordance with the manufacturer's recommendations and/or directions. Prior to measuring, all
equipment that may contact the groundwater will be decontaminated with distilled water. All wells
will be measured for depth to water immediately prior to purging. Measurements of the depth to
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water from the top of the well casing will be to the nearest 0.01 foot, and the values will be recorded
on the Field Sampling Sheets. Total well depths shall be obtained annually or if evidence of well
tampering exists.

3.5 WELL PURGING

Immediately prior to sampling at each well location, the water within the well will be evacuated until
measured water quality parameters indicate that formation water has entered the well or until a
sufficient volume of water has been removed so that stagnant water has been purged from the well.
The wells will be evacuated using the standard 3 to 5-well volume purging method or by low-flow
(minimal drawdown) sampling methods. Low-flow sampling methods are preferred. If low-flow
methods are used, all procedures will be in accordance with EPA/540/S-95/504, "Low-Flow
(Minimal Drawdown) Ground-Water Sampling Procedures”. This document has been included as
Appendix C.

Procedures for low-flow sampling will include:
o Drawdown will be attempted to be kept to a minimum.

e Purging is complete when at least three parameters of the field-measured water quality
parameters have stabilized for 3 successive readings.

e At least one volume of tubing & pump is purged before readings are counted. The volume
of tubing & pump will be written on field datasheets along with cumulative volumes and
times of parameter readings.

e At least 3 minutes minimum between parameter readings

During purging, representative samples of discharged water are to be periodically collected in clean
containers or through a continuous flow cell and analyzed for field water quality parameters.
Parameter results will be used to evaluate groundwater characteristics to aid in determining when
the formation water is entering the well. At a minimum, the following parameters will be measured in
the field: pH, specific conductance, turbidity, and temperature. Other field parameters such as
dissolved oxygen (DO) and oxidation-reduction (redox) potential may be used to assist in evaluating
purge effectiveness. Water quality parameters can be considered stable if three successive readings
are within £0.1 for pH, +3% for conductivity, 10 mv for redox potential, and +10% for turbidity and
DO. It should be noted that the turbidity reading is desired to stabilize at a value below 10
Nephelometric Turbidity Units (NTUs).
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Purging may be considered complete when:

e Standard 3 to 5 well volume method - A minimum of three well volumes (based upon well
construction records) have been evacuated from the well and two of the field measured
parameters (pH, specific conductance and temperature) have stabilized, or to 5 well
volumes, or until the well
is pumped/bailed dry. If e 1
standard purge methods |2 so1
are used, then the well o
volume can be 35
determined by using the o
inset chart. If three well

volumes cannot be

20
15
10

3 Times Well Volume (gallo

obtained due to the well ST 17

. . 0 =
belng pumped or balled 0 5 10 15 20 25 30 35 40 45 50 55 60
dry, the well will be Height of Water Column in Well (feet)

allowed to recover and then sampled. If sufficient water is not available for sampling
within 24 hours of purging for slowly recovering wells, the well will be considered dry, and
no sample will be collected.

e If low-flow (or minimal drawdown) techniques are used, purging activities will be
accomplished using flow-control submersible bladder pumps. Purging rates will be
monitored and depth-to-water measurements recorded so that evacuation rates do not
induce a substantial lowering of the potentiometric head elevation within the well. Flow
rates will vary for each well, but rates of approximately 0.1 to 0.5 L/min are typical.
Purging of pump discharge lines is necessary prior to the collection of field parameter
samples for field analysis using appropriate meters.

3.6 SAMPLE COLLECTION

Samples will be collected from each well using either a dedicated or disposable Teflon or
polyethylene bailer or through the discharge of pumps used to evacuate the well. Samples will be
collected at a rate that minimizes potential alteration of the sample due to agitation or oxidation.
Pumping rates for the collection of samples for volatiles analysis (VOAs, etc.) will be approximately
0.1 L/min or less, to the extent practical based on the sampling equipment used. Pumping rates for
the collection of other analyses may be increased but will be adjusted to a rate that also prevents
chemical alteration.

If low-flow sampling methods are employed, the sampling rate is not to exceed the purging rate, with
flow rates of approximately 0.1 to 0.5 L/min recommended (EPA/540/S-95/504). Sampling pumps

are to be operated in a continuous manner so that they do not produce samples that are aerated in

the return tube or upon discharge. Groundwater samples will be collected as soon as possible after

well evacuation.

Samples will be collected and containerized in the order of the volatilization sensitivity of the
parameter (i.e., volatile organics, organic compounds, inorganic species, and major cations and
anions). The samples will be collected in appropriate containers with the appropriate sample
preservative as described in subsequent sections.

American Environmental Landfill
Groundwater Monitoring Plan www.scsengineers.com




3.7 SAMPLE PRESERVATION

Sample containers, preservation, handling, and analysis will meet the specifications described by
"Test Methods for Evaluating Solid Waste Physical/Chemical Methods, third edition, Final Update IV,
February 2007” or an equivalent substitute as approved by ODEQ. Sample containers will be
supplied by the laboratory for each sampling event. The sample containers will be labeled to indicate
the test parameters required. The appropriate preservatives will be added to each sample container
based on the required analytical method.

3.8 CHAIN OF CUSTODY

Chain-of-custody procedures will allow for the possession and handling of samples to be traced from
the time of collection through laboratory analysis. All sample containers will be labeled to avoid
misidentification, have proper seals, and indicate the test parameters required. Chain-of-custody
procedures will prevent potential tampering with samples collected. At the time each sample is
collected, Chain-of-Custody will be completed and placed in the sample shipping container.

3.9 SAMPLE SHIPMENT

After collection and sample preservation, the labeled sample containers will be placed in an
insulated shipping container using frozen ice packs or other suitable frozen material for temperature
control. All samples included in the sample container will be packed in a manner that will minimize
the potential for container breakage. An original Chain of Custody Form will be sealed in a water-
resistant bag and placed with the appropriate sample bottle set. A copy will be maintained by the
sampling personnel. Actual forms utilized may vary in format, but the information indicated is
considered typical. The sample container will then be sealed with a custody seal for detection of
unauthorized opening or potential tampering with sample containers and sent to the designated
analytical laboratory. All shipments will be scheduled for next-day delivery. The temperature of the
samples will be recorded when the sample container arrives at the analytical laboratory to assess
that the appropriate sample temperature was maintained during shipment.
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4.0 SAMPLE QUALITY CONTROL/QUALITY ASSURANCE

Quality control and quality assurance (QA/QC) samples will be collected to assist in maintaining the
integrity of the data. The QA/QC samples are an integral part of maintaining the validity of the data
and, therefore, are subject to the same handling and chain of custody protocols as the groundwater
samples.

Groundwater samples will be collected in a manner so that chemical testing and evaluation of the
samples will provide an accurate representation of the quality of the in-situ groundwater at the depth
and location screened in the aquifer. This will require that all field equipment be calibrated prior to
use and re-calibrated in the field before use, as necessary. Additionally, a number of factors must be
considered that can affect the quality of the groundwater samples. These include the preparation of
sample containers, sample collection, sample packaging and shipping, and laboratory analysis. As
an aid in the detection and identification of errors, several types of field samples have been devised
for quality assurance and quality control.

4.1 FIELD, TRIP, AND EQUIPMENT BLANKS

Trip and field blanks will be utilized during each round of sampling at the site. The trip blank will be
provided by the analytical laboratory supplying the sample container. The trip blank, containing
laboratory-grade deionized water will remain unopened and sent from and to the laboratory in the
same manner as the site well samples. A field blank will be prepared in the field by pouring
laboratory-grade deionized water into one of the clean sample containers opened in the field. The
field blank will then be sealed and shipped in the same manner as the environmental samples. In
the event that non-dedicated sampling equipment is utilized, a field equipment (rinsate) blank will be
prepared by rinsing laboratory-grade deionized water over the sampling equipment immediately
subsequent to decontamination and prior to sampling and capturing the rinse water in a sample
container.

4.2 DUPLICATE SAMPLE

A duplicate sample will be collected from one well during each round of sampling at the site. The
duplicate sample will be collected in the field using a matching set of sampling bottles and
preservatives as the regular sample. Each duplicate sample will be collected by alternating filling
between the regular sample bottles and the duplicate sample bottles, proceeding in the designated
sampling order (i.e. VOAs first). Duplicate samples should not be physically different from regular
samples in color, turbidity, or other physical characteristics.
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5.0 LABORATORY QUALITY CONTROL
5.1 ANALYTICAL BLANKS AND SPIKES

The selected laboratory will use method quality control procedures that are equivalent to those
described in “Test Methods for Evaluating Solid Waste, Physical/Chemical Methods, SW-846, 3rd
Edition, Final Update IV, February 2007" or an equivalent substitute as approved by ODEQ. Duplicate
samples, method blanks, instrument/reagent blanks, matrix spikes, blank/water reagent spikes and
surrogate spikes are typical quality control checks performed throughout the analytical process. With
the exception of instrument/reagent blanks and surrogate spikes, these checks are performed at a
frequency of 5% or 10% (i.e., 1 in 20 samples, 1 in 10 samples). Instrument/reagent blanks and
surrogate spikes are performed on a daily or per sample (where required by method) frequency. Each
of the above applied Quality Control checks will be compared against the Acceptance Criterion for
each QC check to maintain analytical quality.

The method blank is a blank solution that is treated as a sample for the parameter being measured,
including all pretreatment/preparation procedures and is analyzed in the same manner as the well
samples to assess analytical accuracy and the potential for sample contamination.
Instrument/reagent blanks are prepared on a daily basis (where used) to detect contamination or
interferences in the sample treatment solvents and chemicals to demonstrate that none of these
applied chemicals systematically bias sample results.

Matrix spikes are well-samples fortified with known concentrations of analytes expected to be in the
sample. The percent recovery of any spiked analyte is taken as a measure of the bias of the
analytical method caused by the sample matrix. Blank/reagent water spikes are blank solutions
fortified with known concentrations of analytes expected to be in samples. These spikes may
(reagent water spikes) or may not (blank spike) be taken through the full analytical procedure prior to
analysis. The percent recovery of any spiked analyte is taken as a measure of control on the
analytical procedure. Surrogate spikes are utilized where a compound of a known amount that is not
expected to be in the environmental sample is added to the sample. Volatile Organic Compound
analysis uses this type of spike to measure method extraction efficiency. This spike is performed on
every sample and QC sample where the analytical method requires it.

5.2 INSTRUMENT CALIBRATION

Applicable instruments are calibrated using calibration standards and method-specified calibration
criteria. A solution containing various compounds of known concentrations is diluted and analyzed to
establish calibration curves and is performed daily or per the method to monitor the accuracy and
precision of the instrument. Instrument calibration is verified by analyzing a solution containing a
known concentration of the pure compound(s) of interest and comparing it against the calibration
curve. This standard compound is taken from the same stock as that used to develop the calibration
curve. Calibration verification is done at a 5% frequency, or as the method requires, to check the
stability of the calibration curve as well as the accuracy and precision of the system or analyst.

All standards and reagents used in laboratory procedures will be inventoried, labeled, logged and
documented in accordance with Inorganics, Inorganics/Chemical Methods and Robotics, Semi-
volatiles and Volatiles documentation procedures. All stock standards shall be purchased as certified
primary solutions from reputable, commercial lab suppliers, and prepared from neat chemicals with
certified purity. Stock standards shall be combined and/or diluted into secondary dilution standards,
which are then diluted into working standards.
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53 INSTRUMENT MAINTENANCE

Routine maintenance is performed and documented for all major instruments. In addition, any
service agreements for laboratory equipment are renewed annually. The EPA's "Good Automated
Laboratory Practices" (GALPs) shall be followed in the laboratory.

54 METHOD DETECTION LIMITS

Method Detection Limits (MDLs) will be updated annually per method and matrix. The MDL findings
are produced annually.
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6.0 DATA EVALUATION

This section outlines the proposed evaluation methodology that will be used for the detection of a
release from the facility, utilizing PQLs (EQLS) as the reporting concentration limits for VOCs, and the
Shewart-CUSUM control chart and/or Prediction Limits statistical comparisons. Data evaluation will
be performed in accordance with the March 2009 Statistical Analysis of Groundwater Monitoring
Data at RCRA Facilities Unified Guidance EPA 530/R-09-007 (Unified Guidance).

During background sample collection it will be necessary to examine the data for outliers, anomalies,
and trends that might be an indication of a release. Outliers and anomalies are inconsistently large
or small values that can occur due to sampling, laboratory, transportation or transcription errors, or
even by chance alone. Significant trends indicate a source of systematic error or an actual
contamination occurrence that must be evaluated and corrected before the detection monitoring
program can be implemented. The inclusion of such values in the historical database used for
statistical evaluation could cause misinterpretation of the data set and result in an artificial increase
in the magnitude of statistical limits, which could result in an increase in the false negative rate (i.e.,
a decrease in the sensitivity of the statistical procedure).

To remove the possibility of historical outliers and trends creating false statistical limits, the data for
each well and each constituent will be tested for the existence of outliers. Outliers in background
data will be determined in accordance with Chapter 12 of the Unified Guidance. If a sample collected
during background is found to be above the critical value for the sample of size (n-1), then the value
is not used in the establishment of the statistical limit from the background data set. Outliers may be
removed from consideration during the establishment of all statistical limits if some basis for a likely
error or data discrepancy can be identified (Unified Guidance Section 5.2.3).

The statistical outlier and trend detection procedure will be performed for those wells that have had
at least five (5) measurements for a given constituent. Once the background database is
established, the outlier procedure described above may be applied and appropriate statistical limits
set in accordance with the Unified Guidance.

6.1 STATISTICAL METHODOLOGY

For Detection Monitoring, this program will involve intra-well and inter-well analysis based on a
comparison of well constituent concentrations to background data. Data evaluation will be
performed in accordance with the Unified Guidance.

6.2 VOLATILE ORGANIC COMPOUNDS

PQLs asses if the quantitative value of the analyte is close to the measured value. Conversely,
method detection limits (MDLs) indicate that the analyte is present in the sample with a specified
degree of confidence. For analytes with estimated concentrations greater than the MDL but not the
PQL, it can only be concluded that the true concentration is greater than zero; the actual
concentration cannot be determined.

The use of laboratory-specific PQLs (or EQLs) already incorporates a measure of the statistical
uncertainty that is associated with the measurement process. Any VOC detected and verified at a
concentration above the PQL (or EQL) would be statistically significant, and therefore trigger
assessment monitoring. These decision rules apply only in cases where the constituent has rarely, or
never, been detected in the background. VOCs detected at concentrations between the MDL and

American Environmental Landfill
Groundwater Monitoring Plan www.scsengineers.com




PQL will be reported but will not be considered statistically significant unless a verified concentration
above the PQL is detected.

6.3 INORGANIC PARAMETERS

The statistical methodology for inorganic parameters in Detection Monitoring will include an intra-
well and inter-well comparison of the detected constituent to the background data population for
that constituent. The statistical limits for the background data set will be calculated using normal,
lognormal, and nonparametric prediction limits depending on the distribution of the data set. A
statistical program using combined Shewhart-CUSUM control charts and/or Prediction Interval Limits
will be utilized in accordance with Unified Guidance Chapters 18-20.

For new monitoring wells, once four (4) rounds of background samples and one (1) detection event
have been collected, an appropriate statistical method will be proposed to evaluate the data from
these wells. Data evaluation will be performed in accordance with the Unified Guidance.
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7.0 STATISTICALLY SIGNIFICANT INCREASE

If there is a verified statistically significant increase (SSI) over background levels for one or more
constituents at any monitoring well, the AEL:

e Must notify the ODEQ in writing within 14 days of the determination and place a notice in
the operating record indicating which constituents have shown statistically significant
changes from background levels; and

e Must establish an assessment monitoring program as discussed in Section 7.1 within 90
days of the determination and have the assessment monitoring program approved by the
ODEQ; or

e May, during the 90-day development of an assessment monitoring program,
demonstrate that a source other than the facility caused the contamination or that the
SSl resulted from error in sampling, analysis, statistical evaluation, or natural variation in
groundwater quality. A report documenting this demonstration shall be submitted to the
ODEQ for approval.

If a successful demonstration is approved by the ODEQ, detection monitoring shall continue. If, at the
end of the 90-day period, a successful demonstration is not made, the assessment monitoring
program must be initiated.

7.1 ASSESSMENT MONITORING

Assessment monitoring shall be conducted at a frequency specified by the ODEQ. Groundwater shall
be sampled and analyzed for the groundwater quality constituents in Table 4 as well as the
constituents listed in Appendix C of OAC 252:515. The list of monitored constituents may be reduced
with approval from the ODEQ. A minimum of one sample from each downgradient well and a
minimum of four independent samples from each well shall be collected and analyzed to establish
the background for any detected constituents that are listed in Appendix C of OAC 252:515. The
ODEQ may specify a subset of wells to be sampled and analyzed during assessment monitoring.

After obtaining the results from the initial assessment monitoring sampling event, the AEL must
notify the ODEQ in writing within 14 days and place a notice in the operating record identifying the
constituents that have been detected. Within 90 days and on at least a semi-annual basis thereafter,
the AEL shall:

e Resample all wells;

e Conduct analyses for all constituents in the detection monitoring program and any other
constituents specified by the ODEQ;

o Notify the ODEQ in writing and record the concentrations in the operation record; and

e Establish background concentrations for any constituents detected that are listed in
Appendix C of OAC 252:515.

If the concentration of all assessment monitoring constituents is at or below background values for
two consecutive sampling events using the approved statistical procedure, the AEL shall notify the
ODEQ in writing and may return to detection monitoring upon approval by the ODEQ. If one or more
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assessment monitoring constituents are detected at statistically significant levels above the
groundwater protection standard of OAC 252:515-9-96 in any sampling event, the AEL shall within
14 days of the finding:

o Notify the ODEQ in writing and place a notice in the operating record identifying the
constituents that have exceeded the background levels;

e By certified mail with return receipt requested notify all persons who own the land or
minerals or who reside on the land that directly overlies any part of the plume of
contamination within one year time of travel if contaminants have migrated off-site;

e Submit for ODEQ a proposed plan and schedule for analyzing the environmental release
from the facility and for developing appropriate corrective action;

e Submit to the ODEQ a copy of the notice sent to adjacent property owners along with a
list of who was notified;

e Characterize the nature and extent of the release by installing additional monitoring wells
as necessary; and

e Initiate an assessment of corrective action within 90 days.

7.2 CORRECTIVE MEASURES

If the assessment monitoring does not eliminate the landfill as the source of the SSI, then a
corrective action program will be implemented following the described methods in OAC 252:515-9
Part 11 and Part 15.
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8.0 MONITORING REPORTS

Groundwater monitoring reports will be submitted for newly installed monitoring wells, background
sampling, and routine monitoring.

8.1 MONITORING WELL INSTALLATION

A report summarizing monitoring well installation activities with a location map, boring log, and
monitoring well completion diagram will be submitted to the OWRB and ODEQ on forms prescribed
by the OWRB. The report will include the well development details and survey coordinates and
elevations. The monitoring well installation report will be submitted within 60 days of installation of
the monitoring well or the last monitoring well of a group and may be submitted as part of the routine
monitoring report.

8.2 BACKGROUND SAMPLING REPORT

A report summarizing the background sampling, statistical analysis, and results will be submitted to
the ODEQ within 60 days of the last background sampling event. The report will include field data,
monitoring well location maps, laboratory results, and statistical evaluations and summaries.

8.3 ROUTINE GROUNDWATER MONITORING REPORTS

A report summarizing the semi-annual sampling event will be submitted to the ODEQ within 60 days
of the sampling date. The report will include field data, monitoring well location maps, groundwater
flow summaries, laboratory results, and statistical evaluations and summaries.
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TABLES AND FIGURES

Monitoring
Point

Existing
Landfill

MW-1
MW-3
MW-5
MW-6é
MW-8R
MW-15A
MW-21A

Phase IV
Expansion
Area

MW-1_IV

MW-31B

MW-34

MW-36

MW-38

Table 1.

Hydraulic
Location

Up
Gradient

Down
Gradient

Down
Gradient

Down
Gradient

Up
Gradient

Down
Gradient

Up
Gradient

Hydraulic
Location

Up
Gradient

Down
Gradient

Down
Gradient

Down
Gradient

Down
Gradient

Existing Groundwater Monitoring System Summary

Monitoring Status

Active/Detection
Active/Detection
Active/Detection
Active/Detection
Active/Detection
Active/Detection

Active/Detection

Monitoring Status

Active/Detection
Active/Detection
Active/Detection
Active/Detection

Active/Detection

Northing

428081.39
429375.11
429388.42
429382.24
42797714
429406.63

429087.75

Northing

430004.48
427682.56
427724.68
427948.70

428689.42

Easting

2504346.62
2503946.83
2505535.40
2504611.52
2505669.03
2505330.21

2503006.88

Easting

2502704.30
2501501.90
2502710.33
2500404.97

2500077.29

Surface
Elevation
(MSL)

800.8
765.3
777.2
776.7
805.8
766.7

788.4

Surface
Elevation
(MSL)

768.0

737.0

777.0

729 .4

727.7

Top of
Casing
Elevation
(MSL)

802.6
764.8
779.8
777.3
N/A
770.3

791.5

Top of
Casing
Elevation
(MSL)

770.6
739.9
779.9
731.1

729.5

Total
Depth
(f)

54.27
34.52
51.68
46.15
53.73
N/A
43.01

Total
Depth
(ft)

54.27
66
95.55
59.23

47.35

American Environmental Landfill
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Monitoring | TOC

Well

(MsL)

MW-36 731.10
MW-38 729.50

P-1
P-4
P-6
P-9

P-12

P-15

P-19

P-23

P-27

P-30

P-37

P-39

P-42

744.53
760.73
721.01
781.88
789.16
776.55
791.87
817.77
809.37
824.13
849.01
825.52
844.46

07-21

34.54
10.47
33.76
48.75
19.44
56.53
45.61
86.49
79.82
95.53
79.91
89.53
84.79
55.37
93.06

08-21

35.13
11.02
34.19
48.57
20.36
56.34
104.7
85.55
66.28
94.43
34.71
90.21
85.63
54.71
95.60

09-21

34.61
11.86
34.60
48.75
20.69
56.50
102.9
85.22
66.22
93.83
32.18
90.52
85.97
54.41
96.42

Table 2.

10-21

33.32
12.44
34.50
48.54
20.11
56.43
101.0
84.93
65.92
93.17
31.00
90.69
86.11
55.06
96.67

11-21

33.07
12.21
34.42
48.43
19.86
56.40
98.99
84.70
65.97
91.59
30.51
90.85
88.95
54.58
96.69

Historical Groundwater Elevations

12-21

33.24
11.76
33.97
48.28
19.56
56.41
96.29
84.50
65.87
92.12
30.22
90.78
86.16
53.43
96.47

03-05-22 | 03-31-22

Date

1-22

31.96 31.95
11.49 11.35
34.22 34.10
48.71 48.78
19.80 19.57
56.48 56.64
94.85 92.95
84.32 84.00
65.98 65.77
89.95 87.90
29.67 28.65
91.04 90.95
86.28 86.20
55.93 55.51
96.43 96.30

32.00
11.32
34.17
49.16
19.45
56.65
90.63
83.89
65.77
87.06
27.40
91.05
86.38
55.16
96.34

04-22

32.04
11.47
34.30
49.10
19.37
56.67
89.05
83.75
65.70
86.40
26.25
90.95
86.31
55.66
96.29

05-22

32.05
11.20
34.30
48.43
19.02
56.71
86.56
83.60
65.58
85.32
24.68
90.98
86.10
56.05
96.22

06-21

31.94
10.48
33.85
49.61
18.60
56.72
83.00
83.34
65.48
84.08
23.35
90.81
85.28
55.24
96.18

08-22

31.97
11.58
34.65
50.12
19.33
56.85
79.80
83.10
65.92
82.17
26.59
91.03
85.86
56.19
96.77

Highest
Elevation (MSL)

699.16
719.03
710.77
712.45
702.41
725.54
743.55
693.45
726.39
735.60
786.02
734.60
764.22
772.09
751.40
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Table 3. Proposed Groundwater Monitoring Network

Monitoring Well MW-39 MW-40 MW-41
Boring Number - P-1 -
Hydraulic Location Downgradient | Downgradient Upgradient
Northing 427657 .60' 427676.72' 430988.35'
Easting 2500732.38' 2497783.12' 2500961.83'
Surface Elevation (MSL) 726.00 ft 741.91 ft 872.03 ft
Total Depth (FT BGS) 45 70 138
Screen Elevation Top 691.0 700.9 744.0
(MSL) Bottom 681.0 690.9 734.0

Notes:

1. Existing Piezometer 1 (P-1) is proposed to be converted to MW-40. Location and elevation was provided by
Professional Surveyors, Inc.

2. MW-39 and MW-41 locations and elevations are proposed.

American Environmental Landfill
Groundwater Monitoring Plan www.scsengineers.com




Table 4. Background and Routine Monitoring Parameters

Constituent Units Constituent Units
Oklahoma Groundwater Quality Oklahoma Appendix A
Constituents Constituents
Calcium mg/L cis-1,2-Dichloroethene ug/L
Carbonates mg/L trans-1,2-Dichloroethene ug/L
Chemical Oxygen Demand mg/L 1,2-Dichloropropane ug/L
Chloride mg/L cis 1,3-Dichloropropene ug/L
Magnesium mg/L frans 1,3-Dichloropropene ug/L
Nitrate/Nitrite mg/L Ethylbenzene ug/L
pH S.U. 2-Hexanone ug/L
Potassium mg/L Lead ug/L
Sodium mg/L Bromomethane mg/L
Specific Conductivity umkrlrc])s/c Chloromethane ug/L
Sulfate mg/L Dibromomethane ug/L
Oquhg:::fﬁf:ni:dix A Units Methylene chloride ug/L
Acetone ug/L Methyl ethyl ketone ug/L
Acrylonitrile ug/L Methyl iodide ug/L
Antimony mg/L 4-Methyl-2-pentanone ug/L
Arsenic mg/L Nickel mg/L
Barium mg/L Selenium mg/L
Benzene ug/L Silver mg/L
Beryllium mg/L Styrene ug/L
Bromochloromethane ug/L 1,1.1,2-Tetrachloroethane ug/L

American Environmental Landfill
Groundwater Monitoring Plan www.scsengineers.com
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Bromodichloromethane
Bromoform; Tribromomethane
Cadmium
Carbon disulfide
Carbon tetrachloride
Chlorobenzene
Chloroethane
Chloroform
Chromium
Cobalt
Copper
Dibromochloromethane
1,2-Dibromo-3-chloropropane
1,2-Dibromoethane
1,2-Dichlorobenzene
1,4-Dichlorobenzene
trans-1,4-Dichloro-2-butene
1,1-Dichloroethane

1,2-Dichloroethane

1,1-Dichloroethene

ug/L
ug/L
mg/L
ug/L
ug/L
ug/L
ug/L
ug/L
mg/L
mg/L
mg/L
ug/L
ug/L
ug/L
ug/L
ug/L
ug/L
ug/L

ug/L

ug/L

1.1,2,2-Tetrachloroethane
Tetrachloroethene
Perchloroethylene
Thallium
Toluene
1.1,1-Trichloroethane
1,1.2-Trichloroethane
Trichloroethene
Trichlorofluoromethane
1,2,3-Trichloropropane
Vanadium
Vinyl acetate
Vinyl chloride
Xylenes
Zinc
Field Parameters
Depth to water
Total well depth

Temperature

Specific conductivity

pH

ug/L
ug/L
ug/L
mg/L
ug/L
ug/L
ug/L
ug/L
ug/L
ug/L
mg/L
ug/L
ug/L
ug/L
mg/L
Units
ug/L
feet
feet

umhos/c
m

S.U.
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Figure 1.  Site Location
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Figure 2.  Proposed Groundwater Monitoring System
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Appendix A

Boring Logs and Well Construction Diagram
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K:\AEL\Projects\2020\27220345.00 - Lateral Expansion Permitting\Task 8 - Application Submittal to ODEQ\App D GW Monitoring Plan\Typical Monitoring Well Construction.dwg Mar 14, 2023 - 4:02pm Layout Name: Typical Monitoring Well Construction By: 4810twl

(NOT TO SCALE)

SURFACE SEAL: CONCRETE OR CEMENT GROUT
PLACED ABOVE THE ANNULAR SEAL
FROM A DEPTH OF 2—-FT TO
GROUND SURFACE.

ANNULAR SEAL: BENTONITE CHIPS, CEMENT/BENTONITE GROUT, OR
BENTONITE GROUT (SEE NOTE 1) PLACED FROM FILTER
PACK SEAL TO WITHIN 2—FT OF GROUND SURFACE

FILTER PACK SEAL: AT LEAST 2—FT OF HYDRATED BENTONITE

FILTER PACK: SILICA SAND; PLACED FROM BOTTOM OF BOREHOLE
TO 2—FT ABOVE THE TOP OF SCREEN.

NOTES:

1.

ANNULAR SEAL: CEMENT GROUT MIX RATIO OF 94—-LBS
CEMENT TO A MAXIMUM OF 6—GAL WATER IS USED, AND
MIXED TO THE CONSISTENCY RECOMMENDED BY THE
CEMENT MANUFACTURER. MAXIMUM OF TWENTY PERCENT
(20%) BENTONITE BY DRY WEIGHT MAY BE ADDED TO
THE CEMENT GROUT TO FORM THE CEMENT/BENTONITE
GROUT MIXTURE. THE BENTONITE IS PREHYDRATED TO
THE MANUFACTURER'S RECOMMENDED CONSISTENCY. THE
BENTONITE GROUT HAS AT LEAST TWENTY PERCENT
(20%) BENTONITE BY DRY WEIGHT, AND IS MIXED
ACCORDING TO THE MANUFACTURER'S RECOMMENDED
CONSISTENCY.

WHEN THE PLACEMENT OF GROUT WILL EXCEED 20-FT,
THE GROUT IS PLACED THROUGH A TREMIE PIPE AND
FILLED OR PUMPED FROM THE BOTTOM UPWARD.

(0.25"-0.75" IN SIZE) PLACED ABOVE FILTER PACK.

PROTECTIVE CASING

LOCKABLE STEEL COVER. MARKED TO
IDENTIFY TYPE OF WELL, LATITUDE,

LONGITUDE, & SURFACE ELEVATION (AS
MEASURED BY A LICENSED SURVEYOR)

THREADED OR SOCKET WELL CAP \C

SURFACE PAD:CONCRETE OR CEMENT
PAD SLOPED TO INSURE THAT SURFACE
WATER FLOWS AWAY FROM THE WELL _*_

224—IN

23.5—IN

@2 3—FT -
GROUND SURFACE

—212—IN THROUGH
SURFACE PAD

RISER PIPE: 2-IN PVC SCHEDULE 40 PIPE

WITH FLUSH THREADED —/7

JOINTS

%~ SCREEN: 2-IN PVC
SLOTTED SCREEN

,~END CAP:  2-IN SCHEDULE 40
PVC THREADED CAP

BOREHOLE ¢=5—IN

CK.
BY

REV.| DATE

AN
AN
A
A
A
AN

TYPICAL MONITORING WELL
CONSTRUCTION
GROUNDWATER MONITORING PLAN

SHEET TITLE
PROJECT TITLE

AMERICAN ENVIRONMENTAL LANDFILL, INC
AMERICAN ENVIRONMENTAL LANDFILL
SAND SPRINGS, OKLAHOMA

CLIENT

&
%
(7)) %g
e £ ISk
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w-=2
2= =
Zs3e |22
OEs: |z &
wiss |.
Oz:e |9 g
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N
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CADD FILE:
ATE:
3/14/23
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1Y

SHEET NUMBER: 1 of 1

 SCS ENGINEERS [EXJUNOCNY

DRILLER: Timothy Swyden

SURFACE ELEVATION: 741.91 ft

DRILLING RIG: Dedrick 50 Turbo

TOCELEVATION: 744.53 ft

CLENT: AEL Landfill

DRILLING METHOD: Split Spoon/Core

WELL DEPTH COMPLETION: 70 fbgs

PROJECT NAME: 203-Acre Expansion

PROJECT NUMBER: 27220345.00

PROJECT LOCATION: Sand Springs, Oklahoma

DRILLING CONTRACTOR: Mohawk
Drilling, Inc.

LOCATION:
EASTING: 2497783.12
NORTHING: 427676.72

GEOLOGIST: Joe Wrath

SAMPLING METHOD: Split Spoon/Core

WATER LEVEL: 31.91 fbgs

START DATE: 12/16/2020

BORING DIAMETER: 8.25"

STBLZD WATER ELEVATION: 710 ft

FINISH DATE: WELL DIAMETER: 2" WATER LEVEL DATE: 7 /19 /2021
DEPTH  LitHoLoGY LITHOLOGY DESCRIPTION Sample  Sample  Blow SE  MONITORING WELL MONITORING WELL DESCRIPTION ELEVATION
(FT) Type Depth Counts g CONSTRUCTION (FT)
5 ] ) =
. Stick Up (2.62 ft) — 744
0 — Protective Cover =
| Concrete Pad — 740
— (Approximately 6") [
5 — Silty Clay; burnt —

— reddish orange with Grout from ground — 736

— tan mottling surface to 38 ft bgs =
10 — 2 in dia. Sch. 40 PYC | — 732

_ soild riser from O - —

— 43.81 ft bgs — 728
15 —] [

= 5 —— 724
20 — . -

1 — 720
25— Silty Clay; brown — 716
30 — — 712

] 24 hr S'rqblili'zed WL= — 708
35 — 31.91' bgs —

- . NN _ — 704
“0 Sand; tank, fine = A Bentonite hole plug seal =

grained, dry =3 EE from 38 ft bgsto 41 ft — 200
Shale; greenish ® bgs [
, kl . —
45 g::qe?newme:d,y Sand filter pack from 696
] Saturated at 46' 41 ft to 53.81 ft bgs [
bgs Wet at 46' bgs = 602
50 10 ft of 2 in dia, 0.010 —
. slot, Sch. 40 PVC sreen =
— End Cap —— 688
35 Shale —
— — 684
Shale; gray, —
60 — weakly cemented ; 680
65 . — 676
70 — — 672

TD Drilled 70' bgs

THE STRATIFICATION LINES REPRESENT APPROXIMATE
BOUNDARY LINES BETWEEN SOIL AND ROCK TYPES: ACTUAL
TRANSITIONS MAY BE GRADUAL
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Example Form
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Field Sampling Sheet

Project Name: Monitoring Point:

Project Location:

Project Number: Date (s):
Field Team Members
Name: Affiliation:
Name: Affiliation:
Weather Conditions
Temp: °F Wind Direction: N S E W (circle two if needed)
Precipitation: None Light Heavy Sky: Cloudy  Sunny Partly
Well Observations
Well Pad Locks Yes No
Casing Protective Casing
Protective Casing Well
Reference Mark/ldentification
Groundwater Level Measurements Static Water Level: feet below TOC
Date/Time Measured: Total Depth: feet below TOC
Purging Activities
Purged By: Purge Date:
Purge Method: Bailer  Dedicated Pump  Non-Dedicated Pump (circle one)
Well Diameter: 1-inch 2-inch  3-inch  4-inch  Other (circle one)
Purge Volume Calculation: Total Purge Volume: gallons
Initial Parameter Readings: pH Spec. Cond. Temp
Physical appearance of purge water:
Cumulative Specific
Purge Purge Vol. |Purge Rate Conductivity Temp
Time (gallons) (ml/m) pH (uS) (°C) Other Other
Sampling Activities
Sampled By: Sample Date/Time:
Sample Method: Bailer = Dedicated Pump  Non-Dedicated Pump (circle one)
Sample Parameters: pH Spec. Cond. Temp
Water Level: feet below TOC

Observations/Comments: (i.e., equipment malfunctions, contamination sources, sampling difficulties; duplicate sample)

Form Completed By: Date:




Appendix C

Low-Flow (Minimal Drawdown) Groundwater Sampling Procedures

American Environmental Landfill
Groundwater Monitoring Plan www.scsengineers.com




United States
Environmental Protection
Agency

Office of
Research and
Development

EPA/540/S-95/504
April 1996

Office of Solid Waste
and Emergency
Response

wEPA

Ground Water Issue

LOW-FLOW (MINIMAL DRAWDOWN)
GROUND-WATER SAMPLING PROCEDURES

by Robert W. Puls ! and Michael J. Barcelona ?2

Background

The Regional Superfund Ground Water Forum is a
group of ground-water scientists, representing EPA’s
Regional Superfund Offices, organized to exchange
information related to ground-water remediation at Superfund
sites. One of the major concerns of the Forum is the
sampling of ground water to support site assessment and
remedial performance monitoring objectives. This paper is
intended to provide background information on the
development of low-flow sampling procedures and its
application under a variety of hydrogeologic settings. It is
hoped that the paper will support the production of standard
operating procedures for use by EPA Regional personnel and
other environmental professionals engaged in ground-water
sampling.

For further information contact: Robert Puls, 405-436-8543,
Subsurface Remediation and Protection Division, NRMRL,
Ada, Oklahoma.

I. Introduction

The methods and objectives of ground-water
sampling to assess water quality have evolved over time.
Initially the emphasis was on the assessment of water quality
of aquifers as sources of drinking water. Large water-bearing

units were identified and sampled in keeping with that
objective. These were highly productive aquifers that
supplied drinking water via private wells or through pub