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September 10, 2021 

Mr. Gregory Beronja 
SC&A, Inc. 
2200 Wilson Blvd., Suite 300 
Arlington, VA 22201 

Subject: Technical Review of Major Liner Modification at Wayne Disposal Inc., Belleville, Michigan 
TRC Project No. 430226.0000.0000 

Dear Greg: 

This letter presents the results of TRC’s technical review of the proposed landfill liner design 
modifications for Wayne Disposal Inc. (WDI) Master Cell VI, Subcells F1-F4 and G4-G7.  A Google 
Earth site location map is included in Attachment 1. 

This review investigated the technical equivalency of the proposed GCL-based liner system and the 
technical adequacy of the proposed modifications compared to the permitted design.  Conclusions of 
this review are based on information presented in WDI’s 370-Page Modification Package, meetings with 
WDI and their contractors, and additional information provided by WDI.  Appendices from the 
Modification Package that were of importance for this review are included in Attachments 2-8.  
Conformance with the Michigan Department of Environment, Great Lakes, and Energy (EGLE) 
regulations was considered. 

This review began by determining how the proposed liner system differs from the permitted design.  
Based on our understanding, the four notable adjustments of the proposed system include: 

• Use of a lower permeability soil drainage layer in the leachate collection system 

• Replacement of the primary compacted clay layer with an Attenuation Layer 

• Incorporation of two GCL layers both above and below the Attenuation Layer 

• Removal of the secondary compacted clay layer 

These proposed changes were the focus of this review and were further evaluated to determine the 
proposed design’s suitability. 

A summary of TRC’s findings is presented below.   

• Permeability of Drainage Sand – CTI’s proposed leachate collection system includes a soil 
drainage layer with a permeability of 10-3 centimeters per second (cm/s) followed by a double-
sided geocomposite.  The Part 115 Rules R299.4423(2)(ii) states that 10-3 cm/s is an acceptable 
value for a soil drainage layer if used in conjunction with a geosynthetic drainage material with a 
permeability of 1 cm/s or greater.  

• Chemical Compatibility of Leachate and GCL – A chemical compatibility analysis was 
performed by CETCO in 2018 using GCLs (Bentomat GCL and Resistex 200 GCL) contained in 
the proposed liner system and leachate from the WDI site.  This analysis concluded that the 
Bentomat GCL would be incompatible with the site’s leachate, however, the Resistex 200 GCL 
does meet the permeability performance requirements.  
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TRC requested additional information as to why Bentomat GCL was used in the proposed liner 
system.  Further explanation from CTI is included in response number 13 on page 5 of 
Attachment 6.  TRC agrees that installing Bentomat GCL in the secondary liner system results 
in a technically adequate design.  The presence of the primary liner geosynthetics and 5-foot 
attenuation layer above the secondary liner system limit the amount of leachate that is able to 
impact the Bentomat GCL.  

• Technical Equivalency of Design – The permeability of the Resistex 200 GCL measured by 
CETCO using leachate from the existing landfill was 1.6 x 10-9 cm/s. Comparing this to a five-foot 
clay compacted liner with an approximate permeability of 10-7 cm/s, the Resistex 200 GCL is 
superior, exhibiting a lower permeability.   

• Slope Stability – CTI performed analyses to consider global stability failures through underlying 
soils, through the proposed waste, and along the proposed liner.  The stability models examined 
cross sections of the proposed landfill design where the most critical conditions were determined 
based on-site geometry, including liner slopes and waste grades.  TRC reviewed the final design 
drawings and agreed that these cross sections are representative of critical conditions.  The 
models determined factors of safety against slope stability failure greater than the minimum 
allowable requirements, 1.5 for final conditions and 1.3 for interim conditions.  Additionally, the 
soil and waste strength parameters assumed by CTI are considered suitable based on the 
information provided, referenced literatures, and TRC's experience on similar projects.     

CTI varied the strengths of the interface between geosynthetics and soils, setting a minimum 
factor of safety to the regulatory requirements, to calculate a minimum allowable interface 
strength, with zero adhesion, for interfaces which include geosynthetic to geosynthetic, soil to 
geosynthetic, and internal strength of the GCL.  The minimum allowable interface friction angle 
was determined to be 10.7 degrees.  This value was compared to tests that have been 
performed for materials at the site.  TRC recommends direct shear testing be performed, per 
ASTM D5321 and ASTM D6243, to confirm the soil to geosynthetic interface strength, 
geosynthetic to geosynthetic interface strength, and GCL internal strength for the materials 
proposed for construction.  In Attachment B of the Modification Package, WDI commits to 
performing direct shear tests as part of the Construction Quality Assurance (CQA) scope of work. 

WDI confirmed that direct shear testing will be performed on soil and geosynthetics proposed for 
liner construction in response number 14 on page 6 of Attachment 6.  When testing is complete, 
results should be compared to the slope stability analyses to confirm the required strengths in 
the model are achieved. 

Pore water pressure conditions were not considered in the initial analyses.  Piezometric surfaces 
were not included at estimated groundwater levels or above the liner system simulating leachate 
on the liner.  TRC recommended considering the maximum head on liner (calculated to be 
11.94 inches in Attachment B-5.1), and the estimated groundwater conditions in the stability 
models.  Additionally, global stability was not considered using the effective stress strength 
conditions of the underlying clays (drained conditions).  Only undrained conditions were 
modelled.  TRC recommended that slope stability be demonstrated under drained conditions. 
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CTI performed slope stability analyses considering a piezometric surface modeling 12 inches of 
leachate above the liner per TRC’s request, in CTI’s Attachments B1.10 and B1.11.  The resulting 
factors of safety meet or exceed the required factor of safety (1.5) for final slope conditions.   

TRC recommended that CTI analyze the foundation global stability conditions using parameters for 
drained soil conditions and the estimated groundwater conditions.  In CTI’s Attachments B1.8 and 
B1.9, titled Foundation Stability Under Drained Conditions, existing groundwater was modelled as 
a piezometric surface, but the soil parameters for the native clay soils the effective stress (drained) 
conditions match the parameters used in the total stress (undrained) conditions.  TRC anticipated 
that the soil strength parameters of the clay would change in drained versus undrained conditions.  
For drained conditions, the effective friction angles would be expected to be non-zero and for the 
effective cohesions to be significantly lower than the values used in undrained analysis.  

CTI submitted Attachment 7 that clarified why the undrained soil parameters were used in the 
drained condition analyses in Attachment B-1 Slope Stability scenarios 8 through 11.  CTI stated 
that undrained shear strength parameters used in the analyses are lower than shear strength 
values under drained conditions.  TRC concurs with using the more conservative strength 
parameters to model the stability of the proposed landfill and requested that CTI provide the 
strength envelopes comparing the undrained and drained strengths for the upper clay, middle 
clay, and lower clay soils referenced in the stability analyses.  This information was provided by 
CTI in Attachment 8.  TRC agreed with the reasoning for using the selected approach and 
strength parameters provided in the attachment.  

• Leachate Collection Sump Addition – The EGLE requested that each subcell contain its own 
leachate collection sumps to isolate detections.  Construction drawings and additional 
information about this modification are now provided in Attachment 6.   

Based on our review of the information, TRC believes the proposed design is technically adequate. 

Sincerely, 
TRC 

 
Michael J. Amstadt, P.E. 
Principal Project Manager 

Attachments: 1. Wayne Disposal Inc. Site Map 
2. 2021 WDI Attachment A – Technical Equivalency Information 
3. 2021 WDI Attachment A1 – Chemical Compatibility Evaluation Provided by CETCO 
4. Subset of 2021 WDI Attachment B – Slope Stability and Settlement Analysis 
5. 2021 WDI Attachment D – GCL Manufacturer Specifications, CQA Manual, and 

Installation Guidelines 
6. WDI Major Modification - Liner Design Upgrade Comments – April 13, 2021  
7. Additional Information - Ladd (1991) Stability During Staged Construction Terzaghi 

Lecture 
8. Additional Information - Response to Comments – August 18, 2021 

cc: George Shereda – TRC   
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Attachment 1 

Wayne Disposal Inc. Site Map 
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2021 WDI Attachment A – Technical Equivalency Information 
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Proposed Liner System for MC VI-F and MC VI-G 

WDI is proposing to install a polymer-treated geosynthetic clay liner (GCL) (Resistex® 200, manufactured 
by CETCO) immediately beneath the primary 80-mil HDPE geomembrane liner of Master Cell VI-F1 
through Master Cell VI-F4 (MC VI-F) and Master Cell VI-G4 through Master Cell VI-G7 (MC VI-G) to 
maximize the barrier performance of the liner system. This proposed GCL liner system was approved by 
the agency in 2018 for MC VI-G2 and MC VI-G3, using the same information presented below. Figure A-1 
shows the proposed liner construction details. Note that the captions of other liner components (e.g., 80-
mil HDPE geomembranes, double-sided geocomposite, geogrid, etc.) are omitted in Figure A-1 for clarity. 
Please refer to Attachment C, 2020 Permit Engineering Drawings for more liner construction details.  
 

 
Figure A-1. Proposed MC VI-F and MC VI-G Base Liner Construction Detail. 

(The geogrid and structure fill are only required on top of the existing waste  
within MC I and IV boundary) 

 

To quantify the equivalency of the proposed liner system including GCL to the permitted liner system 
including CCL, WDI provided the GCL manufacturer (CETCO) with site-specific leachate test data for a 
conservative evaluation of GCL chemical compatibility. CETCO conducted a series of tests in their R&D 
laboratory on the supplied sample of leachate from WDI. 

After 243 hours of permeation, CETCO measured an average permeability of 1.5 x 10-9 cm/sec with 0.7 
pore volumes of leachate passing through the specimen. This means that the bentonite / polymer blend 
in the Resistex® 200 hydrated and cut off flow as designed. For the equivalency demonstration calculations 
(specifically, the steady-state solute flux), a conservative permeability of 1 x 10-8 cm/sec was used. In other 
words, an extra adjustment or safety factor of 6.7 was applied for additional conservatism. See 
Attachment A-1 for CETCO’s chemical evaluation report. 

In addition to installing the polymer-treated GCL (Resistex® 200) immediately beneath the primary 80-mil 
HDPE geomembrane liner on the cell floor, WDI is also proposing to use another specialty GCL, Bentomat® 
CL, for enhanced protection. Bentomat® CL has an additional FML laminated on one side of the GCL to 
offer the highest level of hydraulic barrier performance. By installing this product with the FML side “facing 
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up” towards the cell as indicated in Figure A-1, Bentomat® CL provides another impervious layer to isolate 
its own bentonite layer from contacting moisture, if any, that may migrate through the primary HDPE 
geomembrane liner and the overlying GCL (Resistex® 200). 

For sideslopes that are steeper than 4(H):1(V), WDI proposes to replace the FML-laminated GCL 
(Bentomat® CL) with a standard GCL product (Bentomat® DN) for slope stability purposes. Bentomat® DN 
consists of two layers of needle-punched, non-woven geotextiles on both sides of the bentonite interlayer. 
This configuration provides superior sideslope shear resistance. The FML-laminated GCL (Bentomat® DN) 
to be installed on the cell floor will be extended 5-ft vertically above the toe of the sideslopes for optimized 
performance. 

Technical Equivalency 

An equivalency assessment was conducted by the following steps allowing for a technically-sound, 
effective and project-focused equivalency demonstration. 

1. Identify various technical criterion that are relevant to the proposed MC VI-F and G cell liners. 

2. Divide the identified criterion into distinct categories to facilitate a direct technical comparison 
between GCLs (the proposed alternative) and CCLs (the approved design). 

3. Identify criterion where technical equivalency between GCLs and CCLs has already been well-
studied, demonstrated and documented by the lining industry (e.g., landfills, surface 
impoundments, mining, water-proofing of hydraulic structures, etc.), based on past tests and 
project experiences. No additional demonstration effort is needed for these items. 

4. Identify criteria which are mainly site-, project-, or product-specific items, and demonstrate 
equivalency. 

The results of Steps 1, 2 and 3 are summarized in Table A-1 below. Both the format and content shown in 
the table is largely adapted from the well-referenced papers by Koerner and Daniel (1993), Bonaparte et. 
al. (2002), as well as from general liner engineering practice over the past two decades, with some site-
specific modifications that are considered appropriate for the construction of the MC VI-F and MC VI-G 
liner. 
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Table A-1. Generalized Technical Equivalency Assessment for Liners Beneath Landfills 

 

 

As shown in Table A-1, the following five items (criterion) are identified for Step 4 discussed above: 

Hydraulic Properties 
 Steady state solute flux  
 Chemical adsorptive capacity / Solute breakthrough time 

Physical/Mechanical Properties 
 Stability of slopes 
 Bearing capacity 

Construction Properties 
 Puncture resistance/subgrade condition 

 
These items were subjected to detailed comparison between GCLs and CCLs as presented in the following 
sections. 
 
Hydraulic Properties 

Steady state solute flux 

Past testing and experience have shown that sodium bentonite (the interlayer of GCL) is chemically 
compatible with many common waste streams, including leachate, some petroleum hydrocarbons, 
deicing fluids, livestock wastes, and dilute sodium cyanide mine waste. 

In certain chemical environments, the sodium ions in bentonite can be replaced with cations dissolved in 
the water that comes in contact with the GCL, a process referred to as cation exchange. This type of 

 GCL is superior  GCL is equivalent
Equivalency is 

product-, design-, 
or site-specific

Category irrelevant to this project

Steady state water flux X Evaluation will focus on site-specific leachate
Breakthrough time - water X Evaluation will focus on site-specific leachate
Horizontal flow in seams or lifts X -
Horizontal flow beneath geomembranes X -
Steady state solute flux X -
Chemical adsorptive capacity / Solute 
breakthrough time

X -

Permeability to gases - - - A non-issue when GCL is installed under FML 
Generation of consolidation water X -
Freeze-thaw behavior X -
Wet-dry behavior X -
Vulnerability to erosion - - - Erosion is irrelevant in the proposed liner 
Total settlement X -
Differential settlement X -
Stability on slopes X -
Bearing capacity X -
Puncture resistance X -
Ease of placement X -
Speed of construction X -
Availability of material X -
Requirements of water X -
Air pollution concerns X -
Quality assurance considerations X -

Category of which GCL is superior than CCL
Category of which GCL is equivalent to CCL

Construction

Category of which equivalency is product-, design-, or site-specific
Category is irrelevant to this project

Hydraulic

Category Criterion for Evaluation

Physical/ 
Mechanical

Equivalency of GCL to CCL

ECefalu
Contractor
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exchange reaction can reduce the amount of water that can be held in the interlayer, resulting in 
decreased swell. 

With the design and installation configuration shown in Figure A-1 in mind the steady state solute flux 
equivalency demonstration was prepared and presented in Tables A-2a and A-2b. Please note that the 
following assumptions were made in the demonstration for additional conservatism: 

1. Comparisons were made as if the 80-mil HDPE primary geomembrane liner does not exist. In other 
words, GCL’s superior swelling capability, which is capable of enhancing the performance in the 
overlying HDPE liner, is completely ignored.  

2. Considering the evaluation performed by the GCL manufacturer of GCL chemical compatibility 
with site specific leachate data, the hydraulic conductivity of the upper GCL (Resistex® 200) is 
assumed at 1 x 10-8 cm/sec despite the tested results suggesting a permeability of 1.5 x 10-9 cm/sec. 
As discussed previously, this adjustment serves to conservatively address the concern of chemical 
compatibility associated with site-specific leachate. This adjustment is extremely conservative 
since this GCL layer will be completely covered by a layer of 80-mil HDPE geomembrane liner and 
hydration of GCL by leachate can only take place if it is exposed through liner imperfections. The 
chance of this assumed scenario does not practically exist. 

3. Values of head-on-liner used in the evaluation were selected as 12.0 inches (30.5 cm) for the cell 
floor (per regulation) and 6.0 inches (15.2 cm) for sideslopes steeper than 4(H):1(V). Please note 
that the head-on-liner over both the floor and the sideslope is calculated as not to exceed 6 inches 
as shown in the “Maximum head-on-liner calculation” included in Attachment B-5. Moreover, 
while only the standard GCL product (Bentomat® DN) is used in the flux calculation, the calculated 
maximum head-on-liner will theoretically occur near the toe of the sideslope where the specialty 
GCL (Bentomat® CL) will be installed. This presents an additional conservative factor of safety. 

4. Technically, an “apples-to-apples” comparison of steady state solute flux should be made by 
comparing flux that comes from the bottom of the 5-ft attenuation layer (in the proposed design 
case) and from the bottom of the 5-ft CCL layer (in the permitted design case). However, the 
equivalency evaluation was conservatively conducted by determining the flux that flows through 
the two layers of GCLs and comes out the bottom of the lower GCL layer (Bentomat® CL). In other 
words, any flow retardation capacity that could be provided by the underlying 5-ft thick cohesive 
attenuation layer is completely ignored in this evaluation. 

5. Consequent to assumptions 3 and 4 discussed above, the hydraulic gradient (the driving force that 
causes flow to take place) selected for the proposed liner case is 14 times and 8 times greater 
than that selected for the permitted liner case for floor and sideslope liners, respectively. This 
represents another very conservative assumption. 

The evaluation of the steady state solute flux criteria is made by dividing the calculated steady state solute 
flux of the proposed liner (GCL) by the number associated with the permitted liner (CCL). The resulting 
“ratio”, if it is less than or equal to 100%, would indicate that the performance of the proposed liner 
system is acceptable, and therefore technical equivalency is demonstrated. 

Input parameters, assumptions, and results of the steady state solute flux evaluation are presented in 
Tables A-2a and A-2b for cell floor and slopes that are steeper than 4(H):1(V), respectively.   
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Table A-2a. Steady State Solute Flux Equivalency Demonstration 
Liner over Cell Floor and Slopes ≤ 4(H):1(V) 

 

 
 

Table A-2b. Steady State Solute Flux Equivalency Demonstration 
Liner on Slopes ≥ 4(H):1(V) 

 

 

As shown in Tables A-2a and A-2b, the steady state solute flux “ratios” are 14% and 45% for the cell floor 
and sideslope, respectively. Both numbers are significantly less than 100% indicating the performance of 
the proposed liner system is superior. Therefore, technical equivalency is demonstrated and the proposed 
liner system is acceptable. 

Chemical adsorptive capacity / Solute breakthrough time 

Federal and State regulations focus on preventing contamination of groundwater (CFR 40 Part 264.301(b) 
and Michigan Part 111 R299.9620(4)(a)). Therefore, selecting a point in the subsoil that has the same 
hydrogeological characteristics and distance to groundwater and using that point as a reference for both 
liner systems would be an appropriate approach in demonstrating equivalency.   

Layer
Thickness

(cm)
K (cm/sec)

(water)
K (cm/sec)

(WDI leachate)
Additional 
adjustment 

Adjusted K 
(cm/sec)

Thickness/ 
Perm

Resistex 200 0.95 3E-09 1.5E-09 6.7 1.0E-08 47,625,000         
Bentomat CL 0.95 5E-10 5E-10 1.0 5E-10 1,905,000,000   

Saturated thickness of GCL = 0.375" (or 0.95 cm)

1E-09 cm/sec

Demonstration is made by comparing the steady-state flux (Q's) using Darcy's Law Q = kiA (assuming no geomembrane )

Clay Liner
Keq 

(cm/sec)
head
(cm)

thickness
(cm)

 gradient
i 

Flux, Q
(gal/acre-day)

5-ft of CCL 1E-07 30.48 152.4 1.20                      111                       
Resistex 200 / Bentomat CL 1E-09 30.48 1.91 17.0                      15                          

Conversion: 1.0 cm 3 /sec/cm 2  = 9.237E+08 gal/acre/day Q GCL /Q CCL  = 14%

K equivalent

Layer
Thickness

(cm)
K (cm/sec)

(water)
K (cm/sec)

(WDI leachate)
Adjustment 

factor
Adjusted K 

(cm/sec)
Thickness/ 

Perm
Resistex 200 0.95 3E-09 5E-09 2.0 1E-08 158,750,000       
Bentomat DN 0.95 5E-09 5E-09 1.0 5E-09 190,500,000       

Saturated thickness of GCL = 0.375" (or 0.95 cm)

5.5E-09 cm/sec

Demonstration is made by comparing the steady-state flux (Q's) using Darcy's Law Q = kiA (assuming no geomembrane )

Clay Liner
Keq 

(cm/sec)
head
(cm)

thickness
(cm)

 gradient
i 

Flux, Q
(gal/acre-day)

5-ft of CCL 1E-07 15.2 152.4 1.10                      102                       
Resistex 200 / Bentomat DN 5E-09 15.2 1.91 9.0                        45                          

Conversion: 1.0 cm 3 /sec/cm 2  = 9.237E+08 gal/acre/day Q GCL /Q CCL  = 45%

K equivalent
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As shown in Figure A-2, two models were established according to the concept described above: (a) 
permitted and constructed MC VI-G Phase 1 liner and (b) proposed MC VI-F and MC VI-G liner. As shown 
in Figure A-2, the thickness of in-situ clayey subsoils under the existing waste where the proposed MC VI-
F and MC VI-G cells will be constructed, is approximately the same as the combined thickness of the 
existing MC VI-G Phase 1 CCL liner and its in-situ clayey soil.   

This is an important finding since numerical equivalency, in terms of chemical adsorptive capacity and 
solute breakthrough time, can already be achieved by the 10-ft in-situ clay present in the MC VI-F and MC 
VI-G subsoils since all clayey soils (e.g., CCL or in-situ clay) exhibit a similar diffusion coefficient (Lake and 
Rowe (2005)).   

 
 (a) permitted liner (b) proposed liner  

 

Figure A-2. Conceptual Model for Chemical Adsorptive Capacity and Breakthrough Time Comparison 

 

In addition, as shown in Figure A-1, the proposed MC VI-F and MC VI-G liner system contains 7-ft of 
cohesive soil layers (5-ft attenuation layer and 2-ft structural fill). Since the distance between the 
contaminant source (leachate above the primary liner) and the point of reference is significantly thicker 
for the proposed MC VI-F and MC VI-G phases compared to the existing MC VI-G Phase 1, the 
breakthrough time will be significantly increased in the proposed system.   

Another factor impacting the breakthrough time is the steady state flux passing through the liner system 
(higher flux would lead to shorter breakthrough time). Since it has already been demonstrated (see Tables 
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A-2a and A-2b) that the proposed GCL liner system will significantly reduce the steady state flux, the GCL 
liner system should also significantly increase the advective breakthrough time.  

Additionally, as shown in Figure A-2b, approximately 40-ft of existing waste in the existing closed landfills 
further separates the new waste in MC VI-F and MC VI-G from the in-situ clay subsoil and groundwater. 
This existing waste layer provides additional chemical adsorptive capacity due to the following properties: 

 Its anaerobic natural and high sulfide condition could bond heavy metals (Bhattacharyya et. al. 
(2006) and Robinson and Sum (1980)) 

 Non-degradable organic and other material provide additional adsorption and/or absorption 
capabilities for organic contaminants (De Gisi et. al. (2016) and Erses et. al. (2005)) 

 Additional biological activity reduces the half-life of organic pollutants and reduces potential 
breakthrough (Christensen et. al. (1994) and Guan et. al. (2014)) 

 Increases the mass transport distance and further reduces the concentration gradient 
(Shackelford (2013) and Xie (2015) 

 Reduces the “concentration gradient” with the contaminants in the existing waste 

Based on the above discussions, the performance of the proposed MC VI-F and MC VI-G liner system is 
superior in the criterion of chemical adsorptive capacity / solute breakthrough time than the reference 
case (MC VI-G Phase 1 liner system). Therefore, technical equivalency is demonstrated, and the proposed 
liner system is acceptable. 
 
Conclusions 

US Ecology Wayne Disposal, Inc. is proposing the use of GCL in the construction of MC VI-F and MC VI-G. 
The use of GCL was approved by the agencies in 2018 for the construction of MC VI-G2 and MC VI-G3 
using the same equivalency demonstration presented above. WDI has presented this information again 
demonstrating that the proposed liner system is equivalent or superior to the currently permitted liner 
system and is capable of preventing the migration of hazardous constituents into the groundwater or 
surface water at least as effectively as the approved liner system.   
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May 1, 2018 

Te-Yang Soong, Ph.D., P.E. 
CTI and Associates, Inc. 
28001 Cabot Drive, Ste. 250 
Novi, MI 48377 

RE: US Ecology's Wayne Disposal, Inc., Master Cell VI Sub-Cell G Phase 2 
 Geosynthetic Clay Liner – Tier I Report  

Dear Mr. Soong: 

The purpose of this letter is to present the results of compatibility testing of the CETCO® CG-50®

bentonite used to make our Bentomat® products and the Resistex® geosynthetic clay liner (GCL) for the 
above mentioned project.  This report is being made at the completion of the permeability testing for 
Resistex® 200 FLW9 GCL. All testing was performed by CETCO®’s in-house GAI-LAP accredited 
laboratory located in Hoffman Estates, Illinois. 

Per your request, CETCO® initiated a geosynthetic clay liner (GCL) chemical compatibility evaluation as 
outlined in our Technical Reference (TR-345, attached) in April 2018 after receiving a representative 
sample of leachate. Completion of Tier I and II evaluations (see TR-345) indicated that a standard GCL 
(Bentomat®) in the presence of the leachate would likely not provide suitable performance as defined by 
permeability.   CETCO®’s Resistex® 200 FLW9 GCL was also evaluated for its Tier II performance and is 
CETCO®’s recommended product for Tier III testing. 

Permeability testing was completed in general accordance with ASTM D6766, Scenario II.  For this 
testing, a cell pressure of 80 pounds per square inch (psi), 77 psi headwater pressure, and 75 psi 
tailwater pressure were utilized and represent test conditions that CETCO® utilizes in evaluating our GCL 
products. Permeability testing of the Resistex® 200 FLW9 product was terminated upon your request after 
243.0 hours and 0.7 pore volumes of flow through the sample. The final average permeability for the 
Resistex® 200 FLW9 product was 1.5 x 10-9 cm/sec.  

In addition to our Tier I & II results please find enclosed a copy of our Technical Data Sheet and 
Technical Reference. We appreciate your interest in CETCO® products.  Please contact Tom Hauck, 
CETCO® Technical Sales Manager, at (248) 652-9274 if you have any further questions.  

Table 1. Summary of final three measurements for the Resistex® 200 fLW9 product 
Elapsed Time 

(hr) 
Pore Volumes Inflow/ 

Outflow
Permeability

(cm/sec) 
100.0 0.383 0.96 1.6 x 10-9

130.7 0.433 0.96 1.2 x 10-9

243.0 0.688 0.96 1.6 x 10-9

Very truly yours, 

John M. Allen, P.E. 
Technical Services Manager 
CETCO® Environmental Products 

Attachments (3) 

ECefalu
Highlight
Completion of Tier I and II evaluations (see TR-345) indicated that a standard GCL 
(Bentomat®) in the presence of the leachate would likely not provide suitable performance as defined by 
permeability.   CETCO®’s Resistex® 200 FLW9 GCL was also evaluated for its Tier II performance and is 
CETCO®’s recommended product for Tier III testing.
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ASTM D6766, Scenario II, for the US Ecology's Wayne Disposal, Inc., Master Cell VI Sub-Cell G Phase 2 



Analytical Results for the provided leachate for US Ecology's Wayne Disposal, Inc., Master Cell VI Sub-
Cell G Phase 2 Project 

Leachate Code Number LT 18 1

Leachate Description leachate

Leachate Type leachate

Actual pH 9.250

Actual EC (uS/cm) 48,600
Calculations LT 18 1

ICP Estimated EC (uS/cm) (Snoeyink
Jenkins) 43281.45 

Ionic Strength Estimated by ICP (mol/L) 0.693 
RMD Estimated by ICP (M^0.5) 5.370 

Ratio of SO4/Cl 0.190 

Cl 16400.000

Ag+ 0.169
Al3+

As3+ 2.816

B4O5(OH)4 51.462
Ba2+ 1.778
Ca2+ 47.013
Cd2+ 0.189
Cr3+ 0.211
Cu2+ 0.123
Fe+2 3.859
Hg2+ 3.527
K+ 2231.718
Mg2+ 102.739
Mn2+ 1.216
Mo2+ 11.253
Na+ 9056.907
Ni3+ 1.473

P of PO4 3 10.700
Pb2+ 1.359
S 2811.831

Sb+2 0.968
Se2+ 0.754
Ti4+ 0.124
Zn2+ 0.532
Zr4+ 0.219

H+(Calculated) 0.000
OH (Calculated) 0.302
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EVALUATING GCL CHEMICAL COMPATIBILITY 

Sodium bentonite is an effective barrier primarily because it can absorb water (i.e., hydrate and 
swell), producing a dense, uniform layer with extremely low hydraulic conductivity, on the order 
of 10-9 cm/sec.  Water absorption occurs because of the unique physical structure of bentonite 
and the complementary presence of sodium ions in the interlayer region between the bentonite 
platelets.  Sodium bentonite’s exceptional hydraulic properties allow GCLs to be used in place 
of much thicker soil layers in composite liner systems. 

Sodium bentonite which is hydrated and permeated with relatively “clean” water will perform as 
an effective barrier indefinitely.  In addition, past testing and experience have shown that 
sodium bentonite is chemically compatible with many common waste streams, including Subtitle 
D municipal solid waste landfill leachate (TR-101 and TR-254), some petroleum hydrocarbons 
(TR-103), deicing fluids (TR-109), livestock waste (TR-107), and dilute sodium cyanide mine 
wastes (TR-105). 

In certain chemical environments, the interlayer sodium ions in bentonite can be replaced with 
cations dissolved in the water that comes in contact with the GCL, a process referred to as ion 
exchange.  This type of exchange reaction can reduce the amount of water that can be held in 
the interlayer, resulting in decreased swell.  The loss of swell usually causes increased porosity 
and increased GCL hydraulic conductivity.  Experience and research have shown that calcium 
and magnesium are the most common source of compatibility problems for GCLs (Jo et al, 
2001, Shackelford et al, 2000, Meer and Benson, 2004, Kolstad et al, 2004/2006).  Examples of 
liquids with potentially high calcium and magnesium concentrations include: leachates from 
lime-stabilized sludge, soil, or fly ash; extremely hard water; unusually harsh landfill leachates; 
and acidic drainage from calcareous soil or stone.  Other cations (ammonium, potassium, and 
sodium) may contribute to compatibility problems, but they are generally not as prevalent or as 
concentrated as calcium (Alther et al, 1985), with the exception of brines and seawater.  Even 
though these highly concentrated solutions do not necessarily contain high levels of calcium, 
their high ionic strength can reduce the amount of bentonite swelling, resulting in increased 
GCL hydraulic conductivity. 

This reference discusses the tools that can be used by a design engineer to evaluate GCL 
chemical compatibility with a site-specific leachate or other liquid. 

HOW IS GCL CHEMICAL COMPATIBILITY EVALUATED?

Ideally, concentration-based guidelines would be available for determining GCL compatibility 
with a site-specific waste.  Unfortunately, considering the variety and chemical complexity of the 
liquids that may be evaluated, as well as the many variables that influence chemical 
compatibility (e.g., prehydration with subgrade moisture [TR-222], confining stress [TR-321], 
and repeated wet-dry cycling [TR-341]), it is not possible to establish such guidelines.  Instead, 
a three-tiered approach to evaluating GCL chemical compatibility is recommended, as outlined 
below.
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Tier I
The first tier is a simple review of existing analytical data.  The topic of GCL chemical 
compatibility has been the subject of much study in recent years, with several important 
references available in the literature.  One of these references, Kolstad et al (2004/2006), 
reported the results of several long-term hydraulic conductivity tests involving GCLs in contact 
with various multivalent (i.e., containing both sodium and calcium) salt solutions.   Based on the 
results of these tests, the researchers found that a GCL’s long-term hydraulic conductivity (as 
determined by ASTM D6766) can be estimated if the ionic strength (I) and the ratio of 
monovalent to divalent ions (RMD) in the permeant solution are both known, using the following 
empirical expression: 

RMDIRMDI
K
K

DI

c 2251.00797.0976.0965.0
log
log

where:
I = ionic strength (M) of the 

site-specific leachate. 

RMD =  ratio of monovalent cation 
concentration to the square 
root of the divalent cation 
concentration (M1/2) in the 
site-specific leachate. 

Kc =  GCL hydraulic conductivity 
when hydrated and 
permeated with site-specific 
leachate (cm/sec). 

KDI =  GCL hydraulic conductivity 
with deionized water 
(cm/sec). 

Using this tool, a Tier I compatibility evaluation can be performed if the major ion concentrations 
(typically, calcium, magnesium, sodium, and  potassium) and ionic strength (estimated from 
either the total dissolved solids [TDS], or electrical conductivity [EC]) of the site leachate are 
known.  For example, using the relationship above and MSW leachate data available in the 
literature, Kolstad et al. were able to conclude that high hydraulic conductivities (i.e., >10-7

cm/sec) are unlikely for GCLs in base liners in many solid waste containment facilities.

In many cases, the Tier I evaluation is sufficient to show that a site-specific leachate should not 
pose compatibility problems.  However, if the analytical data indicate a potential impact to GCL 
hydraulic performance, or if there is no analytical data available, then it is necessary to proceed 
to the second tier, involving bentonite “screening” tests, which are described below. 
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Tier II
The next tier of compatibility testing involves bentonite screening tests, performed in 
accordance with ASTM Method D6141.  These tests are fairly straightforward, and can be 
performed at one of CETCO’s R&D laboratories or at most commercial geosynthetics testing 
laboratories.

Liquid samples should be obtained very early in the project, such as during the site 
hydrogeological investigation.  It is important that the sample collected is representative of 
actual site conditions.  Synthetic leachate samples may also be considered for use in the 
compatibility tests.  The objective is to create a liquid representative of that which will come in 
contact with the GCL.  At least 1-gallon (4-Liter) of each sample should be submitted for testing.  
Samples should be accompanied by a chain-of-custody or information form.  When a sample is 
received at the CETCO laboratory, the following screening tests are performed to assess 
compatibility:

 Fluid Loss (ASTM D5890) – A mixture of sodium 
bentonite and the site water/leachate is tested for fluid 
loss, an indicator of the bentonite’s sealing ability. 

 Swell Index (ASTM D5891) – Two grams of sodium 
bentonite are added to the site water/leachate and 
tested for swell index, the volumetric swelling of the 
bentonite.

 Water quality – The pH and EC of the site 
water/leachate are measured using bench-top water 
quality probes.  pH will indicate if any strong acids (pH 
< 2) or bases (pH > 12) are present which might 
damage the bentonite clay.  EC indicates the strength 
of dissolved salts in the water, which can hamper the 
swelling and sealing properties of bentonite if present 
at high concentrations. 

 Chemistry  – The site water/leachate is analyzed for 
major dissolved cations using ICP.  The analytical 
results can then be used to perform a Tier I 
assessment, if one has not already been done. 

As part of this testing, fluid loss and free swell tests are 
also performed on clean, deionized, or “DI” water for 
comparison to the results obtained with the site 
water/leachate sample.  Sodium bentonite tested with DI 
water is expected to have a free swell of at least 24 
mL/2g and a fluid loss less than 18 mL.  Changes in bentonite swell and fluid loss indicate that 
the constituents dissolved in the site water may have an impact on GCL hydraulic conductivity.  
However, since it is only a screening tool, there are no specific values for the fluid loss and 
swell index tests that the clay must meet in order to be considered chemically compatible with 
the test liquid in question.  Differences between the results of the baseline tests and those 
conducted with the site leachate may warrant further hydraulic testing. 
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A major drawback of the D6141 tests is the potential for a false “negative” result, meaning that 
the bentonite swell index or fluid loss might predict no impact to hydraulic performance, where in 
reality, there may be a long-term adverse effect.  This is primarily a concern with dilute calcium 
or magnesium solutions, which may slowly affect GCL hydraulic performance over months or 
years.  Short-term (2-day) bentonite screening tests would not be able to capture this type of 
long-term effect.  This is not expected to be a concern with strong calcium or magnesium or 
high ionic strength solutions, which have been shown to impact GCL hydraulic conductivity 
almost immediately, and whose effects would therefore be captured by the short-term bentonite 
screening tests. Another limitation of the bentonite screening tests is their inability to simulate 
site conditions, such as clean water prehydration, increased confining pressure, and wet/dry 
cycling.   These limitations can be in part addressed by moving to the third tier, a long-term GCL 
hydraulic conductivity test, discussed below. 

Tier III
The third-tier compatibility evaluation consists of an 
extended GCL hydraulic conductivity test performed in 
accordance with ASTM D6766.  This test method is 
essentially a hydraulic conductivity test, but instead of 
permeating the GCL sample with DI water, the site-
specific leachate is used.  Since leachates can often be 
hazardous, corrosive, or volatile, the testing laboratory 
must have permeant interface devices, such as bladder 
accumulators, to contain the test liquid in a closed 
chamber, and prevent contamination of the flow 
measurement and pressure systems, or release of 
chemicals to the ambient air. 

Method D6766 provides some flexibility in specifying the 
testing conditions so that certain site conditions can be 
simulated.  For example, in situations where the GCL will 
be deployed on a subgrade soil that is compacted wet of 
optimum, the GCL will very likely hydrate from the 
relatively clean moisture in the subgrade (TR-222), long 
before it comes in contact with the potentially aggressive 
site leachate.  Lee and Shackelford (2005) showed that a 
GCL which is pre-hydrated with clean water before being 
exposed to a harsh solution is expected to exhibit a lower 
hydraulic conductivity than one hydrated directly with the 
solution.   Depending on the expected site conditions, the 
D6766 test can be specified to pre-hydrate the GCL with 
either water (Scenario 1) or the site liquid (Scenario 2). 

Another site-specific consideration is confining pressure.  
Certain applications, such as landfill bottom liners and mine heap leach pads, involve up to 
several hundred feet of waste, resulting in high compressive loads on the liner systems.  
Although the standard confining pressure for the ASTM D6766 test is 5 psi (representing less 
than 10 feet of waste), the test method is flexible enough to allow greater confining pressures, 
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thus mimicking conditions in a landfill bottom liner or heap leach pad.  Petrov et al (1997) 
showed that higher confining pressures will decrease bentonite porosity, and tend to decrease 
GCL permeability.  TR-321 shows that higher confining pressures will improve hydraulic 
conductivity even when the GCL is permeated with aggressive calcium solutions. 

ASTM D6766 has two sets of termination criteria: hydraulic and chemical.  To meet the 
hydraulic termination criterion, the ratio of inflow rate to outflow rate from the last three readings 
must be between 0.75 and 1.25.  It normally takes between one week and one month to reach 
the hydraulic termination criterion.  To meet the chemical termination criterion, the test must 
continue until at least two pore volumes of flow have passed through the sample and chemical 
equilibrium is established between the effluent and influent.  The test method defines chemical 
equilibrium as effluent electrical conductivity within ±10% of the influent electrical conductivity.  
This requirement was put in place to ensure that a large enough volume of site liquid passes 
through the sample to allow slow ion exchange reactions to occur.  Two pore volumes can take 
approximately a month to permeate through the GCL sample.  However, reaching chemical 
equilibrium (effluent EC within 10% of influent EC), may take more than a year of testing, 
depending on the leachate characteristics. 

ASTM D6766 is a very useful tool which provides a fairly conclusive assessment of GCL 
chemical compatibility with a site-specific leachate.  However, the major drawback of the D6766 
test is the potentially long period of time required to reach chemical equilibrium.  This limitation 
reinforces the need for upfront compatibility testing early in the project.  Clearly, requiring the 
contractor to perform this testing during the construction phase is not recommended. 

WHAT DO THE ASTM D6766 COMPATIBILITY TEST RESULTS MEAN?

ASTM D6766 is currently the state-of-the-practice in the geosynthetics industry for evaluating 
long-term chemical compatibility of a GCL with a particular site waste stream.  An ASTM D6766 
test that is properly run until both the hydraulic (inflow and outflow within ±25% over three 
consecutive readings) and chemical (effluent EC within ±10% of influent EC) termination criteria 
are achieved, provides a good approximation of the GCL’s long-term hydraulic conductivity 
when exposed to the site leachate.  Jo et al (2005) conducted several GCL compatibility tests 
with weak calcium and magnesium solutions, with some tests running longer than 2.5 years, 
representing several hundred pore volumes of flow.  The intent of this study was to run the tests 
until complete ion exchange had occurred, which required even stricter chemical equilibrium 
termination criteria than the D6766 test.  The study found that the final GCL hydraulic 
conductivity values measured after complete ion exchange were fairly close to (within 2 to 13 
times) the hydraulic conductivity values determined by ASTM D6766 tests, which took much 
less time to complete. 

The laboratory that performs the chemical compatibility test, whether it is the CETCO R&D 
laboratory or an independent third-party laboratory, is only reporting the test results under the 
specified testing conditions, and is not making any guarantees about actual field performance or 
the suitability of a GCL for a particular project.  It is the design engineer’s responsibility to 
incorporate the D6766 results into their design to determine whether the GCL will meet the 
overall project objectives.  Neither the testing laboratory nor the GCL manufacturer can make 
this determination. 
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Also, it is important to note that the results of D6766 testing for a particular project are only 
applicable for that site, for the specific waste stream that is tested, and only for the specific 
conditions replicated by the test.  For instance, D6766 testing performed at high normal loads 
representative of a landfill bottom liner should not be applied to a situation where the GCL will 
only be placed under a modest normal load, such as a landfill cover or pond.  Similarly, the 
results of a D6766 test where the GCL was pre-hydrated with clean water should not be applied 
to sites located in extremely arid climates where little subgrade moisture is expected, unless 
water will be applied manually to the subgrade prior to deployment.  And finally, since D6766 
tests are normally performed on continuously hydrated GCL samples, the test results should not 
be applied to situations where repeated cycles of wetting and drying of the GCL are likely to 
occur, such as in some GCL-only landfill covers, as desiccation can worsen compatibility 
effects.
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Project Name: WDI MC6F Permit Modification Client:  Wayne Disposal, Inc. 
Project Number: 1208070039.004 Project Manager: Chris Backus 
Project Location: Belleville, Michigan QA Manager:  
    

Calculation Sheet Information 
 

Calculation Medium:  Electronic  
  Hard copy Number of pages (including cover sheet): 53  
   
Title of Calculation: Slope Stability Analyses 
Calculation Originator: Andra Malburg, Mohammad Kabalan 
Calculation Contributors: Mohammad Kabalan 
Calculation Checker: Kevin Foye 
  

Calculation Objective 
 

This calculation evaluates the stability of the proposed MC6F at Wayne Disposal, Inc. (WDI) Landfill. The analyses 
include consideration of global slope stability for failures through the waste mass, along the liner system, and/or 
through the foundation soils at interim and final conditions. The analyses also determined the minimum required 
interface friction angle to attain a satisfactory factor of safety against failure at the liner system interface. Cross 
sections that are the most critical for analysis and design include cross sections with the steepest slopes and highest 
embankment (waste or soil) heights. The following critical cross sections were examined:  
 

1. Cross Section B-B’ oriented East-West and going through Cell F1.  
2. Cross Section E-E’ oriented North-South and going through Cell F4.  

 

Assumptions and Open Items 
 

1. Representative total stress shear strength parameters were used for all layers in the profile. Material 
properties were retrieved from existing site data (NTH 2012) and are presented in Table 1. Strength properties 
for the lower clay were modeled as a relationship of shear stress to normal stress (total vertical stress), 
whereas all other layers used the Mohr-Coulomb model with either an undrained shear strength or friction 
angle as input. A shear strength to total vertical stress ratio of 0.22 was applied for the lower clay in 
accordance with existing analyses (NTH 2012) to account for increases in shear strength resulting from 
increased overburden pressure within the lower clay layer.  
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Table 1: Material Properties 

Material Name Color in Profile Unit Wt(s) (pcf) 

Strength 
or  

(deg.) 
Strength 

C or Ca (psf) 
1 Final Cover Orange 130 0 1500 
2 Existing Waste  Teal 86 34 0 
3 New Waste Light Green 103[A] 26[B] 300[B] 
4 Upper Clay Brown 131 0 2150 
5 Middle Clay Yellow 136 0 3300 
6 Lower Clay Maroon 133 0.22 v 
7 Silt Blue 125 28 0 
8 Sand Red 115 32 0 

Notes: 
[A] unit weight of waste determined from site survey data reported in 2020.  
[B] representative value of waste strength as reported by Qian et al. (2002) 
All other properties obtained from NTH (2012) 
 

2. For liner system stability cases, the domain of the slip surfaces are defined so that a portion of the failure surface 
conforms to the liner system.  

3. Applicable data used in the analysis that was provided by third parties is assumed to be accurate.  
 

Design Criteria/Design Basis (with Reference to Source of Data) 
 

1. The minimum allowable factor-of-safety (FS) against slope stability failures is 1.50 for final conditions and 1.30 
for interim conditions. 

2. The analyses were conducted using the computer program SLOPE/W within the software package GeoStudio 
2021 by GEOSLOPE International Ltd.  This program performs an automatic search to identify a critical failure 
surface that has the lowest FS value.   

3. The analyses were conducted using the Morgenstern-Price method, which considers both moment and force 
equilibrium. 

4. The geometry of the cross sections was derived from the engineering drawing set submitted as part of the 
permit mod package.  

5. The required/assumed interface friction angles shall be met by considering peak strength values for the cell 
floor and large-displacement strength values for the cell sideslopes.  

6. The required minimum interface friction angle for the liner system components is determined under the final 
conditions (after final cover is installed). 

7. Due to the complex natural of the waste fill phasing during operation, the liner stability shall be evaluated 
based on the actual measurements of the interface friction angle for the liner system components and the 
design waste filling geometry for each phase. An example one such calculation was prepared to illustrate how 
to evaluate required minimum interface friction angle for the liner system components. This example analysis 
was performed on cross section B-B’ assuming an interim waste slope of 3.5H:1V. 
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Source Documents and References 
NTH (2012). WDI Operating License Application Master Cells VI F & G Volume III – Basis of Design Report 
 
Qian, X., Gray, D.H., and Koerner, R.M.  (2002) Geotechnical Aspects of Landfill Design and Construction. 
 
 

Results/Conclusions 
 

1. Global slope stability analyses of the waste and foundation for each cross section determined that filling to 
proposed final grades yields acceptable factors of safety.  

a. Cross Section B-B’:  Factor of Safety = 1.84 
b. Cross Section E-E’:  Factor of Safety = 2.23 

2. Under the final conditions (after installation of final cover, the liner system analyses determined the minimum 
required interface friction angle for geosynthetics in the floor and slideslope liner systems to yield a factor of 
safety = 1.50. These values are 10.7 degrees for the floor (peak) and 7 degrees for the sideslope (large-
displacement) with zero adhesion . 

a. Cross Section B-B’:  Factor of Safety = 1.50 (used to evaluate minimum friction angle) 
b. Cross Section E-E’:  Factor of Safety = 1.77 

3. The above values are minimum acceptable secant friction angles. Any combination of adhesion and friction 
angle resulting in comparable shear strength under representative normal stresses to final site conditions are 
also acceptable. Stability analysis using lab interface shear strength tests results from previous products used 
on site show that a combination of Cα,peak=164 psf / φpeak=11.1° and  Cα,large displacement=110 psf / φlarge 

displacement=7.3° achieves an acceptable factor of safety. Conformance testing of the selected geosynthetics 
shall be performed to confirm that the interface shear strength of the actual liner system components is 
sufficient to ensure the stability of the liner system. 

a. Cross Section B-B’:  Factor of Safety = 1.64 
b. Cross Section E-E’:  Factor of Safety = 1.93 

4. An example calculation of liner stability for an interim waste filling conditions is presented in Attachment 7. 
The required interface friction angle for the floor liner system was determined to be 12.7 degrees (peak). 
Actual interim phasing plan slopes and tested liner system interface properties shall be evaluated for each 
phase of fill per this example. 
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Attachments 
 

1. B-B’ Foundation Stability 
2. E-E’ Foundation Stability 
3. B-B’ Liner Stability under Final Conditions with zero adhesion  
4. E-E’ Liner Stability under Final Conditions with zero adhesion  
5. B-B’ Liner Stability under Final Conditions with non-zero adhesion  (previously tested values) 
6. E-E’ Liner Stability under Final Conditions with non-zero adhesion  (previously tested values) 
7. B-B’ Liner Stability under Interim Conditions (example interim stability calculation) 

 



B-B’ Foundation Stability 

  

Attachment B-1.1 
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SLOPE STABILITY ANALYSIS REPORT FORM 
Project 
Name: 

WDI MC6F Permit Modification 

Project 
Number: 

1208070039.004 Client: Wayne Disposal, Inc. 

Analysis 
Short 

Name: 

B-B’ Foundation Stability File name: WDI Cross Section B 
Full_20201123_RevD_M
K.gsz 

Revision: 1 Originated: MK Checked: KF Approved:  
Date: 11/23/20 Date: 11/23/20 Date: 11/23/20 Date:  

 
Purpose of Analysis: To determine the factor of safety of the proposed final waste grades using 

cross-section B-B’. This case considers a west-facing slope, with fill to the final 
permitted grade elevations.  

 Effective Stress 
 Total Stress 

 Static    Seismic  Pore Pressure  Optimized Surface 

Additional Details: The friction angle of the liner system was set equal to the required 
minimum interface friction angle determined from the liner stability 
analysis performed on Cross Section B. 

 

Material Name Color in Profile 
Unit Wt(s) 
(pcf) 

Strength 
or  (deg.) 

Strength 
C or Ca 
(psf) 

1 Final Cover Orange 130 0 1500 
2 Existing Waste  Teal 86 34 0 
3 New Waste Light Green 103 26 300 
4 Upper Clay Brown 131 0 2150 
5 Middle Clay Yellow 136 0 3300 
6 Lower Clay Maroon 133 0.22 v 
7 Silt Blue 125 28 0 
8 Sand Red 115 32 0 
9 Liner  Magenta 120 10.7 0 

 
Source of Geometry: Engineering Drawing Set 

Source of Subsurface Profile: Basis of Design Report - NTH (2012) 
 Preconstruction    Construction     Interim    Final     Existing     Back-Analysis 

Construction Phase Represented: Final Build out 
Other Geometry Notes: Cross Section B 
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Final Grades Cross-Section (plan): 

 
 

 

N 
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Final Grades Cross-Section (profile): 
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Factor of Safety: 1.84  Acceptable    Not Acceptable    Follow-up    Superseded 

Comments:  
Attachments: Slope/W Cross Section and Results 
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Friction
Angle (°)

Phi-B
(°)

Existing waste Mohr-Coulomb 86 0 34 0

Liner Mohr-Coulomb 120 0 10.7 0

Lower Clay SHANSEP 133 0 0.22

Middle Clay Mohr-Coulomb 136 3,300 0 0

New Waste Mohr-Coulomb 103 300 26 0

Sand Mohr-Coulomb 115 0 32 0

Silt Mohr-Coulomb 125 0 28 0

Structural Fill Mohr-Coulomb 130 1,500 0 0

Upper Clay Mohr-Coulomb 131 2,150 0 0
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Effective
Friction 
Angle (°)

Phi-B
(°)

Existing waste Mohr-Coulomb 86 0 34 0

Liner Mohr-Coulomb 120 0 10.7 0

Lower Clay SHANSEP 133 0 0.22

Middle Clay Mohr-Coulomb 136 3,300 0 0

New Waste Mohr-Coulomb 103 300 26 0

Sand Mohr-Coulomb 115 0 32 0

Silt Mohr-Coulomb 125 0 28 0

Structural Fill Mohr-Coulomb 130 1,500 0 0

Upper Clay Mohr-Coulomb 131 2,150 0 0



 

E-E’ Foundation Stability 

  

Attachment B-1.2 
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Purpose of Analysis: To determine the factor of safety of the proposed final waste grades using 

cross-section E. This case considers a north-facing slope, with fill to the final 
grade elevations.  

 Effective Stress 
 Total Stress 

 Static    Seismic  Pore Pressure  Optimized Surface 

Additional Details: The friction angle of the liner system was set equal to the required 
minimum interface friction angle determined from the liner stability 
analysis performed on Cross Section B 

 

Material Name Color in Profile 
Unit Wt(s) 
(pcf) 

Strength 
or  (deg.) 

Strength 
C or Ca 
(psf) 

1 Final Cover Orange 130 0 1500 
2 Existing Waste  Teal 86 34 0 
3 New Waste Light Green 103 26 300 
4 Upper Clay Brown 131 0 2150 
5 Middle Clay Yellow 136 0 3300 
6 Lower Clay Maroon 133 0.22 v 
7 Silt Blue 125 28 0 
8 Sand Red 115 32 0 
8 Liner System  Magenta 120 10.7 0 

 
Source of Geometry: Engineering Drawing Set 

Source of Subsurface Profile: Basis of Design Report - NTH (2012) 
 Preconstruction    Construction     Interim    Final     Existing     Back-Analysis 

Construction Phase Represented: Final build out 
Other Geometry Notes: Cross Section E-E’ 
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Final Grades Cross-Section (plan): 

 
 

 

N 
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Final Grades Cross-Section (profile): 
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Factor of Safety: 2.23  Acceptable    Not Acceptable    Follow-up    Superseded 
Comments:  

Attachments: Slope/W Cross Section and Results 
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Existing 
Granular 
Waste

Mohr-Coulomb 86 0 34 0

Liner Mohr-Coulomb 120 0 10.7 0

Lower Clay SHANSEP 133 0 0.22

Middle Clay Mohr-Coulomb 136 3,300 0 0

New 
Refuse

Mohr-Coulomb 103 300 26 0

Sand Mohr-Coulomb 115 0 32 0

Silt Mohr-Coulomb 125 0 28 0

Structural 
Fill

Mohr-Coulomb 130 1,500 0 0

Upper Clay Mohr-Coulomb 131 150 17.1 0
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Existing 
Granular 
Waste

Mohr-Coulomb 86 0 34 0

Liner Mohr-Coulomb 120 0 10.7 0

Lower Clay SHANSEP 133 0 0.22

Middle Clay Mohr-Coulomb 136 3,300 0 0

New 
Refuse

Mohr-Coulomb 103 300 26 0

Sand Mohr-Coulomb 115 0 32 0

Silt Mohr-Coulomb 125 0 28 0

Structural 
Fill

Mohr-Coulomb 130 1,500 0 0

Upper Clay Mohr-Coulomb 131 150 17.1 0



Attachment B-1.3 

B-B’ Liner Stability under Final Conditions with zero adhesion 
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Purpose of Analysis: To determine the required liner system interface strength to achieve an 

acceptable factor of safety of the proposed final waste grades using cross-
section B. This case considers a west-facing slope, with fill to the final 
permitted grade elevations. The failure surface is defined such that failure 
occurs in the underlying liner in order to consider the stability of the liner. 

 Effective Stress 
 Total Stress 

 Static    Seismic  Pore Pressure  Optimized Surface 

Additional Details: The liner system was modeled in 2 sections (floor and sideslope) to allow 
use of Peak and Large-Displacement strength parameters appropriately. 
The friction angle of the sideslope was set at 7° corresponding to commonly 
achievable large-displacement interface secant friction angle. The friction 
angle of the floor liner system was varied to determine the required peak 
interface secant friction angle to achieve the required factor of safety of 
1.5. 

 

Material Name Color in Profile 
Unit Wt(s) 
(pcf) 

Strength 
or  (deg.) 

Strength 
C or Ca 
(psf) 

1 Final Cover Orange 130 0 1500 
2 Existing Waste  Teal 86 34 0 
3 New Waste Light Green 103 26 300 
4 Upper Clay Brown 131 0 2150 
5 Middle Clay Yellow 136 0 3300 
6 Lower Clay Maroon 133 0.22 v 
7 Silt Blue 125 28 0 
8 Sand Red 115 32 0 
9 Liner (Floor) Magenta 120 TBD 0 
10 Liner (Sideslope) Purple 120 7 0 

 
Source of Geometry: Engineering Drawing Set 

Source of Subsurface Profile: Basis of Design Report - NTH (2012) 
 Preconstruction    Construction     Interim    Final     Existing     Back-Analysis 

Construction Phase Represented: Final build out 
Other Geometry Notes: Cross Section B 
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Final Grades Cross-Section (plan): 
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Final Grades Cross-Section (profile): 
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Factor of Safety: 1.50  Acceptable    Not Acceptable    Follow-up    Superseded 

Comments: The required peak interface friction for the floor liner system was determined to 
be 10.7°. 

Attachments: Slope/W Cross Section and Results 
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Liner (Floor) Mohr-Coulomb 120 0 10.7 0

Liner Sideslope Mohr-Coulomb 120 0 7 0

New Refuse Mohr-Coulomb 103 300 26 0
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Liner (Floor) Mohr-Coulomb 120 0 10.7 0

Liner Sideslope Mohr-Coulomb 120 0 7 0

New Refuse Mohr-Coulomb 103 300 26 0



Attachment B-1.4 

E-E’ Liner Stability under Final Conditions with zero adhesion 
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Purpose of Analysis: To determine the factor of safety of the proposed final waste grades using 

cross-section E. This case considers a north-facing slope, with fill to the final 
grade elevations. The failure surface is defined such that failure occurs in the 
underlying liner in order to consider the stability of the liner. 

 Effective Stress 
 Total Stress 

 Static    Seismic  Pore Pressure  Optimized Surface 

Additional Details: The friction angle of the liner system was set equal to the required 
minimum interface friction angle determined from the liner stability 
analysis performed on Cross Section B. The liner system was modeled in 2 
sections (floor and sideslope) to allow use of Peak and Large-Displacement 
strength parameters appropriately. 

 

Material Name Color in Profile 
Unit Wt(s) 
(pcf) 

Strength 
or  (deg.) 

Strength 
C or Ca 
(psf) 

1 Final Cover Orange 130 0 1500 
2 Existing Waste  Teal 86 34 0 
3 New Waste Light Green 103 26 300 
4 Upper Clay Brown 131 0 2150 
5 Middle Clay Yellow 136 0 3300 
6 Lower Clay Maroon 133 0.22 v 
7 Silt Blue 125 28 0 
8 Sand Red 115 32 0 
9 Liner (Floor) Magenta 120 10.7 0 
10 Liner (Sideslope) Purple 120 7 0 

 
Source of Geometry: Engineering Drawing Set 

Source of Subsurface Profile: Basis of Design Report - NTH (2012) 
 Preconstruction    Construction     Interim    Final     Existing     Back-Analysis 

Construction Phase Represented: Final build out 
Other Geometry Notes: Cross Section E 

 

  



 
SLOPE STABILITY ANALYSIS REPORT FORM 

Geotechnical Engineering SOP  3/9/2020 
CTI and Associates, Inc.  Page 2 of 6 

Final Grades Cross-Section (plan): 
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Final Grades Cross-Section (profile): 
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Factor of Safety: 1.77  Acceptable    Not Acceptable    Follow-up    Superseded 
Comments:  

Attachments: Slope/W Cross Section and Results 
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Liner (floor) Mohr-Coulomb 120 0 10.7 0

Liner (sideslope) Mohr-Coulomb 120 0 7 0

New Refuse Mohr-Coulomb 103 300 26 0



 
SLOPE STABILITY ANALYSIS REPORT FORM 

Geotechnical Engineering SOP                 3/9/2020 
CTI and Associates, Inc.                 Page 6 of 6 

 

1.770

Distance (ft)
-50 150 350 550 750 950 1,150 1,350 1,550 1,750

El
ev

at
io

n 
(ft

)

575

595

615

635

655

675

695

715

735

755

775

795

815

835

855

Color Name Model Unit 
Weight 
(pcf)

Effective 
Cohesion
(psf)

Effective 
Friction 
Angle (°)

Phi-B
(°)

Liner (floor) Mohr-Coulomb 120 0 10.7 0

Liner (sideslope) Mohr-Coulomb 120 0 7 0

New Refuse Mohr-Coulomb 103 300 26 0



Attachment B-1.5 

B-B’ Liner Stability under Final Conditions with non-zero adhesion (previously tested values) 
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SLOPE STABILITY ANALYSIS REPORT FORM 
Project 
Name: 

WDI MC6F Permit Modification 

Project 
Number: 

1208070039.004 Client: Wayne Disposal, Inc. 

Analysis 
Short 

Name: 

B-B’ Liner Stability with tested interface strength 
parameters 

File name: WDI Cross Section B 
Liner_20201123_RevC_
MK_c_phi_combo 

Revision: 1 Originated: MK Checked: KF Approved:  
Date: 11/23/20 Date: 11/23/20 Date: 11/23/20 Date:  

 
Purpose of Analysis: To determine the factor of safety of the proposed final waste grades using 

cross-section B. This case considers a west-facing slope, with fill to the final 
permitted grade elevations. The failure surface is defined such that failure 
occurs in the underlying liner in order to consider the stability of the liner. 
The liner interface strength properties are based on interface strength test 
results of a similar liner system installed on site.  

 Effective Stress 
 Total Stress 

 Static    Seismic  Pore Pressure  Optimized Surface 

Additional Details: The liner system was modeled in 2 sections (floor and sideslope) to allow 
use of Peak and Large-Displacement strength parameters appropriately. 
The required factor of safety is 1.5. 

 

Material Name Color in Profile 
Unit Wt(s) 
(pcf) 

Strength 
or  (deg.) 

Strength 
C or Ca 
(psf) 

1 Final Cover Orange 130 0 1500 
2 Existing Waste  Teal 86 34 0 
3 New Waste Light Green 103 26 300 
4 Upper Clay Brown 131 0 2150 
5 Middle Clay Yellow 136 0 3300 
6 Lower Clay Maroon 133 0.22 v 
7 Silt Blue 125 28 0 
8 Sand Red 115 32 0 
9 Liner (Floor) Magenta 120 11.1 164 
10 Liner (Sideslope) Purple 120 7.3 110 

 
Source of Geometry: Engineering Drawing Set 

Source of Subsurface Profile: Basis of Design Report - NTH (2012) 
 Preconstruction    Construction     Interim    Final     Existing     Back-Analysis 

Construction Phase Represented: Final build out 
Other Geometry Notes: Cross Section B 

 

  



 
SLOPE STABILITY ANALYSIS REPORT FORM 

Geotechnical Engineering SOP  3/9/2020 
CTI and Associates, Inc.  Page 2 of 7 

Final Grades Cross-Section (plan): 
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Final Grades Cross-Section (profile): 
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Factor of Safety: 1.64  Acceptable    Not Acceptable    Follow-up    Superseded 

Comments:  
Attachments: Slope/W Cross Section and Results 
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Cohesion 
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Effective 
Friction 
Angle (°)

Phi-B
(°)

Liner (Floor) Mohr-Coulomb 120 164 11.1 0

Liner Sideslope Mohr-Coulomb 120 110 7.6 0

New Refuse Mohr-Coulomb 103 300 26 0
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Liner (Floor) Mohr-Coulomb 120 164 11.1 0

Liner Sideslope Mohr-Coulomb 120 110 7.6 0

New Refuse Mohr-Coulomb 103 300 26 0



Attachment B-1.6 

E-E’ Liner Stability under Final Conditions with non-zero adhesion (previously tested values) 
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SLOPE STABILITY ANALYSIS REPORT FORM 
Project 
Name: 

WDI MC6F Permit Modification 

Project 
Number: 

1208070039.004 Client: Wayne Disposal, Inc. 

Analysis 
Short 

Name: 

E-E’ Liner Stability File name: WDI Cross Section E 
Liner_20201123_RevC_
MK_c_phi_combo.gsz 

Revision: 1 Originated: MK Checked: KF Approved:  
Date: 11/23/20 Date: 11/23/20 Date: 11/23/20 Date:  

 
Purpose of Analysis: To determine the factor of safety of the proposed final waste grades using 

cross-section E. This case considers a north-facing slope, with fill to the final 
grade elevations. The failure surface is defined such that failure occurs in the 
underlying liner in order to consider the stability of the liner. The liner 
interface strength properties are based on interface strength test results of 
a similar liner system installed on site. 

 Effective Stress 
 Total Stress 

 Static    Seismic  Pore Pressure  Optimized Surface 

Additional Details: The liner system was modeled in 2 sections (floor and sideslope) to allow 
use of Peak and Large-Displacement strength parameters appropriately. 
The required factor of safety is 1.5. 

 

Material Name Color in Profile 
Unit Wt(s) 
(pcf) 

Strength 
or  (deg.) 

Strength 
C or Ca 
(psf) 

1 Final Cover Orange 130 0 1500 
2 Existing Waste  Teal 86 34 0 
3 New Waste Light Green 103 26 300 
4 Upper Clay Brown 131 0 2150 
5 Middle Clay Yellow 136 0 3300 
6 Lower Clay Maroon 133 0.22 v 
7 Silt Blue 125 28 0 
8 Sand Red 115 32 0 
9 Liner (Floor) Magenta 120 11.1 164 
10 Liner (Sideslope) Purple 120 7.3 110 

 
Source of Geometry: Engineering Drawing Set 

Source of Subsurface Profile: Basis of Design Report - NTH (2012) 
 Preconstruction    Construction     Interim    Final     Existing     Back-Analysis 

Construction Phase Represented: Final build out 
Other Geometry Notes: Cross Section E 
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Final Grades Cross-Section (plan): 
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Final Grades Cross-Section (profile): 
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Factor of Safety: 1.93  Acceptable    Not Acceptable    Follow-up    Superseded 
Comments:  

Attachments: Slope/W Cross Section and Results 
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Phi-B
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Liner (f loor) Mohr-Coulomb 120 164 11.1 0

Liner (sideslope) Mohr-Coulomb 120 110 7.3 0

New Refuse Mohr-Coulomb 103 300 26 0
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Liner (f loor) Mohr-Coulomb 120 164 11.1 0

Liner (sideslope) Mohr-Coulomb 120 110 7.3 0

New Refuse Mohr-Coulomb 103 300 26 0



Attachment B-1.7 

B-B’ Liner Stability under Interim Conditions (example interim stability calculation) 
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Project 
Name: 

WDI MC6F Permit Modification 

Project 
Number: 

1208070039.004 Client: Wayne Disposal, Inc. 

Analysis 
Short 

Name: 

B-B’ Interim Liner Stability File name: WDI Cross Section B 
Interim_20201119_RevA
_MK_3.5H1V.gsz 

Revision: 1 Originated: MK Checked: KF Approved:  
Date: 11/23/20 Date: 11/23/20 Date: 11/23/20 Date:  

 
Purpose of Analysis: To determine the required interface friction angle of the liner system to 

achieve an acceptable interim factor of safety of 1.3 using cross-section B. 
This case considers a west-facing slope and models an example interim fill 
case with waste fill up to the final permitted grade elevations at an interim 
slope of 3.5H:1V. The failure surface is defined such that failure occurs in the 
underlying liner in order to consider the stability of the liner. 

 Effective Stress 
 Total Stress 

 Static    Seismic  Pore Pressure  Optimized Surface 

Additional Details:  
 

Material Name Color in Profile 
Unit Wt(s) 
(pcf) 

Strength 
or  (deg.) 

Strength 
C or Ca 
(psf) 

1 Final Cover Orange 130 0 1500 
2 Existing Waste  Teal 86 34 0 
3 New Waste Light Green 103 26 300 
4 Upper Clay Brown 131 0 2150 
5 Middle Clay Yellow 136 0 3300 
6 Lower Clay Maroon 133 0.22 v 
7 Silt Blue 125 28 0 
8 Sand Red 115 32 0 

 
Source of Geometry: Engineering Drawing Set 

Source of Subsurface Profile: Basis of Design Report - NTH (2012) 
 Preconstruction    Construction     Interim    Final     Existing     Back-Analysis 

Construction Phase Represented: Interim waste filling 
Other Geometry Notes: Cross Section B 
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Final Grades Cross-Section (plan): 
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Final Grades Cross-Section (profile): 
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Factor of Safety: 1.30  Acceptable    Not Acceptable    Follow-up    Superseded 

Comments: Required friction angle of 12.7 degrees (peak). Any combination of adhesion and 
friction angle that yields a comparable shear strength under modeled site 
conditions is acceptable. 

Attachments: Slope/W Cross Section and Results 
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Settlement Calculations 
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LEACHATE COLLECTION PIPE SETTLEMENT ANALYSIS 
 
OBJECTIVE 
 
This calculation evaluates the post-settlement slopes of the leachate collection pipes and cell floor cross 
slope for proposed Master Cell-VI (MC6) F1, F2, F3, and F4, at Wayne Disposal, Inc. (WDI). This 
evaluation is based on the estimated settlement of the existing waste and soil underlying the proposed cells 
due to additional overburden stresses induced by waste placement and the impact of such settlement on the 
post settlement cell floor slopes.  
 
DESIGN CRITERIA AND ASSUMPTIONS 
 

 The post-settlement slope of each proposed leachate collection pipe should be at least 1% and each 
cell floor cross slope should be at least 2% per Rule 299.9620 (4) (EGLE 2020). 

 Pipe flowline analysis points were selected along the proposed leachate collection pipe flowlines 
within MC6-F (Attach. B-2.1).  The specific locations of these points were selected to correspond 
to the cell floor high point, low point, changes in final cover slope and at regular intervals in 
between. Total settlement is estimated for each point, allowing an assessment of the post-settlement 
slope(s) along the flowline. 

 Cross slope analysis points (Attach. B-2.1) were selected at the location of maximum fill  height 
within each cell in order to evaluate post-settlement slopes under maximum load. 

 Maximum settlement is expected to occur at the completion of the cap construction when the 
foundation is subjected to the maximum overburden pressure. Under the worst-case scenario, 
maximum load is applied (in full) to the foundation instantaneously during settlement analysis for 
a conservative (i.e., greater than anticipated) estimate of total settlement. In reality, loads would be 
applied incrementally as waste is placed gradually during the active life of the landfill. 
Additionally, the resulting settlement is assumed to occur immediately, conservatively accounting 
for the maximum settlement at the end of foundation soil consolidation. 

 Table 1 Material properties used for the settlement analysis are listed in 

 Table 2.summarizes the compressibility parameters used in the settlement analysis. The compacted 
clay liner is only very slightly compressible relative to the in-situ clay layer. Considering the 
insignificant magnitude of the settlement of the compacted clay liner, it was not included in the 
analysis. 
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Table 1. Soil Properties for Settlement Analysis 

Soil Type Thickness [ft] Moist Unit Weight [pcf] 

Final cover soil 4 135 
New waste Varies 103* 

Existing cover soil Varies 135 
Existing waste Varies 82 

Attenuation Layer 5 135 
Structural Fill 2 135 
Venting Layer 1 135 

Leachate Collection Sand 1 135 
In-situ middle clay Varies 136 

In-situ lower clay (moist) 5 128 
In-situ lower clay (saturated) 12 128 

In-situ silt (saturated) 18 125 
In-situ sand (saturated) 45 115 

* New waste unit weight obtained from email correspondence with WDI dated 11/18/2020 
 

Table 2. Compressibility Parameters of Waste and Soils 

Soil Type 
Primary 

Compression Ratio 
Cc/(1+ e0) 

Secondary 
Compression Ratio 

Cα/(1+ e0) 

Recompression Ratio 
Cr/(1+ e0) 

Existing cover 0.102[B] 0.005[B] 0.017[A] 

Existing waste 0.147 0 0.0245[A] 

In-situ middle clay 0.102 0.005 0.017[A] 

In-situ lower clay 0.171 0.009 0.0285[A] 

In-situ silt 0.15[B] 0[B] 0[B] 

In-situ sand 0.1[B] 0[B] 0[B] 

[A] Estimated from Cr = Cc/6.  
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[B] Assumed values.  
 

The information for subsurface soils is based on MCIV General Profiles (South), Appendix A 
Subsurface Soil/Waste Profiles & Corresponding Physical Properties, Volume III – WDI Operating 
License Application Master Cells VI F & G by NTH Consultants (2011a). Specifically, subsurface 
investigation boring logs, cross sectional profiles, and laboratory test results were used to assess the 
subgrade soil profile and its properties. Note that some uncertainty may exist in the interpretation of 
hydrogeological data due to natural soil’s inherent variability, conservative assumptions have been 
applied to ensure a conservative estimate of settlement in this analysis.    

 
 
METHODOLOGY 
 

Total settlement is estimated using the 1-D consolidation equations (Coduto 1999), with primary 
consolidation being the critical component.  Total settlement is calculated as: 

 
 S = Sc + Ss (1)  
 

Where:  

S = total settlement [ft] 
Sc = primary consolidation settlement due to load application [ft] 
Ss = secondary compression settlement due to creep effects [ft] 

 
Settlement caused by primary consolidation for a given layer of soil with uniform properties is 
calculated as: 

 

 = ℎ1 + +  (2) 
 

 
Where:  

Cc = primary compression index 
Cr = recompression index 
h0 = initial compressible layer thickness [ft] 
e0 = initial void ratio of the clay subgrade 
σ0 = initial overburden pressure acting on the compressible layer [psf] 
σi = final overburden pressure acting on the compressible layer [psf] 
σc = preconsolidation stress [psf] 

 = OCR × σ0  
OCR = overconsolidation ratio 
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Settlement due to secondary compression is calculated using Equation 3 below: 
 

 = ℎ 1 +  (3)  

 
Where:  

Cα = secondary compression index 
H = layer thickness [ft] 
t2 = time after application of load (assumed 70 years) 
t1 = time required to complete primary consolidation (assumed 40 years) 

 The elevations in this report are referenced to Mean Sea Level (MSL). 
 The initial ground elevation (prior to initial development) was assumed to be approximately 705 ft. 

This value was inferred from the cross-sectional profile from Engineering Drawings, Wayne 
Disposal, Inc. Site No.2 MC VI-F&G by NTH Consultants (2011b).  

 The preconsolidation pressure of the middle clay and lower clay, the major contributing 
compressible layers below the existing waste, was set equal to the initial effective overburden 
pressure acting on them prior to development. This value is used in Equation 2 to estimate 
settlement resulting from an initial load less than the preconsolidation pressure. Note that both 
layers have exhibited a higher overburden pressure since initial development of the site and 
placement of the now existing waste.  

 Calculation of settlement following MC6-F construction accounts for changes in overburden 
pressure resulting from the excavation of existing materials, the placement of new liner system 
components, the placement of new MC6-F waste, and the placement of new MC6-F final cover. 

 At each point selected along the leachate collection pipe system, the elevations for the existing 
ground, proposed overfill liner, final cover, and the foundation soils are determined and used to 
compute the initial and final overburden pressures for each layer within the analysis. 

 Soil layers are identified using subsurface soil profiles provided in MCIV General Profiles (South), 
Appendix A Subsurface Soil/Waste Profiles & Corresponding Physical Properties, Volume III – 
WDI Operating License Application Master Cells VI F & G by NTH Consultants (2011a). These 
layers include in-situ clay with varying degrees of compressibility (see Table 2). 

 Attachment B-2.1  presents plan locations of the settlement analysis points within MC6-F with 
respect to proposed cell floor grades and final grades. Leachate collection pipe cross section profiles 
are also presented in Attachment B-2.1.  
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CALCULATIONS 
 
Equations 1 through 3 were incorporated into a spreadsheet to conduct the settlement calculations. The 
settlement calculation output and resulting post-settlement slope(s) for each leachate collection pipe within 
MC6-F are presented in Table 3 through Table 6. The settlement calculation output and resulting post-
settlement slope(s) for each analyzed cross slope within MC6-F are presented in Table 7 through Table 10. 
 

Table 3. MC6-F1 Leachate Pipe Flowline Settlement Calculation Summary 

 
 

Table 4. MC6-F2 Leachate Pipe Flowline Settlement Calculation Summary 

 
 

  

Liner Grade
Point North East Flowline Elevation Settlement Length Post-Settlement Pre-Settlement Post-Settlement

[ft] [ft] [ft] [ft] [ft] [ft] [%] [%] [%]
1 0.00 0.00 716.00 6.71 709.29
2 120.00 0.00 720.80 8.66 712.14

2 120.00 0.00 720.80 8.66 712.14
3 220.00 0.00 724.80 9.70 715.10

3 220.00 0.00 724.80 9.70 715.10
4 308.00 0.00 728.32 10.20 718.12

4 308.00 0.00 728.32 10.20 718.12
5 393.00 0.00 731.72 10.29 721.43

Elevation

85 3.9% 1%

4.0%

Min. Slope
Side Slope

4.0%

120 1%

1%

2.4%

3.0%

4.0%

100

3.4%88 1%4.0%

Liner Grade
Point North East Flowline Elevation Settlement Length Post-Settlement Pre-Settlement Post-Settlement

[ft] [ft] [ft] [ft] [ft] [ft] [%] [%] [%]
1 0.00 0.00 710.00 6.21 703.79
2 71.80 0.00 712.15 7.46 704.69

2 71.80 0.00 712.15 7.46 704.69
3 136.70 0.00 714.10 8.02 706.08

3 136.70 0.00 714.10 8.02 706.08
4 267.60 0.00 718.03 8.10 709.93

4 267.60 0.00 718.03 8.10 709.93
5 392.00 0.00 721.76 8.19 713.57

1%3.0%

3.0%

65

2.9%131

3.0%

Min. Slope
Side Slope

3.0%

72 1%

1%

1.3%

2.1%

Elevation

124 2.9% 1%
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Table 5. MC6-F3 Leachate Pipe Flowline Settlement Calculation Summary 

 
 

Table 6. MC6-F4 Leachate Pipe Flowline Settlement Calculation Summary 

 
 

Table 7. MC6-F1 Cross Slope Settlement Calculation Summary 

 
 

Table 8. MC6-F2 Cross Slope Settlement Calculation Summary 

 
 

Table 9. MC6-F3 Cross Slope Settlement Calculation Summary 

 
 
 

Liner Grade
Point North East Flowline Elevation Settlement Length Post-Settlement Pre-Settlement Post-Settlement

[ft] [ft] [ft] [ft] [ft] [ft] [%] [%] [%]
1 0.00 0.00 708.00 5.87 702.13
2 116.00 0.00 712.64 7.99 704.65

2 116.00 0.00 712.64 7.99 704.65
3 237.00 0.00 717.48 9.58 707.90

3 237.00 0.00 717.48 9.58 707.90
4 433.00 0.00 725.32 8.93 716.39

4 433.00 0.00 725.32 8.93 716.39
5 595.00 0.00 731.80 9.52 722.28

Elevation

162 3.6% 1%

4.0%

Min. Slope
Side Slope

4.0%

116 1%

1%

2.2%

2.7%

4.0%

121

4.3%196 1%4.0%

Liner Grade
Point North East Flowline Elevation Settlement Length Post-Settlement Pre-Settlement Post-Settlement

[ft] [ft] [ft] [ft] [ft] [ft] [%] [%] [%]
1 0.00 0.00 700.00 5.48 694.52
2 102.00 0.00 704.08 6.51 697.57

2 102.00 0.00 704.08 6.51 697.57
3 205.00 0.00 708.20 7.42 700.78

3 205.00 0.00 708.20 7.42 700.78
4 406.00 0.00 716.24 9.52 706.72

4 406.00 0.00 716.24 9.52 706.72
5 564.00 0.00 722.56 10.53 712.03

1%4.0%

4.0%

103

3.0%201

4.0%

Min. Slope
Side Slope

4.0%

102 1%

1%

3.0%

3.1%

Elevation

158 3.4% 1%

Liner Grade
Point North East Floor Elevation Settlement Length Post-Settlement Pre-Settlement Post-Settlement

[ft] [ft] [ft] [ft] [ft] [ft] [%] [%] [%]
5 0.00 0.00 734.00 10.16 723.84
6 142.00 0.00 740.35 9.12 731.23

5 0.00 0.00 734.00 10.16 723.84
7 101.00 0.00 738.51 9.76 728.75

101

4.5%

Min. Slope
Side Slope

4.5%

142 2%

2%

5.2%

4.9%

Elevation

Liner Grade
Point North East Floor Elevation Settlement Length Post-Settlement Pre-Settlement Post-Settlement

[ft] [ft] [ft] [ft] [ft] [ft] [%] [%] [%]
5 0.00 0.00 722.00 7.76 714.24
6 206.00 0.00 726.64 3.78 722.86

5 0.00 0.00 722.00 7.76 714.24
7 150.00 0.00 730.48 8.67 721.81

150

2.3%

Min. Slope
Side Slope

5.7%

206 2%

2%

4.2%

5.0%

Elevation

Liner Grade
Point North East Floor Elevation Settlement Length Post-Settlement Pre-Settlement Post-Settlement

[ft] [ft] [ft] [ft] [ft] [ft] [%] [%] [%]
5 0.00 0.00 738.00 9.02 728.98
6 105.00 0.00 742.69 8.68 734.02

5 0.00 0.00 738.00 9.02 728.98
7 163.00 0.00 745.29 8.49 736.79

Elevation

4.5%

Min. Slope
Side Slope

4.5%

105 2%

2%

4.8%

4.8%163
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Table 10. MC6-F4 Cross Slope Settlement Calculation Summary 

 
 

 
 
CONCLUSIONS 
 
The post-settlement slope of each proposed leachate collection pipe should be at least 1% and each cell 
floor cross slope should be at least 2% per Rule 299.9620 (4) (EGLE 2020 ). This calculation estimated the 
settlement at points along the leachate collection pipe and cross slopes within each subcell. The settlement 
of each of these points was used to calculate the post-settlement slopes of the MC6-F floor. This settlement 
analysis determined that all leachate collection pipes and cross slopes within MC6-F meet the required 
minimum post-settlement slopes. 
 
 
 
REFERENCES 
 
Coduto, D.P. (1999) Geotechnical Engineering: Principles and Practices, Prentice-Hall Inc., New Jersey 
 
EGLE (2020) Part 111 Administrative Rules, Department of Environment, Great Lakes, and Energy 
Hazardous Waste Management, Materials Management Division.  
 
NTH Consultants, Ltd. (2011a) Volume III – WDI Operating License Application Master Cells VI F & G. 
 
NTH Consultants, Ltd. (2011b) Engineering Drawings. Wayne Disposal, Inc. Site No. 2 Master Cell VI-
F&G. 
 
 
 

Liner Grade
Point North East Floor Elevation Settlement Length Post-Settlement Pre-Settlement Post-Settlement

[ft] [ft] [ft] [ft] [ft] [ft] [%] [%] [%]
5 0.00 0.00 728.00 10.09 717.91
6 187.00 0.00 736.36 8.24 728.12

5 0.00 0.00 728.00 10.09 717.91
7 180.00 0.00 736.05 8.98 727.06

Elevation

4.5%

Min. Slope
Side Slope

4.5%

187 2%

2%

5.5%

5.1%180



 

 

 

 

 

 

 

 

 

Attachment B-2.1 

Plan View and Cross Sections of Leachate Flowlines 

  



 

Plan View of Settlement Analysis Points Showing Top of Liner Grades 

 



 

Plan View of Settlement Analysis Points Showing Final Grades 
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SECTION 1
INTRODUCTION

1.1 Definitions

Construction Quality Assurance.  For the purposes of this manual, construction quality assurance
(CQA) is defined as a planned system of activities that provides assurance that installation of the
geosynthetic clay liner (GCL) proceeds in accordance with the project design drawings and
specifications.  In general, these activities include continuous inspection of the installation, testing of
materials and procedures, and overall documentation.

Construction Quality Control.  Again, for the purposes of this manual, construction quality control
(CQC) is defined as a planned system of activities that provides assurance that the properties of the
GCL materials meet the requirements of the project specifications.  These activities primarily include
materials testing and documentation.

There is a great deal of overlap in the nature of CQA and CQC, and from a practical standpoint, CQA
and CQC activities are often performed by the same party.  For this reason, we will use the term CQA
to describe all of the quality-oriented tasks relating to the GCL and its installation.

1.2 Scope and Purpose of the CQA Manual

This manual is written to address third-party CQA activities and is not intended as a guide for GCL
installation.  Installation guidelines are available separately from CETCO (see Technical References
TR-402).  This manual is also not intended to describe the various manufacturing quality assurance
and quality control (MQA/MQC) activities performed by CETCO at the GCL manufacturing facilities
(see Technical Reference No. TR-403).

The purpose of the CQA Manual is provide the project CQA personnel with a general format for
assuring that the GCL delivered to the job meets the requirements of the specifications and that this
material is installed in accordance with the design drawings and specifications.  This manual should
be modified as necessary by the design or CQA engineer in order to account for site-specific or
project-specific concerns and conditions.  Any such changes, however, should be discussed with
CETCO before they are introduced into the final version of the project CQA plan.

For the convenience of the CQA personnel, an overall CQA Checklist is provided in Appendix A.  This
checklist or a similar version thereof is designed to be used on a daily basis to document that all CQA
activities are consistently executed throughout the project.  The checklists should be maintained at
the job site and should be included chronologically in the final CQA documentation package (Section
7).



SECTION 2
PERSONNEL QUALIFICATIONS AND RESPONSIBILITIES

It is vital that all parties involved in the installation of the GCL are in close communication with each
other throughout the project, and that they fully understand the requirements of the project CQA plan.
For the purposes of this manual, the qualifications and responsibilities of the various parties are
delineated as follows:

Installing Contractor
Responsible for installing the GCL.  The contractor should appoint an on-site Construction Supervisor
to coordinate the installation effort and to interact with the other parties on the job site.  The installing
contractor should have prior experience in GCL installation and should staff the project with qualified
technicians.

On-Site Engineer
Usually the design engineer or designee, this person is responsible for general oversight of the
installation.  Provides assurance that construction is performed as designed, although not formally
responsible for CQA.  Primary contact when the installing contractor is in need of clarification of
design issues.  Primary contact for dispute/problem resolution.  This person should be a registered
professional engineer.

CQA Engineer
Charged with CQA for Bentomat installation as well as for any other liner system components.
Oversees all CQA inspection, testing, and documentation.  This person should be a registered
professional engineer or a certified geosynthetics installation technician.  This person must also be
independent of the other parties on site.

Manufacturer's Representative
CETCO may provide on-site start-up assistance, especially those in which the installer has little or no
prior experience or where unusual site conditions exist.  The on-site engineer or installer is
responsible for notifying CETCO of the intended installation schedule such that CETCO may provide
timely guidance during the start-up process.  CETCO’s GCL installation experience may provide
valuable insights to the uninitiated engineer and/or installer.

CETCO also acts as the liaison between the manufacturing plant and the installer and coordinates the
release of GCL from the plant in accordance with the installer’s schedule.  CETCO’s on-site
involvement is typically lessened when it is determined that the installer is sufficiently capable of
installing GCL without CETCO’s continuous assistance.  CETCO remains available throughout the
project should questions or problems arise.



CQA Laboratory
The GCL conformance tests in this manual are designed to be performed at the job site to facilitate
real-time response as test results are generated.  In some projects where additional testing is
required, however, it may be necessary to utilize the services of an off-site laboratory.  The on-site
engineer should verify that the selected laboratory has ample experience in the testing of GCLs and is
aware of the general content of the project CQA plan as well as its specific testing requirements.  The
CQA engineer should establish a key contact at the laboratory to coordinate sample delivery
procedures, confirm testing parameters and methods, and arrange the timely reporting of test results.

It is recommended that a preconstruction meeting be held between the above parties in order to
establish working relationships with one another and to review the design drawings and specifications
prior to deployment of the GCL.  Thereafter, regular meetings on a daily or weekly basis are
recommended as the project continues.



SECTION 3
ON-SITE HANDLING

This section describes the procedures and equipment to be used in handling the GCL when it arrives
at the job site.  Proper execution of these procedures will ensure that the GCL is not damaged prior to
installation.  It should be noted that ASTM D 5888 also provides guidelines for GCL handling.  The
recommendations included herein are consistent with all ASTM guidelines.

CETCO’s GCLs are produced in slightly different sizes depending upon the product selected.
Weights and dimensions of these products and their corresponding core pipe sizes required for safe
handling are provided in Table 1 below.

Product Panel
Size (m)

Roll
Diam.
(mm)

Typ. Roll
Weight
(kg)

Core
Diam.
(mm)

Core Pipe
Diameter
(mm)

Core Pipe
Length
(m)

Minimum
Core Pipe
Strength

Bentomat 4.57 x
45.7

610 1,200 100 89 6.1 XXH

Claymax 4.57 x
45.7

510 1,250 100 89 6.1 XXH

Table 1.  GCL panel sizes and corresponding core pipe requirements.

It should be recognized that the weight of the GCL rolls will dictate what type of core pipe will be
sufficiently strong for unloading and handling activities.  Experience has shown that the type of steel
from which the pipe was produced will influence its ability to sustain the weight of the roll.  The
strongest steel available should be used to prevent pipe bending.  A core pipe that deflects more than
75 mm as measured from end to midpoint when the roll is lifted can cause damage to the GCL and is
not acceptable.  The pipes used to unload or deploy the GCL must not bend at any time.

3.1 Unloading Procedures

The GCL may be delivered to the job site in one of two ways: by flatbed truck or by closed
trailer/container.  Regardless of the delivery method, all unloading activities should take place away
from main roadways and high-traffic areas at the site.  The designated unloading area should be flat,
dry, and stable, and should provide adequate peripheral access for the unloading equipment.
Different techniques for unloading the GCL are used accordingly.  Using the procedures and
equipment described below will minimize unloading time.

3.1.1 Flatbed Truck Delivery

A front-end loader or backhoe is typically used to remove the rolls from the flatbed truck.  Starting
from the top rolls on the truck, the core pipe is inserted through the roll core.  The core has an inside
diameter of 100 mm but may be slightly bowed upon arrival to the job site.  In this case, it may be
necessary to assist the core pipe insertion process by using the back of the loader bucket to carefully



push the pipe through the core.

After the core pipe has been inserted, straps or chains are looped around each end of the pipe
protruding from the roll.  The other ends of the chains should be connected to a spreader bar
(typically an I-beam) of equal length to the core pipe.  The spreader bar itself is suspended from the
loader bucket.  The purpose of the spreader bar is to prevent the chains from chafing the ends of the
roll as it is lifted.  It is recommended that the chains or straps be secured by the placing a pin through
each end of the pipe.  The GCL roll should then be lifted and slowly carried from the flatbed to the
temporary storage area.

GCL rolls can also be provided with a pair of slings to facilitate lifting and handling.

3.1.2 Trailer or Container Delivery

The GCL may also be delivered in closed trailers or shipping containers.  In these cases, different
unloading equipment and techniques must be employed.  Because of limited access to the GCL rolls,
it is usually necessary to utilize an extendable-boom forklift with a "stinger" attachment.  The forklift
dealer or manufacturer can provide details on selecting the proper stinger for the type of forklift used
at the job site.

The rolls are placed inside the trailer or container in the same way that they are positioned on a
flatbed truck.  The rolls are removed by inserting the stinger through the roll cores and lifting/pulling
the rolls from the trailer/container.

3.2 Materials Handling

The equipment used to unload the GCL from the delivery vehicle may also be used to handle the
material on site and to convey it to work areas.  All unloading and handling activities must be
undertaken with great care to avoid damage to the GCL.  The GCL should never be handled in ways
that could affect its performance.  Some activities to avoid:

• Dropping the rolls from the edge of the delivery truck or container.

• Pushing or pulling the rolls on the ground surface.

• Lifting the roll without a core pipe.

• Bending the rolls by using a core pipe that cannot bear the weight of the roll.

• Forcing a bent core pipe through the core.

• Carrying the GCL over excessively rutted, bumpy terrain, causing the roll to bend and bounce in
transit.

Adherence to these common-sense precautions will prevent handling-related damage to the
Bentomat.



The CQA engineer or designee should supervise the unloading and storage operations.  It is the duty
of the CQA engineer to maintain records of the shipments and to verify that the roll numbers on the
labels match the roll numbers on the bills of lading.  Any apparent discrepancies should be noted and
reported to CETCO.

At this time, all of the rolls should also be visually inspected for damage.  Damaged rolls should be
clearly marked and set aside where they will not be immediately used.  Major damage suspected to
have occurred during shipment should immediately be reported to the carrier and to CETCO (see
Section 4.8.1).

3.3 On-Site Storage

The GCL may be stored at a project site indefinitely, provided that proper storage procedures are
followed.  First, a dedicated storage area should be identified.  This area should be level, dry, well
drained, and located away from high-traffic areas of the job site.

For reasons of safety and material integrity, GCL rolls must never be stored on end.  Rolls should be
stored horizontally, in small stacks not to exceed four rolls in height.  It is preferred that the bottom
rolls be placed on plywood, on an arrangement of pallets, or on some other man-made surface, to
promote drainage and to prevent damage by contact with the ground surface.  If the rolls are to be
placed directly on the ground, the local ground surface should be carefully prepared and proof-rolled
to minimize the potential for damage.  It is good practice to cover the stored rolls with a tarpaulin or
plastic sheeting for supplemental protection from the elements.

The polyethylene sleeves of the GCL rolls should be examined for any obvious rips or tears.  Sleeve
damage should be repaired immediately with adhesive tape or additional plastic sheeting.  At this time
it is also recommended that the labels be examined and taped to the roll if they were displaced in
transit.



SECTION 4
INSTALLATION

This section of the CETCO GCL CQA Manual covers the techniques and procedures to be used for
ensuring the quality of a GCL installation.  Although some installation techniques are described, this
section is not an installation guide.  Refer instead to CETCO GCL Technical Reference TR-402 for
specific GCL installation guidelines.  ASTM D 6102 also contains sound GCL installation guidelines.

4.1 Start-Up Assistance

CETCO or its representatives can provide on-site start-up assistance, especially where the installer
has no prior GCL installation experience or in which the application is relatively unique.  CETCO will
work with the on-site engineer and CQA engineer in order to verify that the proper unloading,
installation and conformance testing procedures are utilized.  CETCO’s input is based on extensive
experience with GCL installation and on intimate knowledge of the physical characteristics of GCLs.  It
should be recognized, however, that it is the site engineer’s responsibility to implement CETCO’s
recommendations.

4.2 Equipment

In many projects, the equipment used for unloading the GCL can also be used to install it.  Most
applications require a vehicle to lift and suspend the roll as it is deployed.  Front-end loaders,
bulldozers, boom cranes, forklifts, and tracked excavators all have been successfully used for this
task.  Other, more specialized equipment exists for these operations and may also be used.  The
equipment for unrolling the GCL should be able to lift the roll and suspend it freely such that it does
not chafe against the vehicle or the ground.  The vehicle must also have the ability to accommodate a
spreader bar above the roll of GCL.

The spreader bar should be sufficiently strong to bear the full weight of the GCL roll without bending.
Readily available I-beams or T-beams made of structural steel are typically used for this purpose,
although steel pipes have also been successfully used.  The chains or straps should be checked for
their strength before the installation begins and should continually be inspected for wear as the
installation continues.

The core pipe should be of the dimensions and strength indicated in Table 1.  It has been CETCO’s
experience that the schedule of the core pipe is not always an accurate indicator of its strength.  The
type of steel from which the pipe is made, the presence of a longitudinal weld, and the overall length
of the pipe all have an influence on its ability to sustain the weight of the GCL.  It is essential that the
core pipe does not bend when the full roll of GCL is suspended from it.  Lastly, it is recommended that
the core pipe have a means to prevent the chains or straps from slipping off the ends of the pipe.
This can be accomplished by using pins or clamps.

It will often be necessary to cut the GCL before the end of the roll or to cut it to fit in certain confined
areas.  Cutting the GCL requires a sharp utility knife.  It is very important to maintain the sharpness of
the knife blades used for cutting the GCL, in order to prevent tearing its geosynthetic components and
damaging the GCL where the cut is made.  Frequent blade changes for the utility knives are strongly



recommended.

For construction of the bentonite enhanced overlapped seams of the Bentomat products, an
acceptable fillet of bentonite can be poured directly from the bags of granular bentonite supplied with
each roll of Bentomat, but a watering can (without a sprinkler head) is easier to use and produces a
more controlled seam enhancement.  A line chalker, such as those used for marking athletic fields,
may also be used.

4.3 Field Conditions

At the beginning of each working day, the CQA engineer should confirm that there are no ambient site
conditions which could affect the quality of the installation.  Specifically, the presence at the job site of
excessively high winds, rain, standing water, or snow may be construed as unsuitable weather for
GCL installation.  There are no temperature restrictions for installing the GCL, however.

Bentomat is not as susceptible as Claymax to damage due to "premature hydration" (i.e., hydration
before a confining stress is applied).  Although Bentomat will not delaminate when wetted, CETCO
nevertheless recommends that it be installed in dry weather as with Claymax.  This lessens the
potential for damage to the material and ensures that its integrity is not compromised by the swelling
of the bentonite.  Should the GCL become prematurely hydrated, it urged that CETCO be contacted in
order to recommend a project-specific and product-specific recommendation as to whether the GCL
must be removed and replaced.  CETCO’s Technical Reference TR-312 provides a checklist for
evaluating GCL that has been hydrated when no confining pressure is present.

4.4 Site Inspection

Prior to each day’s installation activities, the site engineer and/or CQA engineer should inspect the
work area to ensure that it has been prepared in accordance with the specification and design
drawings.  Specifically, the design grades should be verified, the slope length and steepness should
be checked, the anchor trench dimensions should be measured, and the subgrade should be
inspected and approved.  Any deviations from the specifications or design drawings should be noted
and rectified before the GCL is installed.

The anchor trench is especially important in applications where slopes are present.  The anchor
trench must meet or exceed the design dimensions but must also be free of any sharp corners or
protrusions which could put excessive stress on the GCL.  The CQA engineer must ensure that the
anchor trench is as carefully prepared as the rest of the subgrade.

4.5 Panel Placement

The unrolling and placement of the GCL should be performed in such a way that the GCL is not
damaged or unduly stretched, folded, or creased. The GCL rolls are typically suspended from the
front of the vehicle while it travels backwards along the intended path of placement.  During this
activity, the roll should be able to rotate freely around the core pipe.  Excessive friction due to a bent
or large-diameter core pipe, or due to contact between the roll and the deployment equipment, may
cause undesirable levels of tension to develop.  It is necessary that the GCL be deployed in a fully



relaxed (but not wrinkled) state.

A common deployment technique when the GCL is placed on slopes is to suspend the roll at the top
of the slope while several laborers unroll it as they walk downslope.  This is an acceptable technique,
but the CQA engineer should verify that excessive tension does not develop on the material and that
the underside of the panel is not damaged by friction with the subgrade.  Unless the subgrade is
acceptably smooth, the GCL should be unrolled over an already-placed panel and then moved
laterally into its correct position.  Flat-bladed vise grips are very useful for handling and moving
unrolled panels.

It is important to ensure that, at the top of a slope, the GCL is properly placed in the anchor trench.
After confirming that the trench has been constructed according to the specifications, the GCL should
be placed in the trench such that it extends across the trench floor but not up the rear wall of the
trench.  Excess material if any, should be cut off, not folded over on top of the existing material.
Proper anchorage will be achieved if and only if the GCL is placed within the trench in this manner.

The orientation of the GCL panels is important.  When working in sloping areas, the panels should be
positioned such that their long dimension is parallel to the direction of the slope.  Panels may only be
placed across the slope when the slope is less steep than 4H:1V or when the slope length is very
short (less than or equal to 3 m).

4.6 Seaming

Proper field seaming is vital for the liner to function to its maximum abilities.  There are three elements
of CQA for this important task:

• Verification of the minimum acceptable overlap.
• Verification of the continuity of the accessory bentonite (Bentomat only).
• Verification that there is no dirt in the overlap zone or on the bottom geotextile of the overlying

GCL panel.

These elements for field seam CQA are straightforward and require only visual inspection by the CQA
engineer.  The upper surface of the GCL has two heavy dashed lines on both sides of the panel.  The
lap lines are 150 mm from the edges of the panel, and the match lines are 250 mm from the edges of
the panel.  The minimum acceptable overlap is 150 mm.  Thus, the installer’s objective is to place the
overlying panel between the two lines of the underlying panel.  The CQA engineer needs only to
visually verify that the 150-mm lap line of the underlying panel is not visible.  A properly executed
seam, therefore, is verified when three dashed lines (not four) are visible at the overlap, as shown in
Figure 1.

The hydraulic performance of Bentomat is maximized when the accessory bentonite is placed
continuously within the overlap zone.  Continuity is best achieved when a watering can or other similar
device is used.  Pouring the bentonite directly from the bag is less effective in this regard.  Verification
of continuity should be performed visually by the CQA engineer.  The CQA engineer should observe
the accessory bentonite as it is being placed within the overlap zone and should give verbal approval
of the seam before the overlap is flipped back into place.



Bentomat ST, DN, and SDN with Supergroove® have self-seaming capabilities in their longitudinal
overlaps (Figure 2) and do not require supplemental bentonite.  For these Bentomat products,
supplemental bentonite is required for the end-of-panel overlapped seams.  For pond applications,
supplemental bentonite must be used in longitudinal seams regardless of the CETCO GCL used.

BENTONITE BEAD

Figure 1. Schematic representation of a properly executed Bentomat field
seam.

Figure 2. Supergroove Bentomat field seam.

Verification of the cleanliness of the overlap is also required, because dirt can enter the overlap and
create a conduit for excessive lateral leakage.  This is one reason CETCO recommends that the
overlying panel is placed and then its edge flipped back to reveal the overlap zone.  Exposing the
overlap in this manner forces extra attention on the seam and reveals the presence of loose dirt that



may have inadvertently entered the overlap zone or may have become adhered to the bottom
geotextile of the overlying panel.  The CQA engineer should either verify that no dirt is present or
ensure that the dirt is swept out of the overlap.

Verification of the amount of bentonite placed at the seam may be achieved by ensuring that one full
22.5 kg bag of granular bentonite is used for the lateral and longitudinal seaming of each roll of GCL.
CETCO recommends that a minimum of 375 grams of granular bentonite be applied per lineal meter
of seam.  If the installer places bentonite at the rate of one bag per roll, this target application rate will
be achieved.

The longitudinal overlap for the GCL should be at least 150 mm (Bentomat) and 300 mm (Claymax).
Overlaps at the ends of the rolls, however, ("transverse" overlaps) should be at least 300 mm
(Bentomat) and 600 mm (Claymax) to account for any incidental loss of bentonite that could occur
due to excessive handling of this portion of the roll or to stress relaxation after placement.  Overlap
distances can be increased if unusual site conditions (such as a soft subgrade, or GCL covered only
with geomembrane) exist.

4.7 Detail Work

The term "detail work" refers to the placement of GCL around structures such as vertical walls, gas
vents, drainage basins, and pipe penetrations.  In all of these cases, it is necessary to utilize granular
bentonite or a bentonite mastic to create a seal between the GCL and the structure.  CQA of these
areas involves a visual inspection of the methods used to make the seal.  Specific items requiring
inspection include:

• Dimensions of the "notch" excavated around the structure.

• Amount of bentonite applied to the detail

• Condition of the GCL at its cut edge (the cut should be clean, not frayed, with little or no bentonite
edge loss from the GCL)

• Integrity of the detail as cover material is placed over and around it.

When cutting the GCL, it is important to ensure that the cut is made where the GCL hangs from the
roll or where it rests on the subgrade .  The GCL cut should never be made on the roll itself or when it
rests on any other liner system component.

4.8 Damage and Damage Repair

Even when all reasonable protective measures are taken, the GCL may still become damaged during
shipping and handling or during installation.  This section provides instructions on assessing and
managing the damaged materials.



4.8.1 Damage From Shipping and Handling

Occasionally, a GCL roll will arrive at a job site with its protective plastic sleeve torn due to movement
during transit.  This roll should be inspected for damage in the area where the sleeve was torn.  If the
geotextile under the torn sleeve is also torn, The outermost wrap of GCL on the roll should be
unwound and discarded when the roll is installed.  It is not necessary to consider the entire roll
unusable.  It is important, however, to mark the roll in order to alert the installer that the initial wrap
should be cut away and discarded, because the damaged geotextile may be hidden from view when
the GCL is unrolled.  It is remotely possible that further layers of GCL on the roll could be similarly
damaged.  If this happens, additional wraps may be unrolled and discarded prior to placement.

Damage due to poor handling may occur as a result of accidentally dropping a suspended roll onto
the ground or using weak core pipes that bend when the GCL is lifted.  These activities can cause
damage not just to the outer wrap of GCL but to the entire roll.  If such damage occurs, the rolls
should be clearly marked and moved away from the storage area.  The CQA engineer should ensure
that procedures are immediately implemented in order to prevent the recurrence of this problem.  The
CQA engineer should also contact CETCO to help make a determination as to whether the mis-
handled GCL is acceptable for use on the project.

4.8.2 Damage From Installation Activities

The more commonly observed incidents of damage occur during installation, as a result of inadvertent
contact by heavy equipment.  Because this type of damage will potentially have the largest overall
effect on the integrity of the liner system, CETCO strongly recommends that equipment operating on
or near the GCL be monitored continuously.

Equipment operators should be made fully aware of the importance of their actions and should be
encouraged to notify the CQA engineer directly if they suspect at any time that the liner may have
become damaged by their equipment.  Close communication among everyone involved in the
installation will help to ensure that this type of damage is reported and repaired.

Repeated passes by loaded dump trucks over GCL, which has minimal cover, can cause damage.  It
is therefore preferred to prevent potential for such damage by placing the GCL over these high-traffic
areas after cover material delivery is largely completed.  If this is not possible, then extra cover should
be placed over high-traffic areas.  At least 600-900 mm of screened, cohesive soil is recommended.

Should damage occur to the already-installed GCL, the following procedures should be followed:

1. Remove equipment from the damaged area and notify the CQA engineer.
2. Manually clean away all cover material within a 600-mm radius of the damaged area.  Use a

broom to sweep away the remaining dirt in order to make the area as clean as possible.
3. If necessary, repair the subgrade to its original conditions.  Replace the torn/damaged GCL as

closely as possible to its original position.
4. Place a bead of granular bentonite or bentonite paste at the minimum rate of 500 g per lineal

meter around the damaged area.
5. Cut a patch of new GCL to fit over the damaged area and extending 600 mm beyond it.



6. Place the patch over the damaged area and carefully backfill over the patch.

Note that it is necessary only to repair the damaged portion of the GCL.  It is usually not necessary to
remove and replace the entire panel, unless the damage has occurred on a slope.  In this case, slope
stability may be compromised and the site engineer should be contacted to help determine whether a
repair is acceptable.



SECTION 5
PLACEMENT OF COVER MATERIALS

As mentioned previously, the proper placement of cover on the GCL is crucial to the overall success
of the installation.  This section of the Bentomat CQA manual includes recommended materials and
procedures, which will help to ensure that the integrity of the GCL is not compromised when it is
covered.

Regardless of the nature of the cover material used, it should be placed as soon as possible after the
GCL has been deployed.  The efforts of placing the GCL and placing the final cover should be
coordinated to the extent that only as much GCL as can be covered should be deployed in one
working day.  This will prevent premature hydration and will greatly reduce the chances for incidental
damage to the GCL during other activities.

5.1 Soil/Stone Cover

When a GCL is the sole liner system component, soil or stone cover must be placed over it to provide
protection from physical damage, erosional forces, and degradation by UV light.  The presence of
cover also provides a confining stress, which allows the overlapped seam to perform properly and
enhances the long-term physical integrity of the material.  Lastly, the cover may provide a base for
vehicular traffic.  Because it serves so many functions, proper placement and CQA of the soil/stone
cover is essential.

Frequently used cover materials include sand, gravel, crushed stone, and common earth fill.
Regardless of the type of material selected for the cover, it should be free of large stones (greater
than 50 mm in diameter), sticks, and any other materials, which could cause puncture or tearing.  The
source of all cover material should be identified in order to ascertain its suitability well in advance of
the installation.

In addition to particle size, the angularity of a crushed stone or gravel will impact the construction
survivability of the GCL.  It is preferred that relatively rounded materials be utilized.  If these materials
are not available, then extra caution must be taken during cover placement.  Dumping the cover from
a loader bucket positioned high above the GCL is unacceptable.  The cover should be gently placed
from as low a height as possible.  Vehicular traffic should also be restricted if particularly angular or
abrasive material is used.  If there is some doubt as to the suitability of a potential cover material, a
representative sample should be submitted to CETCO for analysis.

With respect to the equipment used to place the protective cover, it is strongly recommended that no
heavy equipment come in direct contact with the GCL.  Obviously, tracked equipment will damage the
liner.  In some cases, however it is necessary to drive equipment directly on the GCL.  This can be
accomplished with low-pressure, rubber-tired equipment.  Permission to do so will be granted by
CETCO through the CQA engineer on a case-by-case basis only and will include restrictions on the
equipment itself and on the type of movements the vehicle may make on the GCL.

The chemical nature of the cover soil must also be considered.  The use of fine-grained, calcareous
soil or stone is strongly discouraged due to the potential for an adverse reaction with the sodium



bentonite contained in the GCL.

The cover material placed as backfill in the anchor trench should be of the same quality as the rest of
the backfill.  It is especially important that the anchor trench backfill be compacted either by hand
tamping or by the use of a small walk-behind compactor.  Compaction should be performed over each
150-mm lift of backfill placed in the anchor trench.

5.2 Geosynthetic Cover

A geomembrane or other geosynthetic liner system component is often placed over the GCL.  Caution
must be used during this activity to prevent GCL damage.  Again, it is strongly recommended that no
heavy equipment directly contact the GCL, but exceptions can be made on a project-specific basis.

A special precaution should be taken when textured geomembrane is installed directly over the GCL
in a composite liner system.  Because considerable friction may develop between the geomembrane
and the GCL, it is difficult to pull the geomembrane into position for welding to adjacent sheets.  A
smooth "slip sheet" can be used to provide a low-friction sliding surface for the geomembrane until it
is in position for welding.



SECTION 6
CONFORMANCE TESTING

Conformance testing is necessary in order to verify that the materials installed meet the requirements
set forth in the specification.  Although CETCO performs regular testing on its GCLs as part of its
manufacturing QA/QC program, the engineer may require additional testing at the job site.  This
section lists several tests, which may be utilized to verify the quality of the delivered materials and the
quality of the installation of those materials.

6.1 Bentonite Mass Per Unit Area

A relatively simple test to verify that the specified amount of bentonite has been encapsulated in the
GCL is to measure the bentonite mass per unit area of representative samples cut from delivered
rolls.  The results of this test may be used in conjunction with the results of the bentonite swell test
described in Section 6.2 to arrive at an indirect verification of the hydraulic performance of the GCL.

ASTM D 5993 provides procedures for performing the mass per unit area test.  After the correction for
geotextile mass is made, there should be at least 3,600 g of bentonite contained within the GCL per
square meter.  This is CETCO’s  minimum average roll value (MARV) for bentonite content of all of its
GCLs.  These values are always subject to change, so please refer to GCL Technical Reference No.
TR-404 for the most recent list of certified physical GCL properties.

If for any reason the resulting mass per unit area values do not meet the required MARVs, the
corresponding rolls should be set-aside for additional inspection and testing.  CETCO should be
notified to assist in resolving the problem if it persists.

6.2 Bentonite Swell Index and Fluid Loss

The swell index and fluid loss of the bentonite are two of the most important indicators of its ability to
function as a barrier material.  ASTM D 5890 provides a detailed free swell testing procedure used by
CETCO.  CETCO’s MARV requirement for the bentonite is 24 mL/2g.  ASTM D5891 provides a
detailed fluid loss testing procedure.  CETCO’s maximum requirement for fluid loss of the bentonite is
18 ml.  As with the mass per unit area test described in Section 6.1, if these values are not achieved
in conformance testing, the corresponding rolls should be set aside for additional inspection and
testing.  CETCO should be notified to assist in resolving the problem if it persists.

6.3 Other Conformance Tests

Other conformance tests may be conducted at the request of the on-site engineer or the CQA
engineer on a project specific basis.  ASTM D6495 suggests grab tensile strength and index
flux/permeability (as per ASTM D 5887), although it should be cautioned that rapid "real-time" results
of index flux/permeability are not possible due to the time required to achieve steady-state
permeability values.  Thus, it is difficult to use permeability testing as a pass/fail criterion for GCL
acceptance at the job site.



Also, the laminated GCLs are not easily tested for index flux/permeability due to potential sidewall
leakage around the membrane.  CETCO has a special setup procedure for its laminated GCLs in TR-
302.

Lastly, it should be recognized that field-scale test pads and infiltrometer tests are typically not
performed in GCL projects.  This contrasts with compacted clay liner (CCL) projects, in which, for two
reasons, field-scale data is almost always required.  First, field data for CCL projects is necessary
because there are many variables involved in their construction (compactor weight, speed, number of
passes; soil type; moisture content; lift thickness; etc.).  It is therefore necessary to build a test pad to
ensure that the construction materials and methods intended for the project will provide the required
level of performance.  Second, laboratory test results and field test results may vary significantly with
CCLs due to the difficulties in retrieving representative, undisturbed samples.  This factor also
warrants that field data be obtained for CCL projects.

With GCL installations, however, there are very few construction-related variables.  Additionally, the
GCL that is tested for permeability in the laboratory is the same material deployed in the field.  For this
reason, a GCL such as Bentomat or Claymax does not require a field permeability test.



SECTION 7
DOCUMENTATION

Thorough documentation of all CQA activities and tests is necessary in order to provide a written
record that the GCL has been properly installed.  The CQA documentation package for a GCL
installation should include the following items:

• Bills of lading and corresponding packing list confirming receipt of all GCL installed at the site.

• A panel layout drawing in which the GCL roll numbers are keyed to their location in the field.
Locations where damage was encountered and repaired should also be marked.

• The roll numbers from which samples were taken for conformance tests, along with the results of
those tests.

• A daily report or diary of the activities undertaken at the site during construction.

• Certification that the requirements for the subgrade and for the cover material were achieved.

• A compilation of all CQA checklists completed during the installation.

• The manufacturing quality control (MQC) certification and accompanying test data.

• A description of deviations, if any, made to the original CQA plan during the installation.

• Photographs of the GCL during installation.

CETCO provides the MQC certification.  All other items on the above list are the responsibility of the
CQA engineer.



APPENDIX A
List of Applicable ASTM Standards

ASTM D 5887, “Standard Test Method for Measurement of the Index Flux Through Saturated
Geosynthetic Clay Liner Specimens Using a Flexible Wall Permeameter,” Annual Book of
ASTM Standards, Vol. 4.09, American Society for Testing and Materials, W. Conshohocken,
PA.

This method describes the specimen preparation, stress and gradient conditions, and testing
procedures to be used for determining the flux (flow per unit area) through GCLs.  Adherence to
the specimen preparation procedures presented will help to minimize sidewall leakage, a common
problem when testing thin barriers.  This is an index test designed to determine product
acceptability and uses a maximum confining stress of 35 kPa (5 psi) and a hydraulic gradient of
14 kPa (2 psi).

ASTM D 5888, “Standard Guide for Storage and Handling of Geosynthetic Clay Liners,” Annual
Book of ASTM Standards, Vol. 4.09, American Society for Testing and Materials, W.
Conshohocken, PA.

This is a guide for the safe handling of GCL rolls at a job site, identifying the equipment and
techniques typically employed to unload the material from delivery trucks and to place it in a
dedicated storage area.  Procedures are also presented for proper storage of the GCL in order to
minimize the potential for product damage while in storage.

ASTM D 5889, “Standard Practice for Quality Control of Geosynthetic Clay Liners,” Annual
Book of ASTM Standards, Vol. 4.09, American Society for Testing and Materials, W.
Conshohocken, PA.

Test methods and testing frequencies are presented for manufacturing quality control (MQC) of
GCLs.  This standard practice includes conformance tests to be performed on the GCL
components (bentonite and geotextiles and/or geomembranes) as well as tests to be performed
on the finished GCL product.  Special procedures for GCL permeability/flux testing require the
manufacturer to provide an historical database to demonstrate the consistency of the hydraulic
performance of the finished product and to justify the reduced need for frequent MQA permeability
testing.

ASTM D 5890, “Standard Test Method for Swell Index Measurement of Clay Mineral Component
of Geosynthetic Clay Liners,” Annual Book of ASTM Standards, Vol. 4.09, American Society
for Testing and Materials, W. Conshohocken, PA.

This test method was adapted from the basic elements of a swell test presented in the USP/NF
(United States Pharmacopeia/National Formulary).  Two grams of dried and powdered bentonite
are slowly dropped into a graduate cylinder containing 100 mL of distilled water.  The swell value
in mL is recorded after 24 hours, by reading the value on the graduate cylinder at the clay/water
interface.



APPENDIX A (continued)
List of Applicable ASTM Standards

ASTM D 5891, “Standard Test Method for Measurement of Fluid Loss of Clay Mineral
Component of Geosynthetic Clay Liners.”

This test method was adapted from the API (American Petroleum Institute) Procedure 13A/13B for
bentonite.  A bentonite slurry is created, aged, and then filtered in a pressurized cell.  The amount
of water passing through the filter cake in a specified time interval is recorded as the filtrate loss or
fluid loss.  The test indicates the clay’s general ability to function as a barrier to liquids.

ASTM D 5993, “Standard Test Method for Measuring the Mass per Unit Area of Geosynthetic
Clay Liners.”

This test method describes how to measure the bentonite mass per unit area of a GCL sample.  A
GCL specimen of a certain minimum area is weighed, oven-dried, and weighed again.  The dry
weight of the specimen, minus the nominal weight of the geosynthetic component(s), is then
divided by the area of the specimen.  The moisture content of the specimen is determined by
subtracting the dry weight from the wet weight.

ASTM D 6072, “Standard Guide for Obtaining Samples of Geosynthetic Clay Liners.”

Presents procedures for obtaining representative samples of GCL material for laboratory testing
purposes.  These samples may be obtained either at the factory or in the field.  Procedures for
packaging and protecting the sample are also included to prevent the possibility of damage in
transit to the laboratory.

ASTM D 6102, “Standard Guide for Installation of Geosynthetic Clay Liners.”

Provides detailed recommendations for the proper installation of GCLs.  Discusses the necessary
site conditions, equipment, and techniques for installing GCLs without damaging them.  Includes
recommendations on panel placement, overlaps, and special considerations for slopes.  Also
discusses the preferred types of soil cover and equipment used to apply this cover.

ASTM D 6243, “Standard Test Method for Determining the Internal and Interface Shear
Resistance of Geosynthetic Clay Liner by the Direct Shear Method.”

This test method covers a procedure for determining the internal shear resistance of a GCL or the
interface shear resistance between the GCL and an adjacent material under a constant rate of
displacement or constant stress.

ASTM D 6496, “Standard Test Method for Determining Average Bonding Peel Strength
Between Top and Bottom Layers of Needle-Punched Geosynthetic Clay Liners.”

This test method was adapted from ASTM D 4632 for grab strength testing of geotextiles.  The
method covers the laboratory determination of the average bonding strength between the top and
bottom layers of a sample of a GCL.  These results provide an indication of a GCL’s internal
reinforcement and internal shear strength.



APPENDIX A (continued)
List of Applicable ASTM Standards

ASTM D 6768, “Standard Test Method for Tensile Strength of Geosynthetic Clay Liners.”

This test method was adapted from ASTM D 4632 for grab strength testing of geotextiles.  The
test method establishes the procedures for the measurement of tensile strength of a GCL. This
test method is strictly an index test method to be used to verify the tensile strength of GCLs.
Results from this test method should not be considered as an indication of actual or long-term
performance of the geosynthetic in field applications.

ASTM D 6495, “Standard Guide for Acceptance Testing Requirements for Geosynthetic Clay
Liners”.

Provides  guidelines for acceptance testing requirements for GCLs, including test methods and
verifications.



APPENDIX B
CETCO GCL Construction Quality Assurance Checklist

Project Name/Number:

CQA Inspector:

Date: Weather:
STORAGE AREA

 Rolls covered/tarped
 Rolls labeled
 No standing water present
 Packaging intact/repaired
 Accessory bentonite protected

MATERIALS RECEIVED TODAY

 Packaging intact
 Rolls inspected for damage--

  none found
 Damage suspected (indicate

  roll numbers and nature of
  damage

SITE INSPECTION

 Subgrade surface acceptable
 Installation area dry
 Anchor trenches acceptable
 Design grades achieved
 Cover soil acceptable (as applicable)

INSTALLATION

 Number of rolls deployed today
  (attach list of roll numbers)

 Anchor trench fill compacted
 Min. seam overlap achieved
 All seams visually inspected
 Seam bentonite added (as applicable)
 All detail work inspected
 Downslope panel orientation
 All mat covered at end of day
 Storage area maintained

INSTALLATION EQUIPMENT

 Core pipe straight
 Spreader bar straight
 Chains/Straps inspected
 Knife blades replaced
 Seaming clay supply available

CONFORMANCE TESTING

Bentonite Mass/Area:

Bentomat   Bentonite Pass/
Roll No.    (g/sm)  Fail?

Bentonite Swell:

Bentomat   Final Swell Pass/
Roll No.    Value (mL/2g) Fail?

NOTES/OBSERVATIONS

NOTE:
This checklist is intended to serve as a guideline for the CQA engineer to use in the development of a project-
specific or company-specific CQA plan.  The checklist is not all-inclusive.  The items presented in this list are
those that CETCO feels are the most important for the proper installation of Bentomat.
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WDI Major Modification - Liner Design Upgrade Comments 

EGLE Comments April 13, 2021 

 

Attachment B-1: Slope Stability Analysis 

1. Why was the liner stability analysis under interim condition for the E-E’ Cross Section not conducted 
and was conducted only for the B-B’ Cross Section? 

 
Response 

As stated in the calculation sheet (Point 5 on Page 2 of Attachment B-1), the B-B’ cross 
section is used as an example to demonstrate the methodology for the calculation of 
what is the acceptable interim waste slope based on the interim filling geometry 
(slope and height - both of which are controllable by the site) and minimum interface 
friction angle (or friction/adhesion combination). As part of the geosynthetic 
acceptance before each construction phase, direct shear testing will be performed on 
materials proposed for construction per ASTM D5321 and ASTM D6243 and will cover 
all critical soil/geosynthetic and geosynthetic/geosynthetic interfaces. The maximum 
allowed waste filling slope will be determined using the method demonstrated in this 
calculation.  

 
Attachment B-2: Settlement Calculations 

2. From the Document “WDI 2021 Permit Modification _ Final – Combined,” “Attachment B-2 

Settlement Calculations,” CTI did not explain what the values of 0, c, i, and OCR are, which are 
used in Equation (2) (see below) for the settlement calculations and how these values were 
determined? 
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Response 

Additional details were added to the calculation sheet to help clarify the analysis 
showing sample calculations for two points along the pipe alignment. The method for 
determining initial and final stresses is described on page 4 of 7 of Attachment B-2 
and implemented in the detailed calculation presented in Attachment B-2.2 (new 
attachment). 

 

3. CTI only listed the calculation results in Tables 3 to 10 and did not present the values of these 
original parameters used in calculations and explain how to determine these parameters. The 
calculation examples for at least two adjacent settlement points should be included in the Report, 
including total settlement, differential settlement and grade change after settlement between two 
adjacent settlement points.  

 

Response 

Detailed calculation of settlement at two adjacent points were added to the 
calculation sheet (Attachment B-2.2). 

 

4. What is the full name of OFL shown in Cross Section of MC6-F1 Leachate Pipe Flowline (Page 12 of 
Attachment B-2 Settlement Calculations) and other cross sections? Does this represent the elevation 
of the leachate collection pipe before settlement?  
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Response 

The acronym OFL is used to refer to the proposed MC6 top of liner elevations that 
occur above the existing waste and soil foundation. This also represents the elevation 
of the bottom of the leachate collection pipe before settlement. This definition was 
also added to Page 4 of 7 of the Attachment B-2 calculation sheet.  

 

Attachment C: Permit Drawings 

5. Please update the Title Sheet to include the following comments. 

 

Response 

The Title Sheet has been updated to reflect the following comments. 

 

6. Drawing 02 – Please identify the boundaries of the closed cells as they are shown in the current 
drawing located in Attachment 17 of WDI’s License. 

 

Response 

Closed cell solid waste boundaries have been added. 

 

7. Please include both drawings for the Existing Utility Plan as they are shown in Attachment 17 of the 
License. 

 

Response 

The original MC VI and MC I utility drawings have been added.  It should be noted that 
these utilities are not relevant to the design as they have been or will be removed 
prior to construction of MC VI-G/F.    

 

8. Drawing 03 – Pease include the table showing the footprint area, permit volume, revised volume, 
and volume adjustment similar to Drawing 05 in Attachment 17 of the License.  

 

Response 

A table with the requested theoretical information has been included on Sheet 03 of 
the permit drawings. Errors in the Table on the 2018 drawing Sheet 05 were also 
corrected.  WDI is approved to dispose of 22.45 million cubic yards of hazardous 
waste.   WDI is not requesting the ability to accept volumes beyond its permitted 
22.45 million cubic yards.   As we have previously discussed and agreed to with EGLE 
WDI intends to modify the variations in volumes from grade changes at a later date 
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once all grade modification can be combined including changes that may occur as a 
result of the leachate collection sump additions in G4 through G7. 

 

9. Drawing 05 – The leachate collection system is only revised for MC VI-G.  Please confirm that the 
leachate collection system will not be revised for MC VI-F.   

 

Response 

At EGLE’s request, the leachate collection system for MC VI-F has been modified in 
order to improve the leachate management operations and provide additional leak 
detection capabilities. The leachate collection system for MC VI-G has not been 
revised.  WDI is working on evaluating the placement and grade requirements in 
order to incorporate leachate collection sumps into MC VI-G4 through G7 (if possible), 
but it is not being requested at this time.  Those cells are approximately 10 years away 
from needing to be constructed and as a result WDI has focused on MC VI-F.      

 

10. Drawings 08 & 09 – Please identify cover areas that were previously permitted vs. proposed. 

 

Response 

All cover areas have been previously permitted.  This reference in old drawings was 
made prior to MC VI-F and G cells being permitted and is therefore no longer 
relevant. 

 

11. Drawings 08, 09, 10, and 11 – In order to clearly understand the relationship between cell locations 
and final cover contours, the locations of the old and new cell areas should be indicated by color 
dashed lines. 

 

Response 

Colored cell boundary lines have been added to Sheets 08, 09, 10, and 11. 

 

12. Drawings 12, 13, and 14 – Please identify the orientation of the cross sections with arrows on the 
Overview of Cross Sections. 

 

Response 

Arrows have been added to the cross sections on Sheets 12, 13, and 14. 
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EPA Comments April 22, 2021 

13. A chemical compatibility analysis was performed by CETCO in 2018 using GCLs (Bentomat GCL and 
Resistex 200 GCL) contained in the proposed liner system and leachate from the WDI site. This 
analysis concluded that the Bentomat GCL would be incompatible with the site’s leachate, however, 
the Resistex 200 GCL does meet the permeability performance requirements. Since the Bentomat 
GCLs were incompatible, please provide information on why these GCLs were used in the proposed 
liner system.   

 

Response 

Resistex 200 GCL is the first layer of GCL directly beneath the primary geomembrane. 
Additional GCL types were included under the Resistex 200 as described below. 

WDI believes using standard Bentomat GCL products, under the Resistex 200 in the 
proposed design, is technically adequate. These products, along with the reasons that 
they were selected, are summarized in the table below: 

Primary/ 
Secondary 

Liner 

Primary 
Function 

Cell Floor 
or Side 
Slope 

Design 
Focus 

Upper 
or 

Lower 
GCL 

Key Selection 
Criterion 

Proposed 
Product 

Primary 
Seepage 
control 

Cell floor Permeability 
Upper Chemical resistance Resistex 200 

Lower Permeant isolation* Bentomat CL 

Side slope 
Slope 

stability 

Upper Chemical resistance Resistex 200 

Lower Shear resistance Bentomat DN 

Secondary 

Form a 
witness zone 
for leakage 
detection 

Cell floor Permeability 
Upper Typical application Bentomat ST 

Lower Typical application Bentomat ST 

Side slope 
Slope 

stability 

Upper Typical application Bentomat ST 

Lower Shear resistance Bentomat DN 

* To further impede leakage from migrating downwardly 
 

The chemical compatibility analysis performed by CETCO in 2018 using standard 
Bentomat GCL was an “initial screening” assessment. This assessment was initiated 
by WDI to see if the standard Bentomat GCL products are adequate for the primary, 
cell floor liner system, which has the highest potential to be directly impacted by the 
site leachate - if a leakage should occur. 

Once the Tier I and Tier II chemical compatibility analysis reports became available, 
WDI immediately and conservatively decided to incorporate “specialty” GCL products 
(i.e., Resistex 200 and Bentomat CL) in the primary liner system when possible. 

The only “standard” GCL product that was proposed for the primary liner system is 
Bentomat DN - to be used as the lower primary GCL layer on side slopes. This standard 
GCL product was selected due to its superior shear resistance since it consists of 
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needled-punched, non-woven geotextiles on both sides of the bentonite clay layer. 
This design recommendation was a result of focusing on maximizing the overall liner 
shear resistance (therefore the stability) on side slopes as indicated in the table above. 

It is also very important to note that steady leachate head (which is needed for any 
leakage to happen) is very unlikely to exist on 3(H):1(V) side slopes. To incorporate 
additional conservatism in the proposed design, WDI decided to extend the specialty 
GCL primary cell floor systems (i.e., Resistex 200/Bentomat CL combination) above 
the cell floor footprint and extended 5-ft vertically above the toe of side slopes. This 
is equivalent to more than 15 feet of extra protection on the lower portion of the side 
slopes. Only at that elevation, the lower GCL layer in the primary liner system on the 
side slopes is transitioned from Bentomat CL to Bentomat DN for the purpose of 
maximizing shear resistance as discussed above. 

Unlike the primary liner system, the secondary liner system is intended to allow a 
“detection zone” or “witness zone” to be formed so that any potential leakage caused 
by defects in the primary liner system, if occurred, can be detected and proper 
measure can be taken. In other words, the secondary liner system is intended for leak 
detection only and not intended to continuously contain a large volume of leachate.  

Additionally, the secondary GCL layers will be isolated from the leachate by the entire 
primary liner system, a 5 foot compacted clay attenuation layer, plus the secondary 
80-mil HDPE geomembrane. It is therefore deemed extremely unlikely for the 
secondary GCL products to directly interact with site leachate in any meaningful way. 

For the above reasons, WDI selected and proposed the use of some standard GCL 
products (Bentomat ST and DN) in the proposed secondary liner system. The decision 
was made for standard containment and for slope stability reasons and WDI believes 
it is technically adequate. 

 

14. TRC recommends direct shear testing be performed, per ASTM D5321 and ASTM D6243, to confirm 
the soil to geosynthetic interface strength, geosynthetic to geosynthetic interface strength, and GCL 
internal strength for the materials proposed for construction. In Attachment B of the Modification 
Package, WDI commits to performing direct shear tests as part of the Construction Quality 
Assurance scope of work.  Confirm that shear testing will be performed and what standard(s) that 
will be followed.   

 

Response 

Direct shear testing will be performed on materials proposed for construction per 
ASTM D5321 and ASTM D6243 and will cover all critical soil/geosynthetic and 
geosynthetic/geosynthetic interfaces.  

 

15. Pore water pressure conditions were not considered in the analyses. Piezometric surfaces were not 
included at estimated groundwater levels or above the liner system simulating leachate on the liner. 
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TRC recommends considering the maximum head on liner (calculated to be 11.94 inches in 
Attachment B-5.1), and the estimated groundwater conditions in the stability models. Additionally, 
global stability was not considered using the effective stress strength conditions of the underlying 
clays (drained conditions). Only undrained conditions were modelled, TRC recommends that slope 
stability be demonstrated under drained conditions. 

 

Response 

The undrained strength assumptions for the underlying clay is both applicable and 
conservative for the slope stability calculations. 

Additional analyses of the cross sections under drained conditions, including the long 
term groundwater table and a leachate head build up scenario, were added to the 
calculation sheet as applicable and as requested and are presented in Attachment B-1 
(pages 1-4 and Attachments B1.8-B1.11). The analyses showed that the factor of 
safety is acceptable under those conditions.  

 

16. As requested by MEGLE, leachate collection sumps are to be added to isolate detections in each 
subcell.  Please provide construction drawings and additional information about this 
modification.  Drawing 7, 18 and 9 include the details.    

 

Response 

Riser locations for the leachate management system are shown on Sheet 08 of the 
permit drawings. Details for the design of the leachate management system are 
shown on Sheets 18 and 19 of the permit drawings. 



 

 

 

 

 

 

 

 

 

Attachment B-1 

Slope Stability Analysis 
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Project Name: WDI MC6F Permit Modification Client:  Wayne Disposal, Inc. 

Project Number: 1208070039.004 Project Manager: Chris Backus 

Project Location: Belleville, Michigan QA Manager:  

    

 

Calculation Sheet Information 

 
Calculation Medium: ☒ Electronic  

 ☐ Hard copy Number of pages (including cover sheet): 81 

   
Title of Calculation: Slope Stability Analyses 

Calculation Originator: Andra Malburg, Mohammad Kabalan 

Calculation Contributors: Mohammad Kabalan 

Calculation Checker: Kevin Foye 

  

 

Calculation Objective 

 
This calculation evaluates the stability of the proposed MC6F at Wayne Disposal, Inc. (WDI) Landfill. The analyses 
include consideration of global slope stability for failures through the waste mass, along the liner system, and/or 
through the foundation soils at interim and final conditions. The analyses also determined the minimum required 
interface friction angle to attain a satisfactory factor of safety against failure at the liner system interface. Cross 
sections that are the most critical for analysis and design include cross sections with the steepest slopes and highest 
embankment (waste or soil) heights. The following critical cross sections were examined:  
 

1. Cross Section B-B’ oriented East-West and going through Cell F1.  
2. Cross Section E-E’ oriented North-South and going through Cell F4.  

 

 

Assumptions and Open Items 

 
1. Representative total and effective stress shear strength parameters were used for all layers in the profile. 

Material properties were retrieved from existing site data (NTH 2012) and are presented in Table 1. Strength 
properties for the lower clay were modeled as a relationship of shear stress to normal stress (total effective 
stress), whereas all other layers used the Mohr-Coulomb model with either an undrained shear strength or 
friction angle as input. A shear strength to total effective stress ratio of 0.22 was applied for the lower clay in 
accordance with existing analyses (NTH 2012) to account for increases in shear strength resulting from 
increased overburden pressure within the lower clay layer.  
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Table 1: Material Properties 

Material Name Color in Profile Unit Wt(s) (pcf) 

Strength 

  or  
(deg.) 

Strength 
C or Ca (psf) 

1 Final Cover Orange 130 0 1500 

2 Existing Waste  Teal 86 34 0 

3 New Waste Light Green 103[A] 26[B] 300[B] 

4 Upper Clay Brown 131 0 2150 

5 Middle Clay Yellow 136 0 3300 

6 Lower Clay Maroon 133 0.22v 

7 Silt Blue 125 28 0 

8 Sand Red 115 32 0 

Notes: 
[A] unit weight of waste determined from site survey data reported in 2020.  
[B] representative value of waste strength as reported by Qian et al. (2002) 
All other properties obtained from NTH (2012) 
 

2. For liner system stability cases, the domain of the slip surfaces are defined so that a portion of the failure surface 
conforms to the liner system.  

3. Applicable data used in the analysis that was provided by third parties is assumed to be accurate.  
 

 

Design Criteria/Design Basis (with Reference to Source of Data) 

 
1. The minimum allowable factor-of-safety (FS) against slope stability failures is 1.50 for final conditions and 1.30 

for interim conditions. 
2. The analyses were conducted using the computer program SLOPE/W within the software package GeoStudio 

2021 by GEOSLOPE International Ltd.  This program performs an automatic search to identify a critical failure 
surface that has the lowest FS value.   

3. The analyses were conducted using the Morgenstern-Price method, which considers both moment and force 
equilibrium. 

4. The geometry of the cross sections was derived from the engineering drawing set submitted as part of the 
permit mod package.  

5. The required/assumed interface friction angles shall be met by considering peak strength values for the cell 
floor and large-displacement strength values for the cell sideslopes.  

6. The required minimum interface friction angle for the liner system components is determined under the final 
conditions (after final cover is installed). 

7. Due to the complex natural of the waste fill phasing during operation, the liner stability shall be evaluated 
based on the actual measurements of the interface friction angle for the liner system components and the 
design waste filling geometry for each phase. An example one such calculation was prepared to illustrate how 
to evaluate required minimum interface friction angle for the liner system components. This example analysis 
was performed on cross section B-B’ assuming an interim waste slope of 3.5H:1V. 
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Source Documents and References 

NTH (2012). WDI Operating License Application Master Cells VI F & G Volume III – Basis of Design Report 
 
Qian, X., Gray, D.H., and Koerner, R.M.  (2002) Geotechnical Aspects of Landfill Design and Construction. 
 
 

Results/Conclusions 

 
1. Global slope stability analyses of the waste and foundation for each cross section determined that filling to 

proposed final grades yields acceptable factors of safety.  
a. Undrained Conditions: 

i. Cross Section B-B’:  Factor of Safety = 1.84 
ii. Cross Section E-E’:  Factor of Safety = 2.23 

b. Drained Conditions: 
i. Cross Section B-B’:  Factor of Safety = 1.83 

ii. Cross Section E-E’:  Factor of Safety = 2.19 
2. Under the final conditions (after installation of final cover, the liner system analyses determined the minimum 

required interface friction angle for geosynthetics in the floor and slideslope liner systems to yield a factor of 
safety = 1.50. These values are 10.7 degrees for the floor (peak) and 7 degrees for the sideslope (large-
displacement) with zero adhesion . These values were also confirmed for an analysis of a case with a leachate 
head buildup of 12 inches in the leachate collection layer.  

a. Cross Section B-B’:  Factor of Safety = 1.50 (used to evaluate minimum friction angle) 
b. Cross Section E-E’:  Factor of Safety = 1.77 

3. The above values are minimum acceptable secant friction angles. Any combination of adhesion and friction 
angle resulting in comparable shear strength under representative normal stresses to final site conditions are 
also acceptable. Stability analysis using lab interface shear strength tests results from previous products used 
on site show that a combination of Cα,peak=164 psf / φpeak=11.1° and  Cα,large displacement=110 psf / φlarge 

displacement=7.3° achieves an acceptable factor of safety. Conformance testing of the selected geosynthetics 
shall be performed to confirm that the interface shear strength of the actual liner system components is 
sufficient to ensure the stability of the liner system. 

a. Cross Section B-B’:  Factor of Safety = 1.64 
b. Cross Section E-E’:  Factor of Safety = 1.93 

4. An example calculation of liner stability for an interim waste filling conditions is presented in Attachment 7. 
The required interface friction angle for the floor liner system was determined to be 12.7 degrees (peak). 
Actual interim phasing plan slopes and tested liner system interface properties shall be evaluated for each 
phase of fill per this example. 
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Attachments 

 
1. B-B’ Foundation Stability 
2. E-E’ Foundation Stability 
3. B-B’ Liner Stability under Final Conditions with zero adhesion  
4. E-E’ Liner Stability under Final Conditions with zero adhesion  
5. B-B’ Liner Stability under Final Conditions with non-zero adhesion (previously tested values) 
6. E-E’ Liner Stability under Final Conditions with non-zero adhesion (previously tested values) 
7. B-B’ Liner Stability under Interim Conditions (example interim stability calculation) 
8. B-B’ Foundation Stability under drained conditions 
9. E-E’ Foundation Stability under drained conditions 
10. B-B’ Liner Stability under Final Conditions with zero adhesion and leachate head build up 
11. E-E’ Liner Stability under Final Conditions with zero adhesion and leachate head build up 

 



Attachment 1 

B-B’ Foundation Stability 
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SLOPE STABILITY ANALYSIS REPORT FORM 

Project 
Name: 

WDI MC6F Permit Modification 

Project 
Number: 

1208070039.004 Client: Wayne Disposal, Inc. 

Analysis 
Short 

Name: 

B-B’ Foundation Stability File name: WDI Cross Section B 
Full_20201123_RevD_M
K.gsz 

Revision: 1 Originated: MK Checked: KF Approved:  

Date: 11/23/20 Date: 11/23/20 Date: 11/23/20 Date:  

 

Purpose of Analysis: To determine the factor of safety of the proposed final waste grades using 
cross-section B-B’. This case considers a west-facing slope, with fill to the final 
permitted grade elevations.  

☐ Effective Stress 

☒ Total Stress 

☒ Static   ☐ Seismic ☐ Pore Pressure ☒ Optimized Surface 

Additional Details: The friction angle of the liner system was set equal to the required 
minimum interface friction angle determined from the liner stability 
analysis performed on Cross Section B. 

 

Material Name Color in Profile 
Unit Wt(s) 
(pcf) 

Strength 

  or  (deg.) 

Strength 
C or Ca 
(psf) 

1 Final Cover Orange 130 0 1500 

2 Existing Waste  Teal 86 34 0 

3 New Waste Light Green 103 26 300 

4 Upper Clay Brown 131 0 2150 

5 Middle Clay Yellow 136 0 3300 

6 Lower Clay Maroon 133 0.22v 

7 Silt Blue 125 28 0 

8 Sand Red 115 32 0 

9 Liner  Magenta 120 10.7 0 

 

Source of Geometry: Engineering Drawing Set 

Source of Subsurface Profile: Basis of Design Report - NTH (2012) 

☐ Preconstruction   ☐ Construction    ☐ Interim   ☒ Final    ☐ Existing    ☐ Back-Analysis 

Construction Phase Represented: Final Build out 

Other Geometry Notes: Cross Section B 
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Final Grades Cross-Section (plan): 

 
 

 

N 
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Final Grades Cross-Section (profile): 
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Factor of Safety: 1.84 ☒ Acceptable   ☐ Not Acceptable   ☐ Follow-up   ☐ Superseded 

Comments:  

Attachments: Slope/W Cross Section and Results 
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Ratio
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Cohesion
(psf)

Effective
Friction
Angle (°)

Phi-B
(°)

Existing waste Mohr-Coulomb 86 0 34 0

Liner Mohr-Coulomb 120 0 10.7 0

Lower Clay SHANSEP 133 0 0.22

Middle Clay Mohr-Coulomb 136 3,300 0 0

New Waste Mohr-Coulomb 103 300 26 0

Sand Mohr-Coulomb 115 0 32 0

Silt Mohr-Coulomb 125 0 28 0

Structural Fill Mohr-Coulomb 130 1,500 0 0

Upper Clay Mohr-Coulomb 131 2,150 0 0
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Minimum
Strength 
(psf)

Tau/Sigma
Ratio

Effective
Cohesion
(psf)

Effective
Friction 
Angle (°)

Phi-B
(°)

Existing waste Mohr-Coulomb 86 0 34 0

Liner Mohr-Coulomb 120 0 10.7 0

Lower Clay SHANSEP 133 0 0.22

Middle Clay Mohr-Coulomb 136 3,300 0 0

New Waste Mohr-Coulomb 103 300 26 0

Sand Mohr-Coulomb 115 0 32 0

Silt Mohr-Coulomb 125 0 28 0

Structural Fill Mohr-Coulomb 130 1,500 0 0

Upper Clay Mohr-Coulomb 131 2,150 0 0



Attachment 2 

E-E’ Foundation Stability 
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SLOPE STABILITY ANALYSIS REPORT FORM 

Project 
Name: 

WDI MC6F Permit Modification 

Project 
Number: 

1208070039.004 Client: Wayne Disposal, Inc. 

Analysis 
Short 

Name: 

E-E’ Foundation Stability File name: WDI Cross Section E 
Full_20201123_RevD_M
K.gsz 

Revision: 1 Originated: MK Checked: KF Approved:  

Date: 11/23/20 Date: 11/23/20 Date: 11/23/20 Date:  

 

Purpose of Analysis: To determine the factor of safety of the proposed final waste grades using 
cross-section E. This case considers a north-facing slope, with fill to the final 
grade elevations.  

☐ Effective Stress 

☒ Total Stress 

☒ Static   ☐ Seismic ☐ Pore Pressure ☒ Optimized Surface 

Additional Details: The friction angle of the liner system was set equal to the required 
minimum interface friction angle determined from the liner stability 
analysis performed on Cross Section B 

 

Material Name Color in Profile 
Unit Wt(s) 
(pcf) 

Strength 

  or  (deg.) 

Strength 
C or Ca 
(psf) 

1 Final Cover Orange 130 0 1500 

2 Existing Waste  Teal 86 34 0 

3 New Waste Light Green 103 26 300 

4 Upper Clay Brown 131 0 2150 

5 Middle Clay Yellow 136 0 3300 

6 Lower Clay Maroon 133 0.22v 

7 Silt Blue 125 28 0 

8 Sand Red 115 32 0 

8 Liner System  Magenta 120 10.7 0 

 

Source of Geometry: Engineering Drawing Set 

Source of Subsurface Profile: Basis of Design Report - NTH (2012) 

☐ Preconstruction   ☐ Construction    ☐ Interim   ☒ Final    ☐ Existing    ☐ Back-Analysis 

Construction Phase Represented: Final build out 

Other Geometry Notes: Cross Section E-E’ 
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Final Grades Cross-Section (plan): 

 
 

 

N 
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Final Grades Cross-Section (profile): 
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Factor of Safety: 2.23 ☒ Acceptable   ☐ Not Acceptable   ☐ Follow-up   ☐ Superseded 

Comments:  

Attachments: Slope/W Cross Section and Results 
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Friction 
Angle (°)

Phi-B
(°)

Existing 
Granular 
Waste

Mohr-Coulomb 86 0 34 0

Liner Mohr-Coulomb 120 0 10.7 0

Lower Clay SHANSEP 133 0 0.22

Middle Clay Mohr-Coulomb 136 3,300 0 0

New 
Refuse

Mohr-Coulomb 103 300 26 0

Sand Mohr-Coulomb 115 0 32 0

Silt Mohr-Coulomb 125 0 28 0

Structural 
Fill

Mohr-Coulomb 130 1,500 0 0

Upper Clay Mohr-Coulomb 131 150 17.1 0
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Existing 
Granular 
Waste

Mohr-Coulomb 86 0 34 0

Liner Mohr-Coulomb 120 0 10.7 0

Lower Clay SHANSEP 133 0 0.22

Middle Clay Mohr-Coulomb 136 3,300 0 0

New 
Refuse

Mohr-Coulomb 103 300 26 0

Sand Mohr-Coulomb 115 0 32 0

Silt Mohr-Coulomb 125 0 28 0

Structural 
Fill

Mohr-Coulomb 130 1,500 0 0

Upper Clay Mohr-Coulomb 131 150 17.1 0



Attachment 3 

B-B’ Liner Stability under Final Conditions with zero adhesion 
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SLOPE STABILITY ANALYSIS REPORT FORM 

Project 
Name: 

WDI MC6F Permit Modification 

Project 
Number: 

1208070039.004 Client: Wayne Disposal, Inc. 

Analysis 
Short 

Name: 

B-B’ Liner Stability File name: WDI Cross Section B 
Liner_20201123_RevD_
MK.gsz 

Revision: 1 Originated: MK Checked: KF Approved:  

Date: 11/23/20 Date: 11/23/20 Date: 11/23/20 Date:  

 

Purpose of Analysis: To determine the required liner system interface strength to achieve an 
acceptable factor of safety of the proposed final waste grades using cross-
section B. This case considers a west-facing slope, with fill to the final 
permitted grade elevations. The failure surface is defined such that failure 
occurs in the underlying liner in order to consider the stability of the liner. 

☐ Effective Stress 

☒ Total Stress 

☒ Static   ☐ Seismic ☐ Pore Pressure ☒ Optimized Surface 

Additional Details: The liner system was modeled in 2 sections (floor and sideslope) to allow 
use of Peak and Large-Displacement strength parameters appropriately. 
The friction angle of the sideslope was set at 7° corresponding to commonly 
achievable large-displacement interface secant friction angle. The friction 
angle of the floor liner system was varied to determine the required peak 
interface secant friction angle to achieve the required factor of safety of 
1.5. 

 

Material Name Color in Profile 
Unit Wt(s) 
(pcf) 

Strength 

  or  (deg.) 

Strength 
C or Ca 
(psf) 

1 Final Cover Orange 130 0 1500 

2 Existing Waste  Teal 86 34 0 

3 New Waste Light Green 103 26 300 

4 Upper Clay Brown 131 0 2150 

5 Middle Clay Yellow 136 0 3300 

6 Lower Clay Maroon 133 0.22v 

7 Silt Blue 125 28 0 

8 Sand Red 115 32 0 

9 Liner (Floor) Magenta 120 TBD 0 

10 Liner (Sideslope) Purple 120 7 0 

 

Source of Geometry: Engineering Drawing Set 

Source of Subsurface Profile: Basis of Design Report - NTH (2012) 

☐ Preconstruction   ☐ Construction    ☐ Interim   ☒ Final    ☐ Existing    ☐ Back-Analysis 

Construction Phase Represented: Final build out 

Other Geometry Notes: Cross Section B 
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Final Grades Cross-Section (plan): 

 
 

 

N 
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Final Grades Cross-Section (profile): 
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Factor of Safety: 1.50 ☒ Acceptable   ☐ Not Acceptable   ☐ Follow-up   ☐ Superseded 

Comments: The required peak interface friction for the floor liner system was determined to 
be 10.7°. 

Attachments: Slope/W Cross Section and Results 
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Liner (Floor) Mohr-Coulomb 120 0 10.7 0

Liner Sideslope Mohr-Coulomb 120 0 7 0

New Refuse Mohr-Coulomb 103 300 26 0
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Liner (Floor) Mohr-Coulomb 120 0 10.7 0

Liner Sideslope Mohr-Coulomb 120 0 7 0

New Refuse Mohr-Coulomb 103 300 26 0



Attachment 4 

E-E’ Liner Stability under Final Conditions with zero adhesion 

  



 

SLOPE STABILITY ANALYSIS REPORT FORM 

Geotechnical Engineering SOP  3/9/2020 
CTI and Associates, Inc.  Page 1 of 6 

SLOPE STABILITY ANALYSIS REPORT FORM 

Project 
Name: 

WDI MC6F Permit Modification 

Project 
Number: 

1208070039.004 Client: Wayne Disposal, Inc. 

Analysis 
Short 

Name: 

E-E’ Liner Stability File name: WDI Cross Section E 
Liner_20201123_RevC_
MK.gsz 

Revision: 1 Originated: MK Checked: KF Approved:  

Date: 11/23/20 Date: 11/23/20 Date: 11/23/20 Date:  

 

Purpose of Analysis: To determine the factor of safety of the proposed final waste grades using 
cross-section E. This case considers a north-facing slope, with fill to the final 
grade elevations. The failure surface is defined such that failure occurs in the 
underlying liner in order to consider the stability of the liner. 

☐ Effective Stress 

☒ Total Stress 

☒ Static   ☐ Seismic ☐ Pore Pressure ☒ Optimized Surface 

Additional Details: The friction angle of the liner system was set equal to the required 
minimum interface friction angle determined from the liner stability 
analysis performed on Cross Section B. The liner system was modeled in 2 
sections (floor and sideslope) to allow use of Peak and Large-Displacement 
strength parameters appropriately. 

 

Material Name Color in Profile 
Unit Wt(s) 
(pcf) 

Strength 

  or  (deg.) 

Strength 
C or Ca 
(psf) 

1 Final Cover Orange 130 0 1500 

2 Existing Waste  Teal 86 34 0 

3 New Waste Light Green 103 26 300 

4 Upper Clay Brown 131 0 2150 

5 Middle Clay Yellow 136 0 3300 

6 Lower Clay Maroon 133 0.22v 

7 Silt Blue 125 28 0 

8 Sand Red 115 32 0 

9 Liner (Floor) Magenta 120 10.7 0 

10 Liner (Sideslope) Purple 120 7 0 

 

Source of Geometry: Engineering Drawing Set 

Source of Subsurface Profile: Basis of Design Report - NTH (2012) 

☐ Preconstruction   ☐ Construction    ☐ Interim   ☒ Final    ☐ Existing    ☐ Back-Analysis 

Construction Phase Represented: Final build out 

Other Geometry Notes: Cross Section E 
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Final Grades Cross-Section (plan): 
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Final Grades Cross-Section (profile): 
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Factor of Safety: 1.77 ☒ Acceptable   ☐ Not Acceptable   ☐ Follow-up   ☐ Superseded 

Comments:  

Attachments: Slope/W Cross Section and Results 
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Color Name Model Unit 
Weight 
(pcf)

Effective 
Cohesion
(psf)

Effective 
Friction 
Angle (°)

Phi-B
(°)

Liner (floor) Mohr-Coulomb 120 0 10.7 0

Liner (sideslope) Mohr-Coulomb 120 0 7 0

New Refuse Mohr-Coulomb 103 300 26 0
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Color Name Model Unit 
Weight 
(pcf)

Effective 
Cohesion
(psf)

Effective 
Friction 
Angle (°)

Phi-B
(°)

Liner (floor) Mohr-Coulomb 120 0 10.7 0

Liner (sideslope) Mohr-Coulomb 120 0 7 0

New Refuse Mohr-Coulomb 103 300 26 0



Attachment 5 

B-B’ Liner Stability under Final Conditions with non-zero adhesion (previously tested values) 
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SLOPE STABILITY ANALYSIS REPORT FORM 

Project 
Name: 

WDI MC6F Permit Modification 

Project 
Number: 

1208070039.004 Client: Wayne Disposal, Inc. 

Analysis 
Short 

Name: 

B-B’ Liner Stability with tested interface strength 
parameters 

File name: WDI Cross Section B 
Liner_20201123_RevC_
MK_c_phi_combo 

Revision: 1 Originated: MK Checked: KF Approved:  

Date: 11/23/20 Date: 11/23/20 Date: 11/23/20 Date:  

 

Purpose of Analysis: To determine the factor of safety of the proposed final waste grades using 
cross-section B. This case considers a west-facing slope, with fill to the final 
permitted grade elevations. The failure surface is defined such that failure 
occurs in the underlying liner in order to consider the stability of the liner. 
The liner interface strength properties are based on interface strength test 
results of a similar liner system installed on site.  

☐ Effective Stress 

☒ Total Stress 

☒ Static   ☐ Seismic ☐ Pore Pressure ☒ Optimized Surface 

Additional Details: The liner system was modeled in 2 sections (floor and sideslope) to allow 
use of Peak and Large-Displacement strength parameters appropriately. 
The required factor of safety is 1.5. 

 

Material Name Color in Profile 
Unit Wt(s) 
(pcf) 

Strength 

  or  (deg.) 

Strength 
C or Ca 
(psf) 

1 Final Cover Orange 130 0 1500 

2 Existing Waste  Teal 86 34 0 

3 New Waste Light Green 103 26 300 

4 Upper Clay Brown 131 0 2150 

5 Middle Clay Yellow 136 0 3300 

6 Lower Clay Maroon 133 0.22v 

7 Silt Blue 125 28 0 

8 Sand Red 115 32 0 

9 Liner (Floor) Magenta 120 11.1 164 

10 Liner (Sideslope) Purple 120 7.3 110 

 

Source of Geometry: Engineering Drawing Set 

Source of Subsurface Profile: Basis of Design Report - NTH (2012) 

☐ Preconstruction   ☐ Construction    ☐ Interim   ☒ Final    ☐ Existing    ☐ Back-Analysis 

Construction Phase Represented: Final build out 

Other Geometry Notes: Cross Section B 
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Final Grades Cross-Section (plan): 
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Final Grades Cross-Section (profile): 
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Factor of Safety: 1.64 ☒ Acceptable   ☐ Not Acceptable   ☐ Follow-up   ☐ Superseded 

Comments:  

Attachments: Slope/W Cross Section and Results 
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Color Name Model Unit 
Weight 
(pcf)

Effective 
Cohesion 
(psf)

Effective 
Friction 
Angle (°)

Phi-B
(°)

Liner (Floor) Mohr-Coulomb 120 164 11.1 0

Liner Sideslope Mohr-Coulomb 120 110 7.6 0

New Refuse Mohr-Coulomb 103 300 26 0
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Effective 
Cohesion 
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Effective 
Friction 
Angle (°)

Phi-B
(°)

Liner (Floor) Mohr-Coulomb 120 164 11.1 0

Liner Sideslope Mohr-Coulomb 120 110 7.6 0

New Refuse Mohr-Coulomb 103 300 26 0



Attachment 6 

E-E’ Liner Stability under Final Conditions with non-zero adhesion (previously tested values) 
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SLOPE STABILITY ANALYSIS REPORT FORM 

Project 
Name: 

WDI MC6F Permit Modification 

Project 
Number: 

1208070039.004 Client: Wayne Disposal, Inc. 

Analysis 
Short 

Name: 

E-E’ Liner Stability File name: WDI Cross Section E 
Liner_20201123_RevC_
MK_c_phi_combo.gsz 

Revision: 1 Originated: MK Checked: KF Approved:  

Date: 11/23/20 Date: 11/23/20 Date: 11/23/20 Date:  

 

Purpose of Analysis: To determine the factor of safety of the proposed final waste grades using 
cross-section E. This case considers a north-facing slope, with fill to the final 
grade elevations. The failure surface is defined such that failure occurs in the 
underlying liner in order to consider the stability of the liner. The liner 
interface strength properties are based on interface strength test results of 
a similar liner system installed on site. 

☐ Effective Stress 

☒ Total Stress 

☒ Static   ☐ Seismic ☐ Pore Pressure ☒ Optimized Surface 

Additional Details: The liner system was modeled in 2 sections (floor and sideslope) to allow 
use of Peak and Large-Displacement strength parameters appropriately. 
The required factor of safety is 1.5. 

 

Material Name Color in Profile 
Unit Wt(s) 
(pcf) 

Strength 

  or  (deg.) 

Strength 
C or Ca 
(psf) 

1 Final Cover Orange 130 0 1500 

2 Existing Waste  Teal 86 34 0 

3 New Waste Light Green 103 26 300 

4 Upper Clay Brown 131 0 2150 

5 Middle Clay Yellow 136 0 3300 

6 Lower Clay Maroon 133 0.22v 

7 Silt Blue 125 28 0 

8 Sand Red 115 32 0 

9 Liner (Floor) Magenta 120 11.1 164 

10 Liner (Sideslope) Purple 120 7.3 110 

 

Source of Geometry: Engineering Drawing Set 

Source of Subsurface Profile: Basis of Design Report - NTH (2012) 

☐ Preconstruction   ☐ Construction    ☐ Interim   ☒ Final    ☐ Existing    ☐ Back-Analysis 

Construction Phase Represented: Final build out 

Other Geometry Notes: Cross Section E 
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Final Grades Cross-Section (plan): 
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Final Grades Cross-Section (profile): 
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Factor of Safety: 1.93 ☒ Acceptable   ☐ Not Acceptable   ☐ Follow-up   ☐ Superseded 

Comments:  

Attachments: Slope/W Cross Section and Results 
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Color Name Model Unit 
Weight 
(pcf)

Effective 
Cohesion
(psf)

Effective 
Friction 
Angle (°)

Phi-B
(°)

Liner (f loor) Mohr-Coulomb 120 164 11.1 0

Liner (sideslope) Mohr-Coulomb 120 110 7.3 0

New Refuse Mohr-Coulomb 103 300 26 0



 

SLOPE STABILITY ANALYSIS REPORT FORM 

Geotechnical Engineering SOP                 3/9/2020 
CTI and Associates, Inc.                 Page 6 of 6 

 

1.933

Distance (ft)
-50 150 350 550 750 950 1,150 1,350 1,550 1,750 1,950 2,150 2,350 2,550

El
ev

at
io

n 
(ft

)

575

595

615

635

655

675

695

715

735

755

775

795

815

835

855

Color Name Model Unit 
Weight 
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Cohesion
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Effective 
Friction 
Angle (°)

Phi-B
(°)

Liner (f loor) Mohr-Coulomb 120 164 11.1 0

Liner (sideslope) Mohr-Coulomb 120 110 7.3 0

New Refuse Mohr-Coulomb 103 300 26 0



Attachment 7 

B-B’ Liner Stability under Interim Conditions (example interim stability calculation) 
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Project 
Name: 

WDI MC6F Permit Modification 

Project 
Number: 

1208070039.004 Client: Wayne Disposal, Inc. 

Analysis 
Short 

Name: 

B-B’ Interim Liner Stability File name: WDI Cross Section B 
Interim_20201119_RevA
_MK_3.5H1V.gsz 

Revision: 1 Originated: MK Checked: KF Approved:  

Date: 11/23/20 Date: 11/23/20 Date: 11/23/20 Date:  

 

Purpose of Analysis: To determine the required interface friction angle of the liner system to 
achieve an acceptable interim factor of safety of 1.3 using cross-section B. 
This case considers a west-facing slope and models an example interim fill 
case with waste fill up to the final permitted grade elevations at an interim 
slope of 3.5H:1V. The failure surface is defined such that failure occurs in the 
underlying liner in order to consider the stability of the liner. 

☐ Effective Stress 

☒ Total Stress 

☒ Static   ☐ Seismic ☐ Pore Pressure ☒ Optimized Surface 

Additional Details:  

 

Material Name Color in Profile 
Unit Wt(s) 
(pcf) 

Strength 

  or  (deg.) 

Strength 
C or Ca 
(psf) 

1 Final Cover Orange 130 0 1500 

2 Existing Waste  Teal 86 34 0 

3 New Waste Light Green 103 26 300 

4 Upper Clay Brown 131 0 2150 

5 Middle Clay Yellow 136 0 3300 

6 Lower Clay Maroon 133 0.22v 

7 Silt Blue 125 28 0 

8 Sand Red 115 32 0 

 

Source of Geometry: Engineering Drawing Set 

Source of Subsurface Profile: Basis of Design Report - NTH (2012) 

☐ Preconstruction   ☐ Construction    ☒ Interim   ☐ Final    ☐ Existing    ☐ Back-Analysis 

Construction Phase Represented: Interim waste filling 

Other Geometry Notes: Cross Section B 
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Final Grades Cross-Section (plan): 
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Final Grades Cross-Section (profile): 
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Factor of Safety: 1.30 ☒ Acceptable   ☐ Not Acceptable   ☐ Follow-up   ☐ Superseded 

Comments: Required friction angle of 12.7 degrees (peak). Any combination of adhesion and 
friction angle that yields a comparable shear strength under modeled site 
conditions is acceptable. 

Attachments: Slope/W Cross Section and Results 
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Color Name Model Unit 
Weight 
(pcf)

Effective 
Cohesion 
(psf)

Effective 
Friction 
Angle (°)

Phi-B
(°)

Liner Mohr-Coulomb 120 0 12.7 0

New Waste Mohr-Coulomb 103 300 26 0
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Cohesion 
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Effective 
Friction 
Angle (°)

Phi-B
(°)

Liner Mohr-Coulomb 120 0 12.7 0

New Waste Mohr-Coulomb 103 300 26 0



Attachment B-1.8 

B-B’ Foundation Stability under drained conditions 
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Project 
Name: 

WDI MC6F Permit Modification 

Project 
Number: 

1208070039.004 Client: Wayne Disposal, Inc. 

Analysis 
Short 

Name: 

B-B’ Foundation Stability File name: WDI Cross Section B 
Full_20210428_Drained_
RevA_MK.gsz 

Revision: 0 Originated: MK Checked: KF Approved:  

Date: 04/28/21 Date: 04/28/21 Date:  Date:  

 

Purpose of Analysis: To determine the factor of safety of the proposed final waste grades using 
cross-section B-B’. This case considers a west-facing slope, with fill to the final 
permitted grade elevations under drained conditions.  

☒ Effective Stress 

☐ Total Stress 

☒ Static   ☐ Seismic ☒ Pore Pressure ☒ Optimized Surface 

Additional Details: The friction angle of the liner system was set equal to the required 
minimum interface friction angle determined from the liner stability 
analysis performed on Cross Section B. The groundwater level was set at 
elevation 655ft based on historical borings in MC-IV as documented in the 
Basis of Design Report (NTH 2012).  

 

Material Name Color in Profile 
Unit Wt(s) 
(pcf) 

Strength 

  or  (deg.) 

Strength 
C or Ca 
(psf) 

1 Final Cover Orange 130 0 1500 

2 Existing Waste  Teal 86 34 0 

3 New Waste Light Green 103 26 300 

4 Upper Clay Brown 131 0 2150 

5 Middle Clay Yellow 136 0 3300 

6 Lower Clay Maroon 133 0.22v 

7 Silt Blue 125 28 0 

8 Sand Red 115 32 0 

9 Liner  Magenta 120 10.7 0 

 

Source of Geometry: Engineering Drawing Set 

Source of Subsurface Profile: Basis of Design Report - NTH (2012) 

☐ Preconstruction   ☐ Construction    ☐ Interim   ☒ Final    ☐ Existing    ☐ Back-Analysis 

Construction Phase Represented: Final Build out 

Other Geometry Notes: Cross Section B 
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Final Grades Cross-Section (plan): 
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Final Grades Cross-Section (profile): 
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Factor of Safety: 1.83 ☒ Acceptable   ☐ Not Acceptable   ☐ Follow-up   ☐ Superseded 

Comments:  

Attachments: Slope/W Cross Section and Results 
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Existing waste Mohr-Coulomb 86 0 34 0 1

Liner Mohr-Coulomb 120 0 12.7 0 1

Lower Clay SHANSEP 133 0 0.22 1

Middle Clay Mohr-Coulomb 136 3,300 0 0 1

New Waste Mohr-Coulomb 103 300 26 0 1

Sand Mohr-Coulomb 115 0 32 0 1

Silt Mohr-Coulomb 125 0 28 0 1

Structural Fill Mohr-Coulomb 130 1,500 0 0 1

Upper Clay Mohr-Coulomb 131 2,150 0 0 1
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Piezometric
Line

Existing waste Mohr-Coulomb 86 0 34 0 1

Liner Mohr-Coulomb 120 0 12.7 0 1

Lower Clay SHANSEP 133 0 0.22 1

Middle Clay Mohr-Coulomb 136 3,300 0 0 1

New Waste Mohr-Coulomb 103 300 26 0 1

Sand Mohr-Coulomb 115 0 32 0 1

Silt Mohr-Coulomb 125 0 28 0 1

Structural Fill Mohr-Coulomb 130 1,500 0 0 1

Upper Clay Mohr-Coulomb 131 2,150 0 0 1



Attachment B-1.9 

E-E’ Foundation Stability under drained conditions 
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Project 
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WDI MC6F Permit Modification 

Project 
Number: 

1208070039.004 Client: Wayne Disposal, Inc. 

Analysis 
Short 

Name: 

E-E’ Foundation Stability File name: WDI Cross Section E 
Full_20210428_Drained_
RevA_MK.gsz 

Revision: 0 Originated: MK Checked: KF Approved:  

Date: 04/28/21 Date: 04/28/21 Date:  Date:  

 

Purpose of Analysis: To determine the factor of safety of the proposed final waste grades using 
cross-section E. This case considers a north-facing slope, with fill to the final 
permitted grade elevations under drained conditions.  

☒ Effective Stress 

☐ Total Stress 

☒ Static   ☐ Seismic ☒ Pore Pressure ☒ Optimized Surface 

Additional Details: The friction angle of the liner system was set equal to the required 
minimum interface friction angle determined from the liner stability 
analysis performed on Cross Section B. The groundwater level was set at 
elevation 655ft based on historical borings in MC-IV as documented in the 
Basis of Design Report (NTH 2012). 

 

Material Name Color in Profile 
Unit Wt(s) 
(pcf) 

Strength 

  or  (deg.) 

Strength 
C or Ca 
(psf) 

1 Final Cover Orange 130 0 1500 

2 Existing Waste  Teal 86 34 0 

3 New Waste Light Green 103 26 300 

4 Upper Clay Brown 131 0 2150 

5 Middle Clay Yellow 136 0 3300 

6 Lower Clay Maroon 133 0.22v 

7 Silt Blue 125 28 0 

8 Sand Red 115 32 0 

8 Liner System  Magenta 120 10.7 0 

 

Source of Geometry: Engineering Drawing Set 

Source of Subsurface Profile: Basis of Design Report - NTH (2012) 

☐ Preconstruction   ☐ Construction    ☐ Interim   ☒ Final    ☐ Existing    ☐ Back-Analysis 

Construction Phase Represented: Final build out 

Other Geometry Notes: Cross Section E-E’ 

 

  



 

SLOPE STABILITY ANALYSIS REPORT FORM 

Geotechnical Engineering SOP  3/9/2020 
CTI and Associates, Inc.  Page 2 of 6 

Final Grades Cross-Section (plan): 
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Final Grades Cross-Section (profile): 

 

 

Intertius
Line
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Factor of Safety: 2.2 ☒ Acceptable   ☐ Not Acceptable   ☐ Follow-up   ☐ Superseded 

Comments:  

Attachments: Slope/W Cross Section and Results 
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Strength
(psf)

Tau/Sigma
Ratio

Effective
Cohesion
(psf)

Effective
Friction 
Angle (°)

Phi-B
(°)

Piezometric
Line

Existing 
Granular 
Waste

Mohr-Coulomb 86 0 34 0 1

Liner Mohr-Coulomb 120 0 10.7 0 1

Lower Clay SHANSEP 133 0 0.22 1

Middle Clay Mohr-Coulomb 136 3,300 0 0 1

New Refuse Mohr-Coulomb 103 300 26 0 1

Sand Mohr-Coulomb 115 0 32 0 1

Silt Mohr-Coulomb 125 0 28 0 1

Structural 
Fill

Mohr-Coulomb 130 1,500 0 0 1

Upper Clay Mohr-Coulomb 131 150 17.1 0 1
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Piezometric
Line

Existing 
Granular 
Waste

Mohr-Coulomb 86 0 34 0 1

Liner Mohr-Coulomb 120 0 10.7 0 1

Lower Clay SHANSEP 133 0 0.22 1

Middle Clay Mohr-Coulomb 136 3,300 0 0 1

New Refuse Mohr-Coulomb 103 300 26 0 1

Sand Mohr-Coulomb 115 0 32 0 1

Silt Mohr-Coulomb 125 0 28 0 1

Structural 
Fill

Mohr-Coulomb 130 1,500 0 0 1

Upper Clay Mohr-Coulomb 131 150 17.1 0 1



Attachment B-1.10 

B-B’’ Liner Stability under Final Conditions with zero adhesion and leachate head build up 
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SLOPE STABILITY ANALYSIS REPORT FORM 

Project 
Name: 

WDI MC6F Permit Modification 

Project 
Number: 

1208070039.004 Client: Wayne Disposal, Inc. 

Analysis 
Short 

Name: 

B-B’ Liner Stability File name: WDI Cross Section B 
Liner_20201123_RevD_
MK.gsz 

Revision: 0 Originated: MK Checked: KF Approved:  

Date: 04/28/21 Date: 04/28/21 Date:  Date:  

 

Purpose of Analysis: To determine the required liner system interface strength to achieve an 
acceptable factor of safety of the proposed final waste grades using cross-
section B. This case considers a west-facing slope, with fill to the final 
permitted grade elevations. The failure surface is defined such that failure 
occurs in the underlying liner in order to consider the stability of the liner. 

☒ Effective Stress 

☐ Total Stress 

☒ Static   ☐ Seismic ☒ Pore Pressure ☒ Optimized Surface 

Additional Details: The liner system was modeled in 2 sections (floor and sideslope) to allow 
use of Peak and Large-Displacement strength parameters appropriately. 
The friction angle of the sideslope was set at 7° corresponding to commonly 
achievable large-displacement interface secant friction angle. The friction 
angle of the floor liner system was varied to determine the required peak 
interface secant friction angle to achieve the required factor of safety of 
1.5. A scenario of leachate build up in the leachate collection layer (to a 
height of 12 inches) is modeled in this analysis. 

 

Material Name Color in Profile 
Unit Wt(s) 
(pcf) 

Strength 

  or  (deg.) 

Strength 
C or Ca 
(psf) 

1 Final Cover Orange 130 0 1500 

2 Existing Waste  Teal 86 34 0 

3 New Waste Light Green 103 26 300 

4 Upper Clay Brown 131 0 2150 

5 Middle Clay Yellow 136 0 3300 

6 Lower Clay Maroon 133 0.22v 

7 Silt Blue 125 28 0 

8 Sand Red 115 32 0 

9 Liner (Floor) Magenta 120 TBD 0 

10 Liner (Sideslope) Purple 120 7 0 

 

Source of Geometry: Engineering Drawing Set 

Source of Subsurface Profile: Basis of Design Report - NTH (2012) 

☐ Preconstruction   ☐ Construction    ☐ Interim   ☒ Final    ☐ Existing    ☐ Back-Analysis 

Construction Phase Represented: Final build out 

Other Geometry Notes: Cross Section B 
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Final Grades Cross-Section (plan): 
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Final Grades Cross-Section (profile): 
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Factor of Safety: 1.5 ☒ Acceptable   ☐ Not Acceptable   ☐ Follow-up   ☐ Superseded 

Comments: The required peak interface friction for the floor liner system was determined to 
be 10.7°. 

Attachments: Slope/W Cross Section and Results 
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(psf)
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(°)

Piezometric
Line

Liner (Floor) Mohr-Coulomb 120 0 10.7 0 1

Liner Sideslope Mohr-Coulomb 120 0 7 0 1

New Refuse Mohr-Coulomb 103 300 26 0 1
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Effective 
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Effective 
Friction 
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Phi-B
(°)

Piezometric
Line

Liner (Floor) Mohr-Coulomb 120 0 10.7 0 1

Liner Sideslope Mohr-Coulomb 120 0 7 0 1

New Refuse Mohr-Coulomb 103 300 26 0 1



Attachment B-1.11 

E-E’ Liner Stability under Final Conditions with zero adhesion and leachate head build up 
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SLOPE STABILITY ANALYSIS REPORT FORM 

Project 
Name: 

WDI MC6F Permit Modification 

Project 
Number: 

1208070039.004 Client: Wayne Disposal, Inc. 

Analysis 
Short 

Name: 

E-E’ Liner Stability File name: WDI Cross Section E 
Liner_20210428_HeadOn
Liner_RevA_MK.gsz 

Revision: 0 Originated: MK Checked: KF Approved:  

Date: 04/28/21 Date: 04/28/21 Date:  Date:  

 

Purpose of Analysis: To determine the factor of safety of the proposed final waste grades using 
cross-section E. This case considers a north-facing slope, with fill to the final 
grade elevations. The failure surface is defined such that failure occurs in the 
underlying liner in order to consider the stability of the liner. 

☒ Effective Stress 

☐ Total Stress 

☒ Static   ☐ Seismic ☒ Pore Pressure ☒ Optimized Surface 

Additional Details: The friction angle of the liner system was set equal to the required 
minimum interface friction angle determined from the liner stability 
analysis performed on Cross Section B. The liner system was modeled in 2 
sections (floor and sideslope) to allow use of Peak and Large-Displacement 
strength parameters appropriately. A scenario of leachate build up in the 
leachate collection layer (to a height of 12 inches) is modeled in this 
analysis.  

 

Material Name Color in Profile 
Unit Wt(s) 
(pcf) 

Strength 

  or  (deg.) 

Strength 
C or Ca 
(psf) 

1 Final Cover Orange 130 0 1500 

2 Existing Waste  Teal 86 34 0 

3 New Waste Light Green 103 26 300 

4 Upper Clay Brown 131 0 2150 

5 Middle Clay Yellow 136 0 3300 

6 Lower Clay Maroon 133 0.22v 

7 Silt Blue 125 28 0 

8 Sand Red 115 32 0 

9 Liner (Floor) Magenta 120 10.7 0 

10 Liner (Sideslope) Purple 120 7 0 

 

Source of Geometry: Engineering Drawing Set 

Source of Subsurface Profile: Basis of Design Report - NTH (2012) 

☐ Preconstruction   ☐ Construction    ☐ Interim   ☒ Final    ☐ Existing    ☐ Back-Analysis 

Construction Phase Represented: Final build out 

Other Geometry Notes: Cross Section E 
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Final Grades Cross-Section (plan): 
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Final Grades Cross-Section (profile): 

 

 

Intertius
Line
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Factor of Safety: 1.76 ☒ Acceptable   ☐ Not Acceptable   ☐ Follow-up   ☐ Superseded 

Comments:  

Attachments: Slope/W Cross Section and Results 
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Friction 
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Phi-B
(°)

Piezometric
Line

Liner (floor) Mohr-Coulomb 120 0 10.7 0 1

Liner (sideslope) Mohr-Coulomb 120 0 7 0 1

New Refuse Mohr-Coulomb 103 300 26 0 1
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Liner (floor) Mohr-Coulomb 120 0 10.7 0 1

Liner (sideslope) Mohr-Coulomb 120 0 7 0 1

New Refuse Mohr-Coulomb 103 300 26 0 1



 

 

 

 

 

 

 

 

 

Attachment B-2 

Settlement Calculations 
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LEACHATE COLLECTION PIPE SETTLEMENT ANALYSIS 
 

OBJECTIVE 

 

This calculation evaluates the post-settlement slopes of the leachate collection pipes and cell floor cross 

slope for proposed Master Cell-VI (MC6) F1, F2, F3, and F4, at Wayne Disposal, Inc. (WDI). This 

evaluation is based on the estimated settlement of the existing waste and soil underlying the proposed cells 

due to additional overburden stresses induced by waste placement and the impact of such settlement on the 

post settlement cell floor slopes.  

 

DESIGN CRITERIA AND ASSUMPTIONS 

 

• The post-settlement slope of each proposed leachate collection pipe should be at least 1% and each 

cell floor cross slope should be at least 2% per Rule 299.9620 (4) (EGLE 2020). 

• Pipe flowline analysis points were selected along the proposed leachate collection pipe flowlines 

within MC6-F (Attachment A). The specific locations of these points were selected to correspond 

to the cell floor high point, low point, changes in final cover slope and at regular intervals in 

between. Total settlement is estimated for each point, allowing an assessment of the post-settlement 

slope(s) along the flowline. 

• Cross slope analysis points (Attachment A) were selected at the location of maximum fill height 

within each cell in order to evaluate post-settlement slopes under maximum load. 

• Maximum settlement is expected to occur at the completion of the cap construction when the 

foundation is subjected to the maximum overburden pressure. Under the worst-case scenario, 

maximum load is applied (in full) to the foundation instantaneously during settlement analysis for 

a conservative (i.e., greater than anticipated) estimate of total settlement. In reality, loads would be 

applied incrementally as waste is placed gradually during the active life of the landfill. 

Additionally, the resulting settlement is assumed to occur immediately, conservatively accounting 

for the maximum settlement at the end of foundation soil consolidation. 

• Table 1Material properties used for the settlement analysis are listed in Table 1.  

• Table 2 summarizes the compressibility parameters used in the settlement analysis. The compacted 

clay liner is only very slightly compressible relative to the in-situ clay layer. Considering the 

insignificant magnitude of the settlement of the compacted clay liner, it was not included in the 

analysis. 
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Table 1. Soil Properties for Settlement Analysis 

Soil Type Thickness [ft] Moist Unit Weight [pcf] 

Final cover soil 4 135 

New waste Varies 103* 

Existing cover soil Varies 135 

Existing waste Varies 82 

Attenuation Layer 5 135 

Structural Fill 2 135 

Venting Layer 1 135 

Leachate Collection Sand 1 135 

In-situ middle clay Varies 136 

In-situ lower clay (moist) 5 128 

In-situ lower clay (saturated) 12 128 

In-situ silt (saturated) 18 125 

In-situ sand (saturated) 45 115 

* New waste unit weight obtained from email correspondence with WDI dated 11/18/2020 

 
Table 2. Compressibility Parameters of Waste and Soils 

Soil Type 

Primary 

Compression Ratio 

Cc/(1+ e0) 

Secondary 

Compression Ratio 

Cα/(1+ e0) 

Recompression Ratio 

Cr/(1+ e0) 

Existing cover 0.102[B] 0.005[B] 0.017[A] 

Existing waste 0.147 0 0.0245[A] 

In-situ middle clay 0.102 0.005 0.017[A] 

In-situ lower clay 0.171 0.009 0.0285[A] 

In-situ silt 0.15[B] 0[B] 0[B] 

In-situ sand 0.1[B] 0[B] 0[B] 
[A] Estimated from Cr = Cc/6.  
[B] Assumed values.  

 

The information for subsurface soils is based on MCIV General Profiles (South), Appendix A 

Subsurface Soil/Waste Profiles & Corresponding Physical Properties, Volume III – WDI Operating 

License Application Master Cells VI F & G by NTH Consultants (2011a). Specifically, subsurface 

investigation boring logs, cross sectional profiles, and laboratory test results were used to assess the 

subgrade soil profile and its properties. Note that some uncertainty may exist in the interpretation of 
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hydrogeological data due to natural soil’s inherent variability, conservative assumptions have been 

applied to ensure a conservative estimate of settlement in this analysis.    

 

 

METHODOLOGY 

 

Total settlement is estimated using the 1-D consolidation equations (Coduto 1999), with primary 

consolidation being the critical component.  Total settlement is calculated as: 

 

 S = Sc + Ss (1)  

 

Where:  

 

 
S = total settlement [ft] 

Sc = primary consolidation settlement due to load application [ft] 

Ss = secondary compression settlement due to creep effects [ft] 

 

Settlement caused by primary consolidation for a given layer of soil with uniform properties is 

calculated as: 

 

 𝑆𝑐 =
ℎ0

1 + 𝑒0
(𝐶𝑟 𝑙𝑜𝑔

𝜎𝑐

𝜎0
+ 𝐶𝑐 𝑙𝑜𝑔

𝜎𝑖

𝜎𝑐
) (2) 

 

 

Where:  

 

 
Cc = primary compression index 

Cr = recompression index 

h0 = initial compressible layer thickness [ft] 

e0 = initial void ratio of the clay subgrade 

σ0 = initial overburden pressure acting on the compressible layer [psf] 

σi = final overburden pressure acting on the compressible layer [psf] 

σc = preconsolidation stress [psf], calculated using Equation 4.  

 

 

 

Settlement due to secondary compression is calculated using Equation 3 below: 

 

 𝑆𝑠 = ℎ0

𝐶𝛼

1 + 𝑒0
𝑙𝑜𝑔 (

𝑡2

𝑡1
) (3) 

 

 

Where:  

 

 
Cα = secondary compression index 
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H = layer thickness [ft] 

t2 = time after application of load (assumed 70 years) 

t1 = time required to complete primary consolidation (assumed 40 years) 

• The elevations in this report are referenced to Mean Sea Level (MSL). 

• The initial ground elevation (prior to initial development) was assumed to be approximately 705 ft. 

This value was inferred from the cross-sectional profile from Engineering Drawings, Wayne 

Disposal, Inc. Site No.2 MC VI-F&G by NTH Consultants (2011b).  

• The preconsolidation pressure of the middle clay and lower clay, the major contributing 

compressible layers below the existing waste, was set equal to the initial effective overburden 

pressure acting on them prior to development. This value is used in Equation 2 to estimate 

settlement resulting from an initial load less than the preconsolidation pressure. Note that both 

layers have exhibited a higher overburden pressure since initial development of the site and 

placement of the now existing waste. This value is calculated using Equation 4.  

• Calculation of settlement following MC6-F construction accounts for changes in overburden 

pressure resulting from the excavation of existing materials, the placement of new liner system 

components, the placement of new MC6-F waste, and the placement of new MC6-F final cover. 

• At each point selected along the leachate collection pipe system, the elevations for the existing 

ground, proposed MC6-F liner system (OFL), final cover, and the foundation soils are determined 

and used to compute the initial and final overburden pressures at each settlement point within the 

analysis using Equation 4 similarly to the preconsolidation pressure. An example calculation at 2 

adjacent settlement points along MC6-F1 is presented in Attachment B-2.2.  

 𝜎𝑐,0,𝑓 =  ∑ 𝛾𝑖 × ℎ𝑖

𝑛

𝑖=0

 (4) 
 

 

Where:  

 

 
σc,0,f = 

𝜎𝑐: preconsolidation stress [psf] 

𝜎0: initial stress [psf] 

𝜎𝑓: final stress [psf] 

𝛾𝑖 = Unit weight of soil layer i [psf] 

hi = 

Thickness of layer i [ft] at settlement point as follows: 

For 𝜎𝑐 use thicknesses of layers prior to development 

For 𝜎0 use thicknesses of layers up to existing elevations 

For 𝜎𝑓 use thicknesses of layers up to proposed final elevations 

 

• Soil layers are identified using subsurface soil profiles provided in MCIV General Profiles (South), 

Appendix A Subsurface Soil/Waste Profiles & Corresponding Physical Properties, Volume III – 

WDI Operating License Application Master Cells VI F & G by NTH Consultants (2011a). These 

layers include in-situ clay with varying degrees of compressibility (see Table 2). 
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• Attachment A presents the plan locations of the settlement analysis points within MC6-F with 

respect to proposed cell floor grades and final grades. Leachate collection pipe cross section profiles 

are also presented in Attachment A.  

CALCULATIONS 

 

Equations 1 through 4 were incorporated into a spreadsheet to conduct the settlement calculations. The 

settlement calculation output and resulting post-settlement slope(s) for each leachate collection pipe within 

MC6-F are presented in Table 3 through Table 6.  The settlement calculation output and resulting post-

settlement slope(s) for each analyzed cross slope within MC6-F are presented in Table 7 through Table 10. 

A sample settlement calculation of points 1 and 2 along the leachate pipe flowline in MC6-F1 is presented 

in Attachment B-2.2.  

 

Table 3. MC6-F1 Leachate Pipe Flowline Settlement Calculation Summary 

 
 

Table 4. MC6-F2 Leachate Pipe Flowline Settlement Calculation Summary 

 
 

Table 5. MC6-F3 Leachate Pipe Flowline Settlement Calculation Summary 

 

Liner Grade
Point North East Flowline Elevation Settlement Length Post-Settlement Pre-Settlement Post-Settlement

[ft] [ft] [ft] [ft] [ft] [ft] [%] [%] [%]
1 0.00 0.00 716.00 6.71 709.29
2 120.00 0.00 720.80 8.66 712.14

2 120.00 0.00 720.80 8.66 712.14
3 220.00 0.00 724.80 9.70 715.10

3 220.00 0.00 724.80 9.70 715.10
4 308.00 0.00 728.32 10.20 718.12

4 308.00 0.00 728.32 10.20 718.12
5 393.00 0.00 731.72 10.29 721.43

Elevation

85 3.9% 1%

4.0%

Min. Slope
Side Slope

4.0%

120 1%

1%

2.4%

3.0%

4.0%

100

3.4%88 1%4.0%

Liner Grade
Point North East Flowline Elevation Settlement Length Post-Settlement Pre-Settlement Post-Settlement

[ft] [ft] [ft] [ft] [ft] [ft] [%] [%] [%]
1 0.00 0.00 710.00 6.21 703.79
2 71.80 0.00 712.15 7.46 704.69

2 71.80 0.00 712.15 7.46 704.69
3 136.70 0.00 714.10 8.02 706.08

3 136.70 0.00 714.10 8.02 706.08
4 267.60 0.00 718.03 8.10 709.93

4 267.60 0.00 718.03 8.10 709.93
5 392.00 0.00 721.76 8.19 713.57

1%3.0%

3.0%

65

2.9%131

3.0%

Min. Slope
Side Slope

3.0%

72 1%

1%

1.3%

2.1%

Elevation

124 2.9% 1%

Liner Grade
Point North East Flowline Elevation Settlement Length Post-Settlement Pre-Settlement Post-Settlement

[ft] [ft] [ft] [ft] [ft] [ft] [%] [%] [%]
1 0.00 0.00 708.00 5.87 702.13
2 116.00 0.00 712.64 7.99 704.65

2 116.00 0.00 712.64 7.99 704.65
3 237.00 0.00 717.48 9.58 707.90

3 237.00 0.00 717.48 9.58 707.90
4 433.00 0.00 725.32 8.93 716.39

4 433.00 0.00 725.32 8.93 716.39
5 595.00 0.00 731.80 9.52 722.28

Elevation

162 3.6% 1%

4.0%

Min. Slope
Side Slope

4.0%

116 1%

1%

2.2%

2.7%

4.0%

121

4.3%196 1%4.0%
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Table 6. MC6-F4 Leachate Pipe Flowline Settlement Calculation Summary 

 
 

Table 7. MC6-F1 Cross Slope Settlement Calculation Summary 

 
 

Table 8. MC6-F2 Cross Slope Settlement Calculation Summary 

 
 

Table 9. MC6-F3 Cross Slope Settlement Calculation Summary 

 
 

 
Table 10. MC6-F4 Cross Slope Settlement Calculation Summary 

 
 

 

 

  

Liner Grade
Point North East Flowline Elevation Settlement Length Post-Settlement Pre-Settlement Post-Settlement

[ft] [ft] [ft] [ft] [ft] [ft] [%] [%] [%]
1 0.00 0.00 700.00 5.48 694.52
2 102.00 0.00 704.08 6.51 697.57

2 102.00 0.00 704.08 6.51 697.57
3 205.00 0.00 708.20 7.42 700.78

3 205.00 0.00 708.20 7.42 700.78
4 406.00 0.00 716.24 9.52 706.72

4 406.00 0.00 716.24 9.52 706.72
5 564.00 0.00 722.56 10.53 712.03

1%4.0%

4.0%

103

3.0%201

4.0%

Min. Slope
Side Slope

4.0%

102 1%

1%

3.0%

3.1%

Elevation

158 3.4% 1%

Liner Grade
Point North East Floor Elevation Settlement Length Post-Settlement Pre-Settlement Post-Settlement

[ft] [ft] [ft] [ft] [ft] [ft] [%] [%] [%]
5 0.00 0.00 734.00 10.16 723.84
6 142.00 0.00 740.35 9.12 731.23

5 0.00 0.00 734.00 10.16 723.84
7 101.00 0.00 738.51 9.76 728.75

101

4.5%

Min. Slope
Side Slope

4.5%

142 2%

2%

5.2%

4.9%

Elevation

Liner Grade
Point North East Floor Elevation Settlement Length Post-Settlement Pre-Settlement Post-Settlement

[ft] [ft] [ft] [ft] [ft] [ft] [%] [%] [%]
5 0.00 0.00 722.00 7.76 714.24
6 206.00 0.00 726.64 3.78 722.86

5 0.00 0.00 722.00 7.76 714.24
7 150.00 0.00 730.48 8.67 721.81

150

2.3%

Min. Slope
Side Slope

5.7%

206 2%

2%

4.2%

5.0%

Elevation

Liner Grade
Point North East Floor Elevation Settlement Length Post-Settlement Pre-Settlement Post-Settlement

[ft] [ft] [ft] [ft] [ft] [ft] [%] [%] [%]
5 0.00 0.00 738.00 9.02 728.98
6 105.00 0.00 742.69 8.68 734.02

5 0.00 0.00 738.00 9.02 728.98
7 163.00 0.00 745.29 8.49 736.79

Elevation

4.5%

Min. Slope
Side Slope

4.5%

105 2%

2%

4.8%

4.8%163

Liner Grade
Point North East Floor Elevation Settlement Length Post-Settlement Pre-Settlement Post-Settlement

[ft] [ft] [ft] [ft] [ft] [ft] [%] [%] [%]
5 0.00 0.00 728.00 10.09 717.91
6 187.00 0.00 736.36 8.24 728.12

5 0.00 0.00 728.00 10.09 717.91
7 180.00 0.00 736.05 8.98 727.06

Elevation

4.5%

Min. Slope
Side Slope

4.5%

187 2%

2%

5.5%

5.1%180
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CONCLUSIONS 

 

The post-settlement slope of each proposed leachate collection pipe should be at least 1% and each cell 

floor cross slope should be at least 2% per Rule 299.9620 (4) (EGLE 2020 ). This calculation estimated the 

settlement at points along the leachate collection pipe and cross slopes within each subcell. The settlement 

of each of these points was used to calculate the post-settlement slopes of the MC6-F floor. This settlement 

analysis determined that all leachate collection pipes and cross slopes within MC6-F meet the required 

minimum post-settlement slopes. 
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Attachment B-2.1 

Plan View and Cross Sections of Leachate Flowlines



 

 

Plan View of Settlement Analysis Points Showing Top of Liner Grades 



 

 

Plan View of Settlement Analysis Points Showing Final Grades 



 



 



 





 

 

 

 

 

Attachment B-2.2 

Sample Settlement Calculation 



North East OFL Final Existing BOTTOM MC BOTTOM LC (DRY) BOTTOM LC (SAT) BOTTOM SILT BOTTOM SAND TOP CLAY TOP EXISTING WASTE

[ft] [ft] [ft MSL] [ft MSL] [ft MSL] [ft MSL] [ft MSL] [ft MSL] [ft MSL] [ft MSL] [ft MSL] [ft MSL]
0.00 0.00 716.00 775.00 705.00 660.00 655.00 643.00 625.00 580.00 670.00 707.50

Initial 
Stress

Consolidation 
Stress

Final 
Stress

H [ft] γ' [pcf]
1 = yes  
0 = no σi [psf] σ0' [psf] σc' [psf] σf' [psf] - Sc [ft] Ss [ft]

1 Cover 4.00 135.0 0 540.0
2 New Waste 55.00 103.0 0 5665.0
3 OFL 0.50 135.0 0 67.5
4 Existing Waste 0.50 82.0 1 -41.0

<none> - 0 -
<none> - 0 -

<none> - 0 -

3 OFL 4.25 135.0 0 573.8 0.102 0.017 0.005 327.9 327.9 6559.4 NC 0.564 0.005
3 OFL 4.25 135.0 0 573.8 0.102 0.017 0.005 901.6 901.6 7133.1 NC 0.389 0.005
4 Existing Waste 4.69 82.0 0 384.4 0.147 0.025 - 1380.7 1380.7 7612.2 NC 0.511 -
4 Existing Waste 4.69 82.0 0 384.4 0.147 0.025 - 1765.1 1765.1 7996.6 NC 0.452 -
4 Existing Waste 4.69 82.0 0 384.4 0.147 0.025 - 2149.4 2149.4 8380.9 NC 0.407 -
4 Existing Waste 4.69 82.0 0 384.4 0.147 0.025 - 2533.8 2533.8 8765.3 NC 0.371 -
4 Existing Waste 4.69 82.0 0 384.4 0.147 0.025 - 2918.2 2918.2 9149.7 NC 0.342 -

4 Existing Waste 4.69 82.0 0 384.4 0.147 0.025 - 3302.6 3302.6 9534.1 NC 0.317 -

4 Existing Waste 4.69 82.0 0 384.4 0.147 0.025 - 3686.9 3686.9 9918.4 NC 0.296 -

4 Existing Waste 4.69 82.0 0 384.4 0.147 0.025 - 4071.3 4071.3 10302.8 NC 0.278 -
6 Middle Clay 5.00 136.0 0 680.0 0.102 0.017 0.005 4603.5 4950.0 10835.0 OC-2 0.176 0.006
6 Middle Clay 5.00 136.0 0 680.0 0.102 0.017 0.005 5283.5 5630.0 11515.0 OC-2 0.161 0.006
7 Lower Clay (Moist) 5.00 128.0 0 640.0 0.171 0.029 0.009 5943.5 6290.0 12175.0 OC-2 0.249 0.011
8 Lower Clay (Sat) 6.00 65.6 0 393.6 0.171 0.029 0.009 6460.3 6806.8 12691.8 OC-2 0.281 0.014
8 Lower Clay (Sat) 6.00 65.6 0 393.6 0.171 0.029 0.009 6853.9 7200.4 13085.4 OC-2 0.270 0.014
9 Silt 9.00 62.6 0 563.4 0.150 - - 7332.4 7678.9 13563.9 OC-2 0.334 -
9 Silt 9.00 62.6 0 563.4 0.150 - - 7895.8 8242.3 14127.3 OC-2 0.316 -
10 Sand 9.00 52.6 0 473.4 0.100 - - 8414.2 8760.7 14645.7 OC-2 0.201 -
10 Sand 9.00 52.6 0 473.4 0.100 - - 8887.6 9234.1 15119.1 OC-2 0.193 -
10 Sand 9.00 52.6 0 473.4 0.100 - - 9361.0 9707.5 15592.5 OC-2 0.185 -
10 Sand 9.00 52.6 0 473.4 0.100 - - 9834.4 10180.9 16065.9 OC-2 0.178 -
10 Sand 9.00 52.6 0 473.4 0.100 - - 10307.8 10654.3 16539.3 OC-2 0.172 -

6.644 0.063
Total Settlement [ft]

Point Name 1
Settlement Layer [ft] 136.0

ERROR 0.0
# of Layers 22
t / tp [ratio] 1.8

C
o
n
s
o
li
d
a
ti
o
n

Layer

O
v
e
rb

u
rd

e
n

Consoli
dation 
Case

SETTLEMENT POINT Elevations

- Use the master "Material Properties" sheet to input the correct "Layer Type" into
column C. This will auto-populate the density and compression parameters.
Coordinates and elevations are referenced from the "Points" sheet for comparison to
the total consolidation layer.  
- Split layers greater than 10 feet thick.  
- Existing layers that are to be removed are to be marked with a "1" in the "Cut Layer"
column.

Variables & Constants

Cut Layer
Eff. Unit 
Weight

Layer 
Height

1

Inc. Layer 
Stress

Layer 
Type

Compression Parameters
Secondary 
Settlement

6.71

Coordinates

(midpoint of layer)

Primary 
Settlement

01 e

Cc

+ 01 e

C r

+
01 e

C

+





North East OFL Final Existing BOTTOM MC BOTTOM LC (DRY) BOTTOM LC (SAT) BOTTOM SILT BOTTOM SAND TOP CLAY TOP EXISTING WASTE

[ft] [ft] [ft MSL] [ft MSL] [ft MSL] [ft MSL] [ft MSL] [ft MSL] [ft MSL] [ft MSL] [ft MSL] [ft MSL]
120.00 0.00 719.60 805.00 705.00 660.00 655.00 643.00 625.00 580.00 670.00 713.70

Initial 
Stress

Consolidation 
Stress

Final 
Stress

H [ft] γ' [pcf]
1 = yes  
0 = no σi [psf] σ0' [psf] σc' [psf] σf' [psf] - Sc [ft] Ss [ft]

1 Cover 4.00 135.0 0 540.0
2 New Waste 81.40 103.0 0 8384.2
3 OFL 3.10 135.0 0 418.5
4 Existing Waste 3.10 82.0 1 -254.2

<none> - 0 -
<none> - 0 -

<none> - 0 -

3 OFL 2.95 135.0 0 398.2 0.102 0.017 0.005 453.3 453.3 9541.8 NC 0.398 0.004
3 OFL 2.95 135.0 0 398.2 0.102 0.017 0.005 851.6 851.6 9940.1 NC 0.321 0.004
4 Existing Waste 5.46 82.0 0 447.9 0.147 0.025 - 1274.7 1274.7 10363.2 NC 0.731 -
4 Existing Waste 5.46 82.0 0 447.9 0.147 0.025 - 1722.6 1722.6 10811.1 NC 0.641 -
4 Existing Waste 5.46 82.0 0 447.9 0.147 0.025 - 2170.5 2170.5 11259.0 NC 0.574 -
4 Existing Waste 5.46 82.0 0 447.9 0.147 0.025 - 2618.4 2618.4 11706.9 NC 0.522 -
4 Existing Waste 5.46 82.0 0 447.9 0.147 0.025 - 3066.4 3066.4 12154.9 NC 0.480 -

4 Existing Waste 5.46 82.0 0 447.9 0.147 0.025 - 3514.3 3514.3 12602.8 NC 0.445 -

4 Existing Waste 5.46 82.0 0 447.9 0.147 0.025 - 3962.2 3962.2 13050.7 NC 0.416 -

4 Existing Waste 5.46 82.0 0 447.9 0.147 0.025 - 4410.1 4410.1 13498.6 NC 0.390 -
6 Middle Clay 5.00 136.0 0 680.0 0.102 0.017 0.005 4974.1 4950.0 14062.6 NC 0.230 0.006
6 Middle Clay 5.00 136.0 0 680.0 0.102 0.017 0.005 5654.1 5630.0 14742.6 NC 0.212 0.006
7 Lower Clay (Moist) 5.00 128.0 0 640.0 0.171 0.029 0.009 6314.1 6290.0 15402.6 NC 0.331 0.011
8 Lower Clay (Sat) 6.00 65.6 0 393.6 0.171 0.029 0.009 6830.9 6806.8 15919.4 NC 0.377 0.014
8 Lower Clay (Sat) 6.00 65.6 0 393.6 0.171 0.029 0.009 7224.5 7200.4 16313.0 NC 0.363 0.014
9 Silt 9.00 62.6 0 563.4 0.150 - - 7703.0 7678.9 16791.5 NC 0.457 -
9 Silt 9.00 62.6 0 563.4 0.150 - - 8266.4 8242.3 17354.9 NC 0.435 -
10 Sand 9.00 52.6 0 473.4 0.100 - - 8784.8 8760.7 17873.3 NC 0.278 -
10 Sand 9.00 52.6 0 473.4 0.100 - - 9258.2 9234.1 18346.7 NC 0.267 -
10 Sand 9.00 52.6 0 473.4 0.100 - - 9731.6 9707.5 18820.1 NC 0.258 -
10 Sand 9.00 52.6 0 473.4 0.100 - - 10205.0 10180.9 19293.5 NC 0.249 -
10 Sand 9.00 52.6 0 473.4 0.100 - - 10678.4 10654.3 19766.9 NC 0.241 -

8.616 0.059
Total Settlement [ft]

Point Name 2
Settlement Layer [ft] 139.6

ERROR 0.0
# of Layers 22
t / tp [ratio] 1.8

SETTLEMENT POINT Coordinates

2

Layer 
Type

Elevations

Secondary 
Settlement

Eff. Unit 
Weight

O
v
e
rb

u
rd

e
n

C
o
n
s
o
li
d
a
ti
o
n

8.68

Layer 
Height

Primary 
SettlementCut Layer (midpoint of layer)

Variables & Constants
- Use the master "Material Properties" sheet to input the correct "Layer Type" into
column C. This will auto-populate the density and compression parameters.
Coordinates and elevations are referenced from the "Points" sheet for comparison to
the total consolidation layer.  
- Split layers greater than 10 feet thick.  
- Existing layers that are to be removed are to be marked with a "1" in the "Cut Layer"
column.

Inc. Layer 
Stress Compression Parameters

Consoli
dation 
Case

Layer 01 e

Cc

+ 01 e

C r

+
01 e

C

+


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Permit Drawings 
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ABSTRACT: Staged construction uses controlled rates of load application to in­
crease the foundation stability of structures founded on soft cohesive soils and to 
improve the slope stability of tailings dams. Because construction causes positive 
excess pore pressures and because actual failures usually occur without significant 
drainage, stability analyses should compute the factor of safety against an un-
drained failure as the most critical and realistic condition. This requires an un-
drained strength analysis (USA) that treats predicted or measured in situ effective 
stresses as equal to consolidation stresses in order to calculate variations in un-
drained shear strength during construction. The recommended USA methodology 
requires a detailed evaluation of changes in vertical stress history profiles, uses 
undrained strength ratios obtained from CK0U tests to account for anisotropy and 
progressive failure, and is more rational than stability evaluations based on UU 
and CIV triaxial compression testing. Conventional effective stress analyses should 
not be used for staged construction because the computed factor of safety inher­
ently assumes a drained failure that can give highly misleading and unsafe esti­
mates of potential instability. 

1. INTRODUCTION 

This paper concerns techniques to assess stability under static loads for 
projects characterized as follows: 

1. "Soft-ground" construction, meaning that the imposed loading is suffi­
ciently large to stress the cohesive foundation soils beyond their preconsolidation 
pressure and hence well into the normally consolidated range. Examples include 
embankments for transportation facilities, flood-control levees, water-retention 
and tailings dams, refuse landfills, storage tanks, and offshore gravity platforms. 

2. Tailings dams constructed for the purpose of storing cohesive waste prod­
ucts from mining operations, especially those using the more economical up­
stream method,to contain the so-called "slimes" (Vick 1983). 

Since these projects generate positive excess pore water pressures within the 
underlying foundation soils or within the slimes, the most critical stability 
condition occurs during actual construction. In other words, drainage due to 
consolidation after each load application will progressively strengthen the 
most highly stressed soils and hence increase the factor of safety against a 
shear induced failure. 

In particular, the paper treats stability evaluation wherein the project de­
sign entails controlled rates of loading so that soil strengthening due to con­
solidation is sufficient to support the maximum required load safely. Such 
"staged construction" involves either a continuous, controlled rate of load 
application (e.g., during water testing of a storage tank or construction of a 
landfill or an upstream tailings dam) or construction in two or more stages 
(e.g., embankment filling over several seasons), or a combination of both. 
These projects may also include other techniques to improve stability during 
construction, prime examples being the installation of vertical drains to ac­
celerate the rate of consolidation and the addition of temporary stability berms. 

As will be demonstrated, considerable controversy and confusion exist 
concerning what type of stability analysis should be used for staged con­
struction projects, both during the design process and later to check stability 
during actual construction. Stability evaluations to assess the safety of ex­
isting structures also face this same technical issue. The paper first reviews 
background material regarding stability problems classified according to their 
drainage conditions and describes three types of stability analysis: (1) The 
common "total stress analysis"; (2) the common "effective stress" analysis; 
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and (3) a hybrid of these called an "undrained strength" analysis. Two di­
vergent approaches to evaluate stability during staged construction are then 
examined, where it will become evident that the real issue concerns the as­
sumed (or implied) drainage condition during potential failure. Three case 
histories illustrate the practical importance of this critical assumption. The 
remaining parts of the paper then focus on soil behavioral issues related to 
predicting undrained strengths during staged construction, recommended 
techniques for executing "undrained strength analyses," examination of al­
ternative approaches (especially U.S. practice based on results from triaxial 
compression testing), and recommendations regarding field instrumentation 
to monitor construction. 

2. BACKGROUND 

2.1. Stability Problems Classified According to Drainage 
and Loading Conditions 

Stability problems have historically been divided into three categories ac­
cording to the drainage conditions that either exist or are considered critical 
during construction and during a potential failure. It is further useful to dis­
tinguish between loading versus unloading problems to differentiate con­
struction that causes the total normal stresses acting within the soil mass to 
increase or decrease, respectively (Lambe and Whitman 1969). Staged con­
struction projects inherently involve loading problems, whereas excavations 
entail unloading. 

Case 1—Undrained (Also Called Short-Term or End-of-Construction) 
This case denotes situations wherein both construction and failure occur 

rapidly enough to preclude significant drainage. Since there is negligible 
change in water content, the initial in situ undrained shear strength of the 
cohesive soil controls stability during construction. It represents the critical 
condition for loading problems since the factor of safety increases with time 
due to consolidation. 

Case 2—Drained (Also Called Long-Term) 
This case represents the opposite extreme, in that the excess pore pressures 

caused by loading (or unloading) have dissipated (ue = 0) due to a slow rate 
of construction or sufficient time after construction, and the shear induced 
pore pressures are also zero (us = 0) due to a slow rate of shearing during 
failure. Stability is therefore controlled by the drained strength of the soil 
corresponding to equilibrium (long-term) pore pressures. This case repre­
sents the critical condition for unloading problems that generate negative 
excess pore pressures (ue < 0) during construction (e.g., excavations in stiff 
clays) since the factor of safety decreases with time due to swelling. 

Brinch-Hansen (1962) proposed renaming the short-term/long-term clas­
sifications as UU and CD failures because of their direct analogy to labo­
ratory unconsolidated-undrained and consolidated-drained shear tests, re­
spectively. The writer adopts that notation. 

Case 3—Partially Drained (Also Called Intermediate) 
This case applies to staged construction since loading problems produce 

positive excess pore pressures (ue > 0) and hence decreases in water content 
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(a) EXCAVATION IN STIFF CLAY 

Effective Normal Stress, cr' 

(c) DEFINITION OF FACTOR OF SAFETY (Bishop 1955; Janbu 1973) 

FS = JsL = HL - ton(fr' 
Tm Tm ta n < £ m 

FIG. 1. Conventional Effective Stress Analysis Applied to Critical CD Case for 
Unloading Problem 

during construction. However, the types of analyses currently used to assess 
stability during staged construction make different assumptions regarding the 
drainage conditions during a potential failure. Specifically, will failure occur 
so slowly that it approaches a drained condition or will it occur so rapidly 
that it approaches an undrained condition? In other words, will the shear 
induced pore pressure be essentially zero (us —* 0) or significantly greater 
than zero? As later shown, this question basically entails treating staged con­
struction either as a consolidated-drained or a consolidated-undrained failure, 
i.e., a CD case versus a CU case according to Brinch-Hansen's (1962) no­
tation. 

2.2. Types of Limiting Equilibrium Stability Analysis 
This topic refers to the approach employed to compute the available shear 

strength and the resulting factor of safety for failure surfaces in cohesive 
soils when using a method of slices. Three types of analysis are considered 
here: (1) An effective stress analysis (ESA); (2) a total stress analysis (TSA); 
and (3) an undrained strength analysis (USA). The ESA and TSA types are 
first defined via their conventional application to unloading and loading 
problems, respectively. The paper then reviews common approaches for staged 
construction, leading to a description of an undrained strength analysis, which 
basically computes in situ undrained shear strengths as a function of the 
preshear effective (consolidation) stresses. 

As illustrated in Fig. 1, a conventional effective stress analysis computes 
the available shear strength, sd = jff, along a potential failure surface using 

•xft = c' + o-p tan <$>' (1) 

where c' and §' define the Mohr-Coulomb effective stress failure envelope; 
and Tff and &ff = the shear stress and effective normal stress on the failure 
plane at failure, respectively. In turn 
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Off = (iff - u = a'„ = <r„ — u (2) 

where as and CT„ = the total normal stress; and u = the presumed pore pres­
sure at failure. For the Fig. 1 excavation in stiff clay (and similar unloading 
problems in overconsolidated cohesive soils), the prudent value of u to use 
in Eq. 2 is the equilibrium, long-term pore pressure since this gives the 
drained strength, sd, corresponding to the critical CD case. 

Fredlund and Krahn (1977) compare commonly used methods of slices 
regarding: (1) The "side force" assumptions employed to estimate the mag­
nitude of aff = CT,',; (2) the differences in factors of safety (FS) computed 
based on force versus moment equilibrium; and (3) the relative costs for 
computer time. Those methods that have reasonable side force assumptions 
and that explicitly satisfy moment equilibrium when computing the factor of 
safety are recommended, such as Bishop (1955), Morgenstern and Price (1965), 
and Spencer (1967). 

The commonly accepted definition of factor of safety as stated by Bishop 
(1955) is 

available shear strength of soil 
FS = - (3a) 

shear stress required to maintain equilibrium 

Tff = c' + a* tan d>' 
FS = — — (3b) 

which equals sd/im for the CD case illustrated in Fig. 1. The value of Tm 

also represents the mobilized shear strength of the soil, i.e. 

c' + erg tan <|>' 
T«. = — (3c> 

If the degree of mobilization is the same for c' and tan cj>', as commonly 
assumed, then an alternate expression for the factor of safety becomes (Janbu 
1973) 

tan cb' 
FS = — (3d) 

tan tym 

A conventional total stress analysis (TSA), as applied to the UU case, 
computes the available shear strength along a potential failure surface using 

s = c + tig tan <j) (4a) 

where c and cj> = the intercept and slope of a total stress failure envelope, 
respectively. Since saturated cohesive soils of interest behave as frictionless 
materials in terms of total stress, i.e., (j> = 0, Eq. Aa becomes (Skempton 
1948a) 

s„ = 0.5(a, - <r3)f = qf (4b) 

which equals the undrained shear strength of the soil. In turn, the factor of 
safety is defined as 

FS = - (5) 
T,„ 
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A total stress analysis (TSA) as described previously represents the tra­
ditional approach for assessing stability for loading problems, for which the 
UU case gives the minimum FS. The classic paper by Bishop and Bjerrum 
(1960) recommended unconsolidated-undrained triaxial compression (UUC) 
or field vane testing to obtain s„, these implied to have an accuracy of ±15%. 
Subsequent research has shown that measured field vane strengths need to 
be significantly reduced for highly plastic clays (Bjerrum 1972, 1973). How­
ever, much U.S. practice still often relies on measured UUC strengths [e.g., 
Peck et al. (1974); "Design and" (1978); "Slope Stability" (1982)]. Section 
6.2 of the paper treats potential errors in using UUC strength data. In any 
case, the method of slices for a TSA mainly serves to compute T,„ in Eq. 5 
since values of su are input directly for cj) = 0 materials. 

2.3. Stability Analyses for Staged Construction: 
Historical Perspective 

The designer of staged construction projects such as previously described 
must estimate both the initial strength of the cohesive soil and its rate of 
increase with time due to consolidation under the applied loads. Total stress 
analyses (TSA) based on laboratory UU tests or field vane tests obviously 
cannot be used during design to predict the gain in strength due to dissipation 
of pore pressures and historically have been restricted to the end-of-con-
struction UU case. On the other hand, Bishop and Bjerrum (1960) proposed 
that an effective stress analysis (ESA) "is a generally valid method for an­
alysing any stability problem and is particularly valuable in revealing trends 
in stability which would not be apparent from total stress methods." They 
advocated its use for staged construction, noting that the greatest uncertainty 
lies in estimating the rate of pore pressure dissipation via consolidation the­
ory and hence "field observations of pore pressure are advisable on important 
works." 

Although others also realized the difficulty of making accurate pore pres­
sure predictions during the design process [e.g., Peck and Lowe (I960)], 
the ESA attracted many followers, presumably since it could be readily used 
to check stability during construction based on measured pore pressures, 
whereas a TSA based on subsequent field vane testing or undisturbed sam­
pling and UUC testing would be cumbersome at best. Moreover, all accept 
the premise that effective stresses control the strength of soil. 

As will be demonstrated, a factor of safety computed via an ESA using 
measured (prefailure) pore pressures inherently assumes that the effective 
normal stress (o^in Eqs. 1 and 2) remains constant during a potential failure. 
In other words, this type of stability analysis basically treats staged con­
struction as being equivalent to the consolidated-drained (CD) case. Bishop 
and Bjerrum (1960) realized this important fact since they noted the follow­
ing: For factors of safety (FS) other than unity, the effective stress and total 
stress (<j> = 0) methods will not in general give equal values of FS; the 
former uses pore pressures under the actual loading conditions, and the value 
of FS "expresses the proportion of c' and tan <}>' then necessary for equilib­
rium" (i.e., Eq. 3); the latter, on the other hand, implicitly uses pore pres­
sures related to those at failure in undrained shear. However, Bishop and 
Bjerrum (1960) apparently did not consider this to be a serious practical 
limitation since they essentially endorsed effective stress analyses whenever 
field pore-pressure data are available. However, others felt this approach to 
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FIG. 2. Angle of Shearing Resistance <t>„, from Isotroplcally Consolidated-Un-
drained Triaxial Compression (CIUC) Tests as Defined by A. Casagrande 

be dangerous (Brinch-Hansen 1962; Barron 1964), believing that staged con­
struction should be treated as a consolidated-undrained (CU) case. 

In particular, an entirely different approach for predicting strength gain 
with consolidation evolved in the United States from Arthur Casagrande's 
early research into the strength of clays, which explicitly assumes an un­
drained failure when calculating factors of safety during staged construction. 
Although it was adopted by major U.S. government agencies and many prac­
titioners, the writer did not find a formal name for this methodology, hence­
forth called the QRS approach. In any case, QRS is referred to both as an 
"effective stress" and a "total stress" method, which is one reason for in­
troducing a third type of analysis, the undrained strength analysis (USA). A 
more important reason lies in the fact that new techniques have been de­
veloped for estimating the in situ undrained strength of cohesive soils for 
both the UU and CU cases. 

2.4. Undrained Strength Analysis (USA) 
A USA basically treats the in situ effective stresses as consolidation stresses, 

which are then used to estimate the corresponding in situ undrained shear 
strength, denoted as cu to differentiate it from the su associated with un­
drained strength measurements used for conventional total stress analyses. 
The most widespread, and perhaps earliest, application of a USA to staged 
construction is that developed by Arthur Casagrande as an outgrowth of his 
research in the early 1940s into the strength of clays as measured in UU, 
CU, and CD triaxial compression tests, which he first called quick (Q), con­
solidated-quick (Qc). and slow (S), and later became Q, R, and S (Casa­
grande and Wilson 1960). Of particular interest to this paper is his manner 
of portraying results from isotropically consolidated-undrained triaxial 
compression (R = CIUC) tests as shown in Fig. 2 for a normally consol­
idated clay, where u'c equals the preshear consolidation stress. As quoted in 
Rutledge (1947), Casagrande states that the choice between using the UU 
or CU envelope for evaluating stability of a clay foundation "will depend 
on the thickness and consolidation characteristics of the clay and the rate at 
which load is applied to it." Moreover, the relationship 

cu = <T}C tan <)>„, (6) 
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was adopted in design manuals for the U.S. Army Corps of Engineers ("Sta­
bility of" 1970; "Design and" 1978), wherein a}c equals the effective normal 
(consolidation) stress acting on a potential failure surface, say from a method 
of slices. Since cr/c equals cr#- computed via a conventional ESA and since 
tan <j)' is significantly greater than tan c|)c„, this form of a USA will obviously 
give significantly lower factors of safety than a ESA (assuming that both 
analyses use measured prefailure pore pressures). Section 6.2 of the paper 
examines the QRS approach in more detail. 

A second reason for introducing the USA occurred in the early 1970s with 
development of two new testing procedures for estimating the in situ un-
drained shear strength of clays, namely the Recompression technique de­
veloped at the Norwegian Geotechnical Institute (Bjerrum 1973) and the stress 
history and normalized soil engineering properties (SHANSEP) technique 
developed at MIT (Ladd and Foott 1974). Both attempt to minimize the 
adverse effects of sample disturbance (but in very different ways), recognize 
the importance of stress history, and consider the effects of undrained stress-
strain-strength anisotropy by running K0 consolidated-undrained (CK0U) tests 
having different modes of failure. Although first applied mainly to stability 
problems falling under the UU case, these new techniques now enable a 
more rational and reliable form of a USA than the QRS approach for staged 
construction projects. 

In essence, a USA using either the Recompression or SHANSEP tech­
nique will involve the following basic components, say for staged filling on 
a natural clay deposit: 

1. Obtain the initial stress history of the soil, meaning the effective overbur­
den stress (<xio) and preconsolidation pressure {(T'P). 

2. Evaluate changes in stress history due to the proposed construction, using 
consolidation analyses for design and piezometers during construction. 

3. Relate undrained shear strength to consolidation stresses via a laboratory 
program of CK0U shear tests having different modes of failure. 

4. Conduct stability analyses after inputting cu profiles calculated from the 
aforementioned information. 

Three case histories will illustrate these steps and also point out some of the 
simplifications used by the writer in executing a USA. 

2.5. Definition of Undrained Shear Strength 
Following the earlier work of Terzaghi (1936) and Skempton (1948a, 1948b, 

1948c), Bishop and Bjerrum (1960) used an analysis of the undrained failure 
of a vertical cut in a homogeneous saturated clay to illustrate two funda­
mental points: (1) A TSA using su = 0.5(cr, — a3)f — qf acting on a rupture 
surface inclined at a = 45° to the horizontal (i.e., consistent with a <(> = 0 
analysis) gives the same failure height as an effective stress analysis using 
jff = qf cos 4>' acting on a surface inclined at a = 45 + <)>' / 2 ; and (2) the 
position of the critical rapture surface depends on the friction angle used in 
the analysis, and the closer it approximates the "true angle of internal fric­
tion" (meaning Hvorslev's value), the "more realistic is the position of the 
failure surface." (Note: The same conclusions also apply to Rankine active 
and passive earth pressures for isotropic strength parameters.) Because an 
undrained strength analysis should attempt to predict the available undrained 
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shear strength on the most realistic potential failure surface, the writer de­
fines c„ = Tff = qf cos <)>'. This approach should be correct when applied to 
active and passive wedges inclined at a = 45 ± 4>'/2. But it becomes more 
controversial when applied to the horizontal portion of a wedge or to a cir­
cular arc mode of failure. Nevertheless, others have used the same shear 
strength definition for undrained stability analyses [e:g., Lowe (1967); John­
son (1974); "Stability of" (1970)]. In essence, the real question concerns 
the actual location of the rupture surface during an undrained failure inde­
pendent of how one estimates the available c„. Also, if the c„ = qf cos 4>' 
assumption is incorrect, the error will be on the safe side by 10-15% for 
typical values of cos ((>'. 

In summary, a total stress analysis (TSA) uses su = qf applied to a failure 
surface consistent with the cj> = 0 assumption whereas an undrained strength 
analysis (USA) uses cu = qf cos <)>' applied to the presumed actual location 
of the failure surface. 

3. COMPARISON OF EFFECTIVE STRESS VERSUS UNDRAINED STRENGTH 
STABILITY ANALYSES DURING STAGED CONSTRUCTION 

3.1. Conventional Effective Stress Analysis 
Effective stress analyses (ESA), as commonly used to assess stability dur­

ing staged construction on natural cohesive deposits, typically proceed as 
follows (Bishop and Bjerrum 1960; Tavenas et al. 1978; "Slope Stability" 
1982; Pilot et al. 1982; Murray and Symons 1984): (1) A method of slices 
is used to compute the distribution of total normal stress (cr„) along the po­
tential failure surface and the shear stress (Tm) required for equilibrium; (2) 
measured pore pressures are obtained from piezometer data for determination 
of the existing effective normal stress (o-,') distribution; (3) o-,', is assumed 
equal to &# in Eq. 1; (4) values of c' and 4>' are determined from laboratory 
CD tests or from CU tests at maximum obliquity, which leads to estimates 
of the available shear strength (s = %) along the potential failure surface; 
and (5) the resulting factor of safety is basically defined via Eq. 3 as FS = 
tffhm — tan 4>'/tan §'m. This form of an effective stress analysis, i.e., using 
measured pore pressures and the aforementioned definition of factor of safety, 
represents a conventional ESA. The same approach also appears widespread 
for assessing stability during construction of tailings dams (Vick 1983; Stauf-
fer and Obermeyer 1988). 

After conceptually comparing the aforementioned form of a ESA with a 
corresponding undrained strength analysis (USA), the paper presents three 
case histories to further demonstrate the large practical differences in the 
safety implied by these two types of analyses. 

3.2. Conceptual Comparison 
Fig. 3(a) illustrates the staged construction of an embankment after in­

stallation of vertical drains under the upper berm. Since staged construction 
was necessary, the foundation clay under the upper berm becomes normally 
consolidated before stage 2 filling. Fig. 3(ib) shows the stresses acting on a 
typical element for a horizontal failure surface, which can be simulated by 
a laboratory direct simple shear test (Bjerrum and Landva 1966). The value 
of the vertical consolidation stress (a'J) is determined from estimates of the 
total vertical stress and from measurements of pore pressure, which would 
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(a) FIELD SITUATION FOR PARTIALLY OR FULLY 
CONSOLIDATED CLAY FOUNDATION 

(b) STRENGTHS PREDICTED FROM ESA AND USA 

EFFECTIVE NORMAL STRESS, a' 

FIG. 3. Comparison of Effective Stress and Undrained Strength Analyses for 
Evaluating Stability during Staged Construction 

typically be larger than hydrostatic. The value of the horizontal consolidation 
shear stress (T,1C) will be equated to the mobilized shear stress (T,„) as obtained 
from overall equilibrium via a method of slices. 

A conventional ESA treats the existing effective normal stress as the ef­
fective normal stress at failure, i.e., o'n = v'vc = CT^, and, hence, the computed 
available shear strength equals rff at point 1. This represents the drained 
strength of the clay and the corresponding factor of safety becomes 

sd tan &>' 
FS = — = — (7) 

Tm tan cj>,'„ 

In other words, a ESA inherently assumes a slow failure with complete dis­
sipation of shear induced pore pressures (us = 0) equivalent to the consol­
idated-drained (CD) case previously described. In contrast, a USA inherently 
assumes a rapid failure corresponding to the consolidated-undrained (CU) 
case. Since undrained shear of a normally consolidated clay will develop 
positive shear induced pore pressures {us > 0) and thus a lower effective 
normal stress at failure, the undrained shear strength (T^ = c„ at point 2) 
will be less than sd. And the factor of safety 

c„ 
FS = — (8) 

Tm 

will also be less than computed via a ESA. 
The prime reason for conducting stability analyses during construction is 
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obviously to guard against an unexpected failure. What then might lead to 
instability when the FS computed by either Eq. 7 or 8 is reasonably greater 
than unity? Other than a significant error in the location of the presumed 
critical failure surface, the causes basically arise from an overestimate of the 
available resistance (sd or c„), an underestimate of the mobilized shear stress 
(T,„), or a combination of both. Possible examples include localized lower 
o"4 due to malfunctioning vertical drains; T,„ too low due to error in fill weights 
or geometry; T,„ increased due to unauthorized filling or partial removal of 
a stability berm, etc. 

Now consider whether the designer should assume that a failure will occur 
so slowly as to approach a drained (CD) condition or so rapidly as to ap­
proach an undrained (CU) condition. Although accurate predictions of rates 
of displacement and of rates of pore pressure dissipation during a failure are 
not possible, one can combine simple consolidation theory with field ob­
servations to obtain an idea of likely limits. Since staged construction will 
load the underlying soil into a normally consolidated condition, the coeffi­
cient of consolidation will range from about 0.05 m2/day to 0.003 m2/day 
for typical clays having liquid limits between 30% and 90%. For a "thin" 
rupture surface, as would be expected for a fairly "brittle" foundation soil 
(Section 7), having a drainage height of 5 cm, 50% pore pressure dissipation 
at the center will take from 30 minutes to 8 hours. But since large displace­
ments usually occur during failures involving brittle soils within a time span 
of only seconds or minutes, an essentially undrained condition will prevail. 
For failures involving "ductile" foundation soils, the displacements are gen­
erally smaller and take longer to develop, say over a period of several hours 
or even days. But the size of the zone undergoing significant straining is 
also generally much larger, such that little pore pressure dissipation should 
be expected. Finally, undrained conditions certainly prevail during failures 
of tailings dams that lead to massive flow slides (Jeyapalan et al. 1983). 

This reasoning should not imply that drainage may not occur during sev­
eral hours or days preceding failure (although that may be true in most cases), 
but rather that undrained conditions will generally prevail during actual fail­
ures that entail significant displacements. Moreover, it should be emphasized 
that whenever the average shear stress along a potential failure surface reaches 
the average available undrained shear strength existing at that time (i.e., 
T„, —> cj, then an undrained failure will be initiated independent of the prior 
drainage conditions. Hence, the prudent designer should always consider 
this possibility, especially for failures having the potential to cause extreme 
environmental damage or loss of life. 

In summary, a conventional effective stress analysis that uses measured 
pore pressures, such as illustrated in Fig. 3, gives an "instantaneous" factor 
of safety corresponding to the effective stress-pore pressure conditions ex­
isting prior to failure. It inherently assumes that a potential failure will occur 
so slowly that the drained shear strength of the soil (sd) will resist failure. 
In other words, a ESA a priori treats staged construction as a consolidated-
drained (CD) case. The writer therefore concludes that the resulting factor 
of safety is potentially unsafe because it never considers the more critical 
possibility of an undrained shear failure and generally misleading because 
most failures during staged construction occur under essentially undrained 
conditions. In contrast, an undrained strength analysis (USA) inherently treats 
staged construction as a consolidated-undrained (CU) case wherein failure 
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occurs so rapidly as to preclude dissipation of shear induced pore pressures. 
And since the undrained shear strength (c„) of normally consolidated soils 
is substantially less than the drained strength under field loading conditions, 
a USA will give both safer and more reliable estimates of the actual factor 
of safety. 

3.3. Methodology for Case Histories of Embankment 
Staged Construction 

The paper presents results from design studies made for two projects wherein 
the ESA-USA comparison was made for conditions corresponding to com­
plete consolidation of all the foundation clays under the imposed loading. 
This "long-term" case was selected both to simplify computation of the con­
solidation stress profiles needed for the USA and to preclude argument re­
garding the correct pore pressure regime (i.e., hydrostatic values) for the 
ESA. The USA employed wedge-shaped failure surfaces [e.g., Fig. 3(a)] 
with anisotropic c„ values treated for the effects of progressive failure via 
the strain compatibility technique of Koutsoftas and Ladd (1985) as de­
scribed later in Section 4.9. Computation of the increase in undrained shear 
strength (c„) with consolidation involved two simplifications: (1) Changes in 
stress history being restricted to increases in the vertical consolidation stress 
(o4), which is less than the major principal consolidation stress (oic) except 
under the centerline; and (2) CK0U test data used to relate c„ to <r'vc for shear­
ing in plane strain or triaxial compression and extension and in Geonor direct 
simple shear, whereas the in situ stresses obviously deviate from K0 con­
ditions. Section 4.11 of the paper indicates that these simplifications tend to 
underpredict the available strength, i.e., give too low factors of safety. 

3.4. Embankment on Connecticut Valley Varved Clay 
This example design problem was performed as part of an MIT research 

program sponsored by the Massachusetts Department of Public Works in 
cooperation with the U.S. Department of Transportation Federal Highway 
Administration (Ladd 1975; Ladd and Foott 1977). The 80-ft (24.4-m) thick 
deposit of medium to soft varved clay at the site (Fig. 4) required installation 
of vertical drains and staged construction with a stability berm and a sur­
charge to attain a 30-ft (9.15-m) net increase in grade and to minimize post-
pavement settlements. Results from ESA and USA are compared for com­
plete consolidation under the final embankment geometry. The USA used 
different stress history profiles for each of the five zones shown in Fig. 4. 
The site conditions are similar to those encountered in a 1972 MIT test pro­
gram conducted at Amherst, Mass. The varved clay, deposited in glacial 
Lake Hitchcock during retreat of the late-Pleistocene ice sheet, has typical 
index properties as shown in Table 1. 

Fig. 5(a) plots the initial stress history applicable to zone 1 and precon-
solidation pressure data measured via constant rate of strain consolidation 
(CRSC) tests. The selected v'p profile assumed constant precompression be­
low El. 100 and higher values above due to desiccation. The figure also 
shows final vertical consolidation stress profiles after complete pore pressure 
dissipation under the berm, slope, and crest (i.e., zones 2, 3, and 5, re­
spectively), which account for a stress reduction due to settlement of the fill. 
Most of the underlying foundation clay becomes normally consolidated, ex­
cept that zone 5 is slightly precompressed by 0.5 ± 0.1 ksf due to prior 
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FIG. 4. Design Problem for Highway Embankment on Connecticut Valley Varved 
Clay (1 ft = 0.305 m; 1 pcf = 0.157 kN/m3) 

consolidation under the 5-ft (1.5-m) thick surcharge fill (Fig. 4). 
MIT studied the stress-strain-strength anisotropy of Connecticut Valley 

varved clays for several years, culminating in a doctoral thesis (Sambhan-
dharaksa 1977). The program included block and 5-in. (127-mm) diameter 
Osterberg samples, both the Recompression and SHANSEP techniques and 
K0 consolidated-undrained (CK0U) tests sheared in compression, extension, 
and direct simple shear on specimens having different overconsolidation ra­
tios. Application of the strain compatibility technique to the CK0U stress-
strain data resulted in anisotropic undrained strength parameters for wedge 
shaped failure surfaces corresponding to shear in plane strain compression 
(PSC), direct simple shear (DSS), and plane strain extension (PSE). These 
results can be approximated by the relationship 

4" = S(OCR)'" (9) 

where T = c„ for a particular mode of failure; S = the normally consolidated 
value of T/<J'VC; OCR = overconsolidation ratio = <J'P /o^; and m = the strength 
increase exponent. Table 2 presents the values of S and m that were used 

TABLE 1. Typical Index Properties 

Component 
(1) 

"Silt" 
"Clay" 
Bulk 

Natural water 
content, wN (%) 

(2) 

43 
72 
60 

of Connecticut Valley Varved Clay 

Liquid limit, 
WL (%) 

(3) 

39 
66 
54 

Plasticity index, 

/, (%) 
(4) 

15 
37 
27 
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(a) STRESS HISTORY (ksf) 

+ Peak PSC TC 
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FIG. 5. Stress History and Undrained Strength Profiles for Connecticut Valley 
Varved Clay (1 ft = 0.305 m; 1 ksf = 47.9 kPa) 

with the stress history profiles in Fig. 5(a) to calculate the SHANSEP c„ 
profiles plotted in Fig. 5(b). For the initial stress history in zone 1, oio equals 
<s'vc in Eq. 9, whereas u'p becomes equal to a'vc for consolidation stresses that 
exceed the initial preconsolidation pressure of the varved clay deposit. 

Comparison of the initial (zone 1) undrained shear strength data presented 
in Fig. 5(b) shows: (1) Significantly lower SHANSEP strengths for shearing 
parallel to the varves (jd) than for shearing across the varves in compression 
(TC) or in extension (TS); (2) peak strengths from Geonor field vane tests 
generally plotting above the SHANSEP values; and (3) a reversed trend for 
the laboratory UUC strengths, especially at depth in spite of using 5-in. 
(127-mm) diameter fixed piston samples. Fig. 5(b) also shows the computed 
gain in c„ due to full consolidation under the embankment loads via plots of 
the plane strain compression (PSC) TC for zones 3 and 5. Corresponding 
direct simple shear (DSS) strengths at El.85 are Trf = 0.74 ksf in zone 2 
and Trf = 0.90 ksf in zone 3. 

The anisotropy of varved clays also causes substantial variations in the 
effective stress-strength parameters (Sambhandharaksa 1977): c'/<J'P = 0.01 
and dV = 30° for shear across the varves in CU and CD triaxial compression 
and CU triaxial extension tests; and c'/aj, = 0.025 and $' = 20° for shear 
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TABLE 2. Undrained Strength Parameters for Connecticut Valley Varved Clay 
and James Bay Sensitive Clay 

Clay deposit 
(1) 

Connecticut Valley 

James Bay Marine 
(1) Intact* 

(2) Normally consolidated 

James Bay Lacustrine 
(1) Intact" 

(2) Normally consolidated 

MODE OF FAILURE 

Compression 
S 

(2) 

0.21 

0.26 
±0.015 

0.26 

0.225 
±0.03 

0.25° 

m 
(3) 

0.83 

1.00 

— 

1.00 

— 

Direct Simple 
Shear 

S 
(4) 

0.15 

0.225 
±0.02 

0.225 

0.19 
±0.00 

0.215 

m 
(5) 

0.775 

1.00 

— 

1.00 

— 

Extension 
S 

(6) 

0.20 

0.16 
±0.015 

0.16 

0.14 
±0.01 
0.12c 

m 
(7) 

0.74 

1.00 

— 

1.00 

— 
"Mean ± one standard deviation from five test series. 
bMean ± one standard deviation from two test series. 
"Estimated from data on other clays. 

parallel to the varves in conventional CD direct shear tests and CIUC tests 
run on specimens trimmed at 45°. Although wedged-shaped failure surfaces 
would have been more appropriate for the ESA, the analyses used Bishop 
circular arcs with <)>' = 25° and c' = 0 (except for c' = 0.05 ksf within the 
top 10 ft of clay for zones 1 and 2). 

Fig. 6 shows the embankment geometry after full consolidation (U = 100%), 
and having 8 ft of settlement under the crest. The ESA used hydrostatic pore 

DISTANCE ( f t ) 

FIG. 6. ESA and USA Factors of Safety for Embankment on Connecticut Valley 
Varved Clay at 0 = 100% [from Ladd and Foott (1977)] (1 ft = 0.305 m; 1 ksf = 
47.9 kPa) 
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FIG. 7. Soil Profile, Index Properties, and Stress History at James Bay Site B-6 
[from Ladd et al. (1983)] 

pressures and gave a factor of safety (FS) = 2.8 for critical circles having 
a reasonable location within the foundation clay. The USA used anisotropic 
c„ values with the Morgenstern-Price (1965) method of slices having active 
and passive wedges inclined at 50° and 30°, respectively, within the varved 
clay. The most critical location (bottom of wedge at El.86) gave FS = 1.50. 
Thus, the ESA, which assumes a slow drained failure, had a factor of safety 
almost double that from a USA corresponding to a rapid undrained failure 
of the foundation clay. 

3.5. Embankment Dam on James Bay Sensitive Clay 
This study was performed for Societe d'Energie de la Baie James (SEBJ) 

as part of the activities by a SEBJ "committee of specialists" to recommend 
techniques for designing embankment dams on soft sensitive clays for a hy­
droelectric project involving the Nottaway, Broadback, and Rupert rivers in 
northern Quebec. The Embankment Stability Subcommittee (Ladd et al. 1983) 
selected the site of the B-6 powerhouse, located 90 km up the Broadback 
River, for its example design problem. The final geometry entailed the fol­
lowing for a 21-m net increase in grade: (1) Installation of vertical drains 
to 80 m from the centerline; (2) stage 1 construction having 6-m and 12-m 
thick berms; and (3) stage 2 construction the following summer. Results 
from ESA and USA are compared for complete consolidation of the 18.5-
m thick foundation under the final cross section (but without impoundment). 

Fig. 7 shows the selected soil profile and related index properties. The 4-
m crust has been weathered from freeze-thaw cycles. The next 8 m contain 
a relatively homogeneous, low plasticity marine clay having 75% clay size 
fraction, a high liquidity index (IL = 1.8 ± 0.6), and sensitivities increasing 
from about 30 to near 400 with depth. The properties of the underlying 
lacustrine clay are less well defined and also less homogeneous, with layers 
of silty sand. The actual site has a thin Muskeg cover, a thin transition zone 
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FIG. 8. Field Vane and Anisotropic Undralned Strength Profiles at James Bay 
Site B-6 

between the marine and lacustrine clays, and till about 2 m deeper than 
selected for the problem. 

The consolidation test program, run on block samples taken continuously 
down to 15 m with the Sherbrooke sampler (Lefebvre and Poulin 1979), 
gave the preconsolidation pressure data plotted in Fig. 7. The relatively con­
stant <J'P within the marine clay is believed to be caused by some kind of 
cementation (Lefebvre et al. 1983, 1988). The selected u'p profile for the 
lacustrine clay, which also considered field vane data, corresponds to a con­
stant precompression of about 35 kPa. The (J'M profile accounts for down­
ward seepage at the site. 

The laboratory strength testing program included extensive CK0U triaxial 
compression and extension and Geonor direct simple shear tests run using 
the Recompression technique. Specifically, one series of samples was tested 
with a'vc = â o to obtain the initial undrained shear behavior of intact clay 
at the depths indicated in Fig. 7; and a second series was tested at a'vc in­
creasing up to several times the in situ ap to measure the gain in c„ with 
consolidation at two depths within both layers, but restricted to DSS testing 
for the lacustrine clay. Application of the strain compatibility technique to 
these data resulted in the anisotropic design strength parameters, selected at 
a shear strain of 2%, presented in Table 2. Intact clay denotes soil consol­
idated to stresses less than the preconsolidation pressure, and using m = 
1.00 in Eq. 9 is equivalent to assuming a constant cu/crp, which ignores the 
small gain in c„ during recompression. The parameters selected for normally 
consolidated clay involved judgment, since S varied with consolidation stress 
level. 

Fig. 8 plots the initial anisotropic cu profiles for intact clay and those after 
complete consolidation under 12 m of fill. It also shows the mean peak 
strength from eight Nilcon field vane (FV) soundings run within a 5-m to 
10-m radius from the block sample boring. The s„(FV) within the marine 
clay remains nearly constant and agrees with the average c„ obtained from 
the CK0U test program (Lefebvre et al. 1988). Vane strengths within the 
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FIG. 9. ESA and USA Factors of Safety for Embankment Dam on James Bay 
Sensitive Clay at 0 = 100% [from Ladd et al. (1983)] 

lacustrine clay tend to increase with depth, but with significant scatter at­
tributed to sandy layers. 

Fig. 9 shows the final geometry for full consolidation (0 = 100%) under 
the embankment loads. Anisotropic cu profiles for the Morgenstern-Price 
analyses were calculated as follows: Boussinesq stress distribution used to 
obtain variations in a'vc throughout the foundation soils; values of c„ for intact 
clay (i.e., <T'VC < a'p) taken equal to the TC and rd profiles plotted in Fig. 8; 
and values of ^c and id for normally consolidated clay calculated as a'vc times 
the corresponding 5 parameter in Table 2. The most critical wedge, shown 
in Fig. 9, gave a USA factor of safety (FS) = 2.2. 

The effective stress analyses employed Bishop circles and Morgenstern-
Price wedges with hydrostatic pore pressures since U = 100%. Most of the 
foundation soils become normally consolidated and OCR = 1 CK0UC tests 
on the marine c|ay gave ()>' = 26 ± 2° at the peak strength and <(>' = 33 ± 
4° at maximum' obliquity. The ESA used §' values of 20° and 28° as a 
conservative lower-bound range compared to the measured data. Neverthe­
less, the resulting factors of safety in Fig. 9 were still very high. Taking <)>' 
= 24° as a lower limit, the ESA gives a FS of about 5.2 for an overall crest-
to-toe failure. 

3.6. Upstream Tailings Dam 
The writer assisted Bromwell & Carrier, Inc. (BCI) of Lakeland, Florida 

during 1983-84 with the stability investigation of a tailings dam used to 
store slurried waste from processing of copper ore (Fig. 10). After construc­
tion of a starter dam and initial filling in 1969 to El.85, subsequent raises 
employed the upstream method via cycloning the mine tailings to produce 
a sand beach that forms the shell and slope of the dam and contains the 
cohesive slimes that are discharged into the upstream pond. Significant fill­
ing occurred in 1973-74 to El. 155 and then more slowly since 1977 to reach 
El.220 in late 1981. A nearby dam of similar geometry, but filled more 
rapidly, had failed the previous year. 

A site investigation in 1983 included: measurement of in situ pore pres­
sures via piezometer probes and additional piezometers; two Nilcon field 
vane soundings; and three borings with Osterberg fixed piston samples. In-
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FIG. 10. ESA and USA Factors of Safety for Upstream Tailings Dam (from Brom-
well & Carrier, Inc.) (1 ft = 0.305 m; 1 pcf = 0.157 kN/m3) 

dex properties of the copper slimes obtained from borings Bl and B2 are: 
wL = 32 ± 3%, Ip = 10 ± 3%, lL decreasing from about 1.5 at El .190 to 
0.5 below E l . 100, and 7, increasing from 115 to 125 pcf (18.1 to 19.6 k N / 
m3). 

Fig. 11 summarizes pond conditions measured at boring B l . The stress 
history data show pore pressures much less than hydrostatic, due to signif­
icant consolidation from downward seepage; and good agreement between 
the end-of-primary (EOP) oedometer u'p and the measured cr̂ , = CT„ — u 
within the "underconsolidated" slimes. BCI successfully modeled pore pres­
sures within the pond using a one-dimensional finite strain consolidation 
analysis (Bromwell 1984), but measured much higher u values than pre­
dicted under the slope (see Fig. 10) and attributed this to significant hori­
zontal flow. Fig. 11 also compares UUC and field vane strengths to c„ values 
computed as 0.25 and 0.30 times the measured vertical consolidation stress. 
The i'.XFV) typically plot within this range and the sensitivity decreased with 
depth from about four to two. In contrast, 5„(UUC)/CT^O averaged only 0.18. 

The following summarizes CU test data obtained by R. S. Ladd in the 
Clifton, N.J. laboratory of Woodward-Clyde Consultants. 

• Five CIUC with a'c / o ^ > 1-5: 
Peak qf/a'c = 0.33 ± 0.015 at 7 = 14 ± 2% and <)>' = 34 ± 1°. 

• Five CAUC with a4/ (< 0 > 1.4 and Kc = o^ /cC = 0.55 ± 0.1: 
Peak qf/v'vc = 0.31 ± 0.015 at 7 = 0.25% and 4>' = 26 ± 2°. 
Maximum obliquity q/<j'vc = 0.27 ± 0.015 at 7 = 11.5 ± 1.1% and 

4>' = 33.5 ± 1.0°. 
• Four CK0UDSS with o^/o^, > 1-5: 

Peak T„/CT;C = 0.225 ± 0.002 at 7 = 9.5 ± 3.0%. 

In addition, two DSS tests consolidated with THJO'L = 0.1 and 0.2 to better 
simulate the non-AT0 conditions existing under the slope of the dam gave peak 
Tft/o4 = 0.24 and 0.28 at 7 = 4.4 and 1.7%, respectively. After considering 
strain compatibility and the likely beneficial influence of three-dimensional 
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FIG. 11. Undrained Strength and Stress History Data at Boring B1 of Upstream 
Tailings Dam (from Bromwell & Carrier, Inc.) (1 ft = 0.305 m; 1 ksf = 47.9 kPa) 

"end effects" during a potential failure (Azzouz et al. 1983), the writer se­
lected c„/ffi0 = 0.275 ± 0.025 as the best estimate and range of the in situ 
undrained shear strength ratio for the USA. As before, c„ was defined as T 
= q cos dV from triaxial tests and as 7h from DSS tests. Both sets of triaxial 
tests gave the same friction angle at maximum obliquity (d)' = 34°), but 
anisotropic consolidation produced a much lower value (dV = 26°) at the 
peak undrained strength due to the small strain at failure. 

Fig. 10 shows results from Bishop circular arc analyses using pore pres­
sure contours measured two years after the last filling in late 1981. BCI's 
program enabled direct computation of c„ as a fraction of the vertical effec­
tive stress for each slice and the circle having FS = 1.25 ± 0.1 represents 
the critical location for the USA. The ESA used ()>' varying in 5° increments 
over a wide range. The circle shown is typical of the critical location for d)' 
s 25°, whereas cp' > 30° produced FS s 2 for failure of the starter dam 
(note: treatment of the tailings sand as an infinite slope gives FS = 2.1). 
Hence, the FS = 2.4 ± 0.4 shown for the ESA corresponds to substantial 
failure through the slimes rather than minimum values for failures largely 
confined to granular soils. In any case, the USA results are more credible 
given the failure of a similar dam during construction and the lower pore 
pressures used for these analyses than existed at the end of filling two years 
earlier. 

3.7. Conclusions from Case Histories 
Table 3 summarizes the results from the three examples. Although both 

types of analyses require knowledge of the same prefailure effective stress 
conditions, they give large differences in the computed factor of safety, by 
a ratio of about two, due to differences in their definition of factor of safety. 
A conventional effective stress analysis inherently uses FS(ESA) = sd/im = 
tan <j>'/tan <t>,̂  corresponding to a slow drained failure (CD case), whereas 
an undrained strength analysis uses FS (USA) = C„/T„ corresponding to a 
rapid undrained failure (CU case). Although an undrained failure is certainly 
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TABLE 3. Comparison of Effective Stress versus Undrained Strength Stabliity 
Analyses 

Example 
(1) 

Embankment: 
varved clay 

Embankment: 
sensitive 
clay 

Upstream 
tailings dam 

Comparison 
for 
(2) 

Long-term 
(U = 100%) 

Long-term 
(U = 100%) 

During staged 
construction 

USA 

strength 
(3) 

SHANSEP 
anisotropic 
c„ for wedge 

Recompression 
anisotropic 
c„ for wedge 

SHANSEP 
isotropic c„ 

FS 
(4) 

1.50 

2.2 

1.25 
±0.1 

ESA 

Envelope 
(5) 

c|>' = 25° best 
estimate 

d>' = 24 ± 4° 
conservative 

4>' = 30 ± 4° 
best estimate 

FS 
(6) 

2.80 

5.2 
±0.7 

2.4 
±0.4 

FS(ESA)/ 
FS(USA) 

(7) 

1.9 

2.35 

1.9 

Remarks 
(8) 

ESA gives 
shallow 
failure 

For crest-toe 
failure; 
not ESA 
minimum 

For slimes 
failure; 
not ESA 
minimum 

more critical (and, in the writer's opinion, also much more likely), one might 
still ask if the results in Table 3 are representative. In particular, would one 
expect smaller differences at lower factors of safety? 

Comparison of ESA and USA results should ideally follow changes in FS 
during staged construction projects that eventually led to failures and had 
sufficient information regarding stress history, strength parameters, and mea­
sured pore pressures, etc., to enable detailed analyses. If both types of anal­
ysis were then made moments before an actual undrained failure, would they 
both calculate a FS near unity? Since such comparisons could not be found, 
the writer reviewed results from analyses of embankment failures that oc­
curred during fairly rapid construction, i.e., failures falling under the UU 
case. This review focused on case histories with sufficient pore pressure data 
for meaningful effective stress analyses, with conclusions quite similar to 
those contained in Pilot et al. (1982). Although amazingly few definitive 
case histories exist in the literature, it would appear that ESA generally: 

• Give reasonable FS values with clays of low plasticity, but tend to be 
unsafe with organic and highly plastic soils. 

• Predict critical failure surfaces that tend to be significantly smaller than 
actually observed, i.e., they are too shallow. 

The examples in Table 3 also agree with the second observation. In fact, 
the generally accepted hypothesis (Skempton 1948a; Bishop and Bjerrum 
1960) that "<j> = 0" circular arc analyses predict the wrong location of failure 
surfaces, in contrast to ESA, appears to be quite the opposite for field load­
ing problems. It is not clear whether this serious problem with ESA occurs 
due to errors in pore pressure distribution, the selected c'-<$>' values, the 
normal stress computed from a simplified Bishop (or comparable) method 
of slices, or a combination thereof. In any case, the writer concludes that 
even when staged construction exists at a near failure condition, a ESA may 
not provide a reliable prediction of an impending failure. 

The three examples in Table 3 show similar ratios of factors of safety in 
spite of substantial differences in the computed FS(USA) for an undrained 
failure. A partial explanation for this apparent anomaly can be obtained from 
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quantifying the conceptual comparison in Fig. 3. Assume for simplicity that 
shear along the horizontal portion of the wedge fully controls stability. How 
then does the predicted stability vary with the level of shear stress required 
for equilibrium, i.e., the value of T,,C/CT^C = T,„/a^.? From Eqs. 7 and 8: 

tan $' 

FS(ESA) tan <|>; 

FS(USA) c„ 

Hence, the ratio is independent of FS provided that tan §' and CU/G'VC remain 
constant. Taking d>' = 25 ± 5° and <(>' = 29 ± 5° as typical for CK0U triaxial 
compression tests at the peak undrained strength and maximum obliquity, 
respectively, and CU/<J'VC = 0.23 ± 0.04 from CK0U direct simple shear tests, 
one obtains mean FS(ESA)/FS(USA) ratios of 2.0 and 2.4, respectively. 

The aforementioned calculation gives ratios strikingly similar to those in 
Table 3. But now look at the error resulting from the two simplifications 
described in Section 3.3 that were used to compute the undrained shear strength 
for the USA (as done previously and also for the embankment case histo­
ries). In essence, both of these simplifications tend to underestimate the 
available c„ at low factors of safety since CU/<J'VC generally increases with 
increasing rju'^ = T, IC/O4 (Section 4.11 presents data from so-called CAUDSS 
tests that quantify this beneficial effect). In other words, the simplified FS(USA) 
progressively errs on the safe side as the consolidated foundation clay ap­
proaches a failure condition. But even considering this error, the writer still 
expects FS(ESA)/FS(USA) ratios greater than about 1.5 for factors of safety 
encountered with typical staged construction projects that use measured pore 
pressures with realistic failure surfaces and strength parameters. 

In summary, the writer concludes that conventional effective stress anal­
yses employed to evaluate stability during staged construction based on mea­
sured prefailure pore pressures will generally give highly misleading and 
unsafe estimates of the factor of safety. This occurs because of the definition 
of FS used in a ESA, which inherently assumes a slow drained failure. In 
contrast, an undrained strength analysis makes a more critical (and generally 
more realistic) assumption of no drainage during a potential failure. Al­
though some engineers may conduct ESA with "low" c'-<f>' values and/or 
"high" u values in an attempt to guard against the possibility of an undrained 
failure, this approach should not be considered as a reliable replacement for 
a USA. Finally, a USA of the type used for the two embankment case his­
tories does involve simplifications, but the resulting error tends to give safe 
rather than unsafe results. And more sophisticated USA can be made, such 
as used for the tailings dam case history, to remove undue conservatism. 

3.8. Overview of Current Practice 
As noted before, the use of effective stress analyses as proposed by Bishop 

and Bjerrum (1960) to check stability during staged construction attracted 
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many followers, both due to the known limitations of conventional total stress 
analyses and the ability of ESA to take ready advantage of field piezometer 
data [e.g., Section 31.4 of Lambe and Whitman (1969)]. Endorsements of 
this approach for embankment construction include Parry (1972), Rivard and 
Lu (1978), Tavenas and Leroueil (1980), Pilot et al. (1982), "Slope Stabil­
ity" (1982), Murray and Symons (1984), and Section 5.1.3 of Wroth and 
Houlsby (1985). It appears widely used to assess the stability of tailings 
dams, even those containing cohesive slimes. And effective stress analyses 
are generally preferred on a conceptual basis by authors such as Janbu (1977, 
1979) and Schmertmann (1975). 

But as also previously noted, others have long believed that staged con­
struction should be treated as a consolidated-undrained (CU) case. These 
include early papers on staged construction by Lobdell (1959) and Brinch-
Hansen (1962) and, most importantly, the influence of Arthur Casagrande 
as evidenced by the adoption of his "QRS" approach in design manuals by 
the U.S. Army Corps of Engineers ("Stability of" 1970; "Design and" 1978) 
and the 1961-1971 versions of the NAVDOCKS/NAVFAC DM-7. For ex­
ample, DM-7 ("Stability Analysis" 1971) (attributed to James Gould) makes 
the following statement regarding foundation stability both during and after 
(long-term) staged construction: "Where additional pore pressures are de­
veloped during shear of compressible impervious materials, utilize pore pres­
sures . . . in effective stress analysis with strengths c and <$> from CU tests." 
In essence, the "c and <|>" denote values from CIUC tests interpreted as 
shown in Fig. 2 (i.e., (|> = (j>c„) and the "effective stress analysis" means 
estimated or measured in situ effective stresses, which are treated as preshear 
consolidation stresses. The design manuals of the US ACE make similar rec­
ommendations, but refer to Q, R, and S envelopes rather than total versus 
effective stress analyses. One major source of confusion lies in the fact that 
use of the §cu envelope in Fig. 2 is called an effective stress analysis by the 
Navy ("Stability Analysis" 1971), whereas Article 36 of Terzaghi and Peck 
(1967) refers to its use by the USACE as a total stress analysis. 

In any case, the QRS approach treats staged construction as a CU case, 
has a long history, and has been widely adopted in the United States, at least 
for construction involving governmental agencies. Section 6 addresses its 
potential limitations, along with attempts to conduct "undrained" effective 
stress analyses. The paper also proposes a new classification of stability eval­
uations to help avoid future confusion regarding the assumed drainage con­
ditions during construction and at failure and the corresponding strength pa­
rameters. First, basic soil behavioral issues affecting these parameters will 
be identified and summarized. 

4. SOIL BEHAVIORAL ISSUES 

Execution of an undrained strength analysis entails assessment of the ini­
tial in situ undrained shear strength (c„) of the cohesive foundation soils and 
subsequent changes in c„ during staged construction. This process requires 
knowledge of the initial stress history of the deposit (cr̂ o and o-p), how it 
varies throughout construction, and, most importantly, the relationship be­
tween c„ and stress history. Section 4 of the paper treats the significance 
and evaluation of the initial preconsolidation pressure (Section 5 covers changes 
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in stress history) and then focuses on factors that should be considered in 
laboratory consolidated-undrained strength testing programs. 

4.1. Preconsolidation Pressure: Significance 
Although originally considered, and still often called, the "maximum past 

pressure" that acted on the clay, the profession now generally views <J'P as 
representing a yield stress that separates small strain "elastic" behavior from 
large strains accompanied by plastic (irrecoverable) deformation during one-
dimensional compression. This distinction has practical significance when 
attempting to select a u'p profile consistent with the geologic history of the 
deposit and in estimating the in situ state of stress. Examples cited in Table 
V of Jamiolkowski et al. (1985) include the following regarding four mech­
anisms that can cause overconsolidation (<J'P > u'M) within horizontal clay 
deposits with geostatic stresses. 

1. Mechanical, due to overburden removal or lower water table: constant a'p 

— <J'M versus depth; K0 conditions. 
2. Desiccation, due to evaporation or freezing: variable ap decreasing with 

depth; probable deviations from KQ. 
3. Aging (secondary compression), due to drained creep: constant OCR versus 

depth; whether K0 increases or remains essentially constant (writer's opinion) 
still controversial. 

4. Physico-chemical, due to natural cementation and related phenomena: a'p 

probably variable; unknown effect on K0 (Note: This mechanism may predom­
inate in some sensitive, brittle deposits like the marine clay in Fig. 7). 

For projects involving man-made deposits such as dredged materials and 
mineral processing wastes, the mechanical and desiccation mechanisms will 
usually dominate and the main practical problem often entails measurement 
of the degree of "underconsolidation," i.e., the deposit is still consolidating 
with aio = o-p (e.g., Fig. 11). But with natural deposits, the relative im­
portance of the aforementioned mechanisms is often unclear and usually im­
possible to prove. For this reason, the writer feels that the distinction be­
tween normally consolidated "young" versus "aged" clays (Bjerrum 1973) 
may give a misleading impression of the actual preconsolidation mecha­
nisms, i.e., the OCR of the latter may also include mechanical and physico-
chemical effects. In any case, from a practical viewpoint, an accurate def­
inition of the u'p profile is a major design issue since the initial stress history 
governs the initial in situ cu within a fairly narrow range independent of the 
physical preconsolidation pressure mechanisms, and <j'p represents the divid­
ing line between recompression having relatively little increase in c„ and 
virgin compression causing substantial strengthening of the foundation soils. 

4.2. Preconsolidation Pressure: Evaluation 

Laboratory Tests 
Laboratory consolidation tests constitute one of the most important com­

ponents of the exploration and testing program. The following summarizes 
and updates pertinent conclusions from Jamiolkowski et al. (1985). 

Sample Disturbance. Even though staged construction projects justify 
fixed-piston, thin-walled sampling of 70-mrn-85-mm diameter, sample dis-
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turbance may still affect the data adversely. Radiography can identify zones 
of excessive disturbance and is ideally suited to help select the most rep­
resentative and best-quality soil for testing. Correlations of ap with the mea­
sured strain at a'M may prove useful (Lacasse et al. 1985; Holtz et al. 1986). 

Test Equipment. Incremental oedometer tests using a load increment 
ratio (AP/P) of unity are most common, except that AP/P should often be 
reduced to about 0.5 to obtain a better defined curve in the vicinity of <yp. 
The controlled gradient test (Lowe et al. 1969) and the constant rate of strain 
test (Smith and Wahls 1969; Wissa et al. 1971) give continuous data in much 
less time, but they require more sophisticated equipment and may seriously 
overestimate crp if run too fast. 

Interpretative Technique. The writer relies mainly on the method of 
Casagrande (1936), but also used Schmertmann's (1955) technique and now 
the work per unit volume technique of Becker et al. (1987) for soils having 
an ill-defined break in the compression curve. 

Time Effects. Section 2.5 of Jamiolkowski et al. (1985) and subsequent 
"Discussion to Session 2" illustrate the divergent views regarding whether 
the time required to reach the end-of-primary consolidation (tp) affects the 
location of the compression curve. In other words, does significant creep 
occur only after the dissipation of excess pore pressures (hypothesis A) or 
does it also occur during primary consolidation (hypothesis B). Leroueil (1988) 
summarizes field data for four extremely compressible (highly structured) 
clays that show in situ virgin compression curves and values of o'p that fall 
well below those obtained from laboratory end-of-primary compression curves, 
and concludes "that hypothesis A is not correct." But are those data rep­
resentative of most soft clays? The writer believes that they probably rep­
resent a special case based on results in Lefebvre and LeBoeuf (1987) from 
CU triaxial tests sheared at different strain rates on block samples of three 
highly sensitive Canadian clays. For brittle intact (OCR > 1) specimens, 
the decrease in peak strength at slower strain rates was caused by a decrease 
in the effective stress failure (yield) envelope, with no change in pore pres­
sure. For destructured (OCR = 1 ) specimens, the decrease in peak strength 
was caused by higher pore pressures, with no change in the failure envelope. 
Thus, a soil skeleton resistance produced by cementation bonds (i.e., the 
physico-chemical <r'p mechanism described previously) can be very strain-
rate dependent, which may explain the field observations reported by Lerou­
eil (1988) for highly structured clays. 

For more ordinary cohesive soils, the empirically developed end-of-pri­
mary uniqueness concept (Mesri and Choi 1985b) that forms the basis for 
hypothesis A still appears most reasonable for general practice. For incre­
mental oedometer tests, this means using compression curves plotted at or 
shortly after the end-of-primary rather than at 24 hours (the latter typically 
reduces <rp by 10 ± 10%). Constant rate of strain tests should be run with 
modest excess pore pressures [e.g., as recommended by Mesri (1985)] so 
as not to overestimate ap. And controlled gradient tests are less desirable 
because they vary the strain rate (Leroueil et al. 1985). 

Field Tests 
Site characterization programs should include in situ testing as an eco­

nomical means of soil profiling and to assess spatial variability in engi­
neering properties, especially since laboratory data sometimes give mislead-
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ing trends due to sample disturbance. Following are comments on three tests, 
with emphasis on their use to help interpolate and extrapolate laboratory 
preconsolidation pressure data. 

Field Vane Test (FVT). For relatively homogeneous clay deposits (i.e., 
absence of shells, granular layers, varves, fibers, etc.), FVT data generally 
provide reasonable strengths for preliminary design [say ±25% with Bjer-
rum's (1972) correction factor] and therefore should reflect spatial variations 
in stress history. The data should be evaluated via log-log plots of undrained 
strength ratio versus overconsolidation ratio in order to use the relationship 

*«(FV) 
— 7 - = SWOCR)'" (11) 

Chandler (1988) and Section 2.2.4 of Jamiolkowski et al. (1985) illustrate 
this approach. Since the values of S^ and m vary significantly with soil type, 
quantitative estimates of a'p will require site-specific correlations. 

Piezocone Penetration Test (CPTU). Baligh (1986a, 1986ft) shows that 
universal correlations between penetration pore pressure-cone resistance data 
and stress history are not likely because the shear induced pore pressure, 
which varies with OCR, represents a small component of the total pore pres­
sure measured either on the tip or behind the cone. Efforts to derive reliable 
undrained strengths from cone data also encounter problems (even after cor­
rection for the pore pressure-area ratio) and thus may require site-specific 
correlations. But the CPTU is ideally suited for rapid soil profiling and for 
estimating coefficients of consolidation (Campanella and Robertson 1988; 
Levadoux and Baligh 1986; and Section 3.4.5 of Jamiolkowski et al. 1985), 
provided that one uses well-designed equipment and pays careful attention 
to deairing and calibration. 

Marchetti Dilatometer Test (DMT). Schmertmann (1986) presents a 
suggested standard for performing the DMT developed by Marchetti (1980) 
to provide a simple, inexpensive means both for identifying soil types and 
estimating certain engineering properties, such as the K0 and OCR of co­
hesive deposits. Although the potential benefit of the OCR correlation is 
especially attractive, the empirical relationship developed by Marchetti (1980) 
for Italian clays has limitations [e.g., Lacasse and Lunne (1988)] and thus 
requires site-specific correlations for all major projects. 

4.3. Factors Affecting Consolidated-Undrained Strength Testing 
As previously stated, an undrained strength analysis (USA) requires pre­

dictions of the initial foundation strength and subsequent increases due to 
consolidation as functions of the initial stress history and how it changes 
during construction. Neither in situ nor laboratory UU-type tests have this 
capability, and, hence, the undrained strength-consolidation stress relation­
ship must be obtained from laboratory consolidated-undrained (CU) strength 
testing. Rational selection of an appropriate CU test program should consider 
pertinent soil behavioral issues, as well as the practical limitations of avail­
able equipment. Consider, for example, the complex states of stress illus­
trated in Fig. 12. The clay foundation initially exists in a K0 < 1 condition 
with the angle between the major principal stress and the vertical deposi-
tional direction being zero (8 = 0°). The initial undrained strength anisotropy 
governing stage 1 stability for the three elements on a wedge can be correctly 
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FIG. 12. Example of Complex States of Stress During Staged Construction for 
Element D 

modeled in the laboratory via CK0U plane strain compression (PSC), direct 
simple shear (DSS), and plane strain extension (PSE) tests. But subsequent 
consolidation under the stage 1 loading causes deviations from K0 conditions, 
especially for element D. Accurate predictions of its strength for the stage 
2 USA would require applying consolidation stresses having cr[c acting at 
angle 82, followed by undrained shear with <j[f oriented at angle 83. Test 
devices having this theoretical capability now exist, but only for research. 

Since practical solutions clearly must simplify the real problem, one needs 
to appreciate the potential errors caused by various simplifications. For this 
purpose, the paper next summarizes aspects of CK0U testing considered es­
pecially important: sample disturbance and consolidation stress history; time 
effects; intermediate principal stress; rotation of principal stresses (anisot-
ropy); and progressive failure-strain compatibility. The paper then compares 
laboratory-derived strengths with those inferred from case histories of fail­
ures and evaluates potential errors from using CK0U data to predict cu after 
non-Ko consolidation (i.e., for element D in Fig. 12). 

4.4. Sample Disturbance and Reconsolidation Techniques 
Although special large diameter samplers exist (Lefebvre and Poulin 1979; 

LaRochelle et al. 1981), most projects utilize more conventional tube sam­
pling (preferably fixed piston) due to their lower cost and the need for deep 
samples. Baligh et al. (1987) show significant disturbance from the straining 
associated with common thin-walled tube sampling based on theoretical anal­
yses using the strain path method (Baligh 1985) and experimental studies. 
This effect and other sources of disturbance (Table 7 of Jamiolkowski et al. 
1985) alter the in situ soil structure, cause internal migration of water, fre­
quently lead to substantial reductions in the effective stress of the sample 
(o-j), and often produce highly variable strengths from unconsolidated-un-
drained (UU) type testing. Hence, consolidated-undrained (CU) tests must 
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be employed in order to minimize these adverse effects, where the two prin­
cipal variables are the vertical consolidation stress, a'vc, and the consolidation 
stress ratio, Kc = cr'hc/crlc. The latter should approximate the in situ K0, both 
to help restore the in situ soil structure and to give more meaningful stress-
strain-strength data. Therefore, CIU tests have little merit, unless K0 is near 
unity, and attention will focus on the Recompression and SHANSEP recon-
solidation techniques employed for CK0U test programs. 

These two techniques are illustrated in Fig. 13, which shows hypothetical 
in situ and .laboratory KQ compression curves for a slightly overconsolidated 
soft clay. Points 1 and 2 designate the in situ condition and the preshear 
effective stress for a UU test, respectively. Test specimens following the 
Recompression technique are reconsolidated to a'vc = CT,'^ shown as point 3. 
Points A-D correspond to typical stresses used for SHANSEP. 

Bjerrum (1973) presents the rationale underlying the Recompression tech­
nique long practiced by the Norwegian Geotechnical Institute. The compan­
ion paper by Berre and Bjerrum (1973) states: "Provided that the reduction 
in water content . . . [at point 3] . . . is not too large, the results . . . 
should give a fair representation of the behaviour of clay in the field." They 
quote typical volumetric strains of 1.5%-4% and conclude that destruction 
of natural bonding by sample disturbance more than offsets the strength gain 
due to the lower water content. 

The SHANSEP technique, as described by Ladd and Foott (1974) and 
Ladd et al. (1977), entails the following basic steps (for a given layer and 
mode of failure): (1) Establish the initial stress history; (2) perform CK0U 
tests on specimens consolidated well beyond the in situ a'„ to measure the 
behavior of normally consolidated clay (points A and B in Fig. 13), and also 
on specimens rebounded to varying OCR to measure overconsolidated be­
havior (points C and D); (3) express the results in terms of log undrained 
strength ratio versus log OCR (e.g., to obtain values of S and m in Eq. 9); 
and (4) use these with the stress history to compute c„ profiles. Although 
originally developed based on the empirical observation that it yielded rea­
sonable results, the rationale for the SHANSEP reconsolidation technique to 
minimize disturbance effects was predicated on the assumption that natural 
clays exhibit normalized behavior. Specifically, SHANSEP assumes me-
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chanically overconsolidated behavior to represent all preconsolidation pres­
sure mechanisms, and hence involves obvious errors with highly structured, 
sensitive clays and with naturally cemented deposits. 

Although more research is needed to quantify the likely errors associated 
with using the Recompression and SHANSEP techniques for the wide range 
of sample qualities and soil types encountered in practice, the writer offers 
the following guidelines and comments for CK0U test programs. 

The Recompression technique: 

1. Is clearly preferred when block quality samples are available. 
2. Is more accurate for highly structured, brittle clays (say S, > 5-10 and IL 

> 1-1.5), such as typical of eastern Canada. But reliable stress-strain data also 
require high-quality samples (LaRochelle et al. 1981; Lacasse et al. 1985). 
SHANSEP may significantly underpredict peak triaxial strengths (Tavenas and 
Leroueil 1985) and probably gives somewhat conservative design strengths after 
considering anisotropy and strain compatibility. 

3. Is preferred for strongly cemented soils (although often hard to identify), 
and for testing highly weathered and heavily overconsolidated crusts where 
SHANSEP is often difficult to apply. 

4. Should not be used in truly normally consolidated soils (OCR = 1), such 
as encountered in tailings slimes, dredged materials, and recent deltaic deposits, 
since reconsolidation to CT^O = °"p will clearly overestimate the in situ strength. 

5. Should always be accompanied by a thorough evaluation of the in situ 
stress history in order to: estimate K0; check the reasonableness of the measured 
c«/°"rf) values; and extrapolate and interpolate the "point" data versus OCR. 

The SHANSEP technique: 

1. Is strictly applicable only to mechanically overconsolidated and truly nor­
mally consolidated soils exhibiting normalized behavior. 

2. Is probably preferred for testing conventional tube samples from low OCR 
deposits of "ordinary" clays, meaning a relatively low sensitivity and the pre­
consolidation pressure caused mainly by the mechanical-desiccation-aging mech­
anisms. SHANSEP may tend to underestimate strengths in deposits having sig­
nificant physico-chemical effects and perhaps characterized by m = 1 in Eq. 9 
leading to a constant cu/u'p. On the other hand, Peck (1973) cautions that the 
Recompression technique "goes hand in hand with the most expert sampling" 
and when "samples of the necessary quality are not . . . obtained . . . the 
reconsolidation procedure will lead to serious errors." 

3. Has the distinct advantage of forcing the user to assess the in situ stress 
history and of developing normalized strength parameters that are necessary for 
all staged construction projects. 

The Recompression and SHANSEP techniques both involve K0 consoli­
dation, which is difficult and costly for triaxial testing without automation. 
Hence, many laboratories use a simplified technique via isotropic consoli­
dation to (j'hc = K0v'vc, followed by drained loading to reach u'vc. This is 
reasonable, provided that the first step does not cross the "yield envelope" 
for isotropic consolidation (Germaine and Ladd 1988; Lacasse and Berre 
1988). Both approaches also require shearing in different failure modes to 
assess stress-strain-strength anisotropy. Finally, it should be recognized, when 
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dealing with overconsolidated deposits, that Recompression reloads the soil 
and SHANSEP usually unloads the soil to the relevant OCR. Hence, the 
resulting undrained strength ratios may be different because of the hysteresis 
loop exhibited by one-dimensional unload-reload cycles. 

In summary, both techniques should be considered for staged construction 
projects; have differing potentials for error, depending on the sample quality 
and soil type; and require relatively sophisticated CK0U testing. Both also 
depend upon a careful assessment of the in situ history, explicitly for SHAN­
SEP and implicitly for Recompression. 

4.5. Time Effects 
Two types of time effects influence the behavior of CK0U tests: the time 

allowed for consolidation prior to shear; and the strain rate (or rate of load 
application) used during shear. The first type affects behavior due to the 
well-known fact that "aging" at constant effective stress (i.e., secondary 
compression equals one-dimensional drained creep) increases the stiffness 
and preconsolidation pressure (o£) and hence the undrained strength of nor­
mally loaded soils. Mesri and Castro (1987) show a unique relationship be­
tween the rate of secondary compression and the slope of the one-dimen­
sional compression curve during both recompression and virgin compression 
for any given soil. Aging effects are therefore most important with low OCR 
specimens, for which one should standardize the amount of aging in order 
to obtain consistent CK0U data. The writer recommends one log cycle since: 
With log (t/t„) much less than one, significant pore pressures may develop 
during undrained shear due to preventing secondary compression; a log (t/ 
tp) much greater than one will take too long and the c„ data will need a 
correction for the increased &p. 

Laboratory UU and CU tests on cohesive soils show higher strengths with 
increasing strain rate (e) and hence decreasing time to failure (tf). The effect 
can be expressed in terms of X = (Ac„/c,)0)/A log e, where c„0 is the ref­
erence strength, say at e = 1 % per hour. The thorough literature survey by 
Lacasse (1979) and subsequent research indicate the following trends: CIUC 
tests on OCR = 1 clays typically give \ = 0.1 ± 0.05 for pranging from 
several minutes to several hours; \ usually increases at very fast shearing 
rates; A. may be much larger in high OCR soils; and the mode of shearing 
affects X, being higher for triaxial than for direct simple shear. The mech­
anisms responsible for this behavior are still poorly understood, and no proven 
framework exists to select strain rates for CK0U testing. But general expe­
rience based on a balance between practicality and limited case histories has 
resulted in the following practice by many leading research-consulting lab­
oratories: axial strain rate of 0.5%-l% per hour for triaxial tests; and shear 
strain rate of 5% per hour for direct simple shear tests. 

4.6. Stress Systems for CK0U Test Programs 
When comparing shear devices available for CK0U testing, two variables 

usually suffice to describe the basic differences in the applied stress system 
(applied state of stress): the relative magnitude of the intermediate principal 
stress as defined by b = (CT2 — o-3)/(o-1 - a3); and the direction of the applied 
major principal stress relative to the vertical (depositional) direction denoted 
by the 8 angle (Fig. 12). Changes in the values of b and 8 lead to different 
stress-strain responses due to the effects of o-2 and anisotropy, respectively. 
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FIG. 14. Stress Systems Achievable by Shear Devices for CK„U Testing [Modi­
fied from Germaine (1982)] 

Ideally, CK0U testing for staged construction projects should shear speci­
mens at representative 8 angles to measure the stress-strain-strength anisot­
ropy of the soil. Such tests also should duplicate the in situ b value, which 
often approximates a plane strain condition (say with b = 0 .3-0.4) . 

Fig. 14 illustrates the combinations of b and 5 that can be achieved by 
laboratory shear devices. Comments regarding their usefulness for CK0U testing 
in practice follow [Jamiolkowski et al. (1985) provide additional details and 
references]. 

Directional shear cell (DSC): The DSC has the unique ability to vary 8 be­
tween 0° and 90° under plane strain conditions by application of normal and shear 
stresses to four sides of a cubical sample constrained between two rigid end 
platens (Arthur et al. 1981). Although ideally suited for detailed studies of an­
isotropy, this research device is not yet ready for use in practice. 

Torsional shear hollow cylinder (TSHC): The apparatus developed at Imperial 
College (Hight et al. 1983) has the theoretical ability to cover much of the b-
versus-8 space in Fig. 14, but its use to date has been restricted to tests on sand. 
TSHC tests that maintain equal inner and outer pressures (P, = P0) inherently 
cause b to increase from zero to unity as 8 varies from 0° to 90°, which com­
plicates interpretation of the data. Such tests have been run on conventional tube 
samples of clay (Saada and Townsend 1981). 

True triaxial apparatus (TTA): Devices that can readily vary the principal stress 
magnitudes are well suited to study changes in b, but have very limited useful­
ness in practice regarding anisotropy (e.g., usually restricted to 8 = 0° as shown 
in Fig. 14). 

Plane strain compression/extension (PSC/E): These devices can provide re­
liable CK0U data for plane strain shearing at 8 = 0° and 90° (Vaid and Cam-
panella 1974), but cannot achieve intermediate 8 angles. 

Direct simple shear (DSS): The Norwegian Geotechnical Institute (NGI) and 
MIT use the Geonor DSS (Bjerrum and Landva 1966) to simulate the horizontal 
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portion of a failure surface as part of their standard procedure for evaluating 
anisotropy via the Recompression and SHANSEP techniques. Its use in practice 
is increasing even though the failure values of 0.5 (CJ, — <J3) and 8 in the DSS 
remain illusive due to nonuniform and incomplete stress-strain conditions [e.g., 
Ladd and Edgers (1972)]. 

Triaxial compression/extension (TC/E): Conventional CK0U triaxial tests can 
shear samples only at 8 = 0° and 90° with b = 0 and 1, respectively. Such 
testing should generally give conservative peak strengths for plane strain prob­
lems since Ladd et al. (1977) quote: 

• At 8 = 0°, qf(TC)/qf(PSC) = 0.92 ± 0.05 (several clays). 
• At 8 = 90°, qf(TE)/qf(PSE) = 0.82 ± 0.02 (only four clays). 

In summary, essentially all available data for assessing the undrained stress-
strain-strength anisotropy of natural clays, starting from K0 conditions, have 
come from PSC or TC, DSS, and PSE or TE tests. The next sections review 
the nature of strength anisotropy and summarize typical results. 

4.7. Components and Causes of Anisotropy 
Initial anisotropy denotes changes in the stress-strain-strength response of 

a soil with variations in the applied cr, direction (8 angle) during monotonic 
shearing. For natural clays having a one-dimensional strain history (K0 con­
solidation and rebound), the resulting cross-anisotropic behavior has two 
components. An inherent anisotropy arises from the "soil structure" devel­
oped at the microlevel (preferred particle orientations and interparticle forces) 
and also at the macrolevel for certain soils such as varved glacial-lake de­
posits. Clays also exhibit directionally dependent undrained strengths when­
ever shearing starts from & K0 ¥= \ condition, as first predicted by Brinch-
Hansen and Gibson (1949) and called initial shear stress anisotropy by 
Jamiolkowski et al. (1985). The combined effect of both components is of 
prime interest in practice, where the normalized undrained strength ratio for 
low OCR clays sheared in compression and extension can be expressed as 
follows: 

qf(C) [K0 + (1 - KQ)AJ\ sin <$>' 
= (12a) 

o 4 1 + (2Af - 1) sin <$>' 
with Af = (Aw — ACT,,)/(AO-„ — Aoft) since Aav, = Acr3 

<?/(£) = [1 ~ (1 - K0)Af] sin $ ' 

<s'vc 1 + (2Af — 1) sin d>' 

with Af = (Aw - Ao-„)/(Aaft - Ao„) since Ao„ = Ao-3. 
Assuming isotropic material properties with K0 = 1 — sin 4>', Eq. 12 gives 

Ks = qf(E)/qf(C) = 0.167/0.333 = 0.50 for sin cj>' = 0.50 and Af = 1.00 
and Ks = 0.233/0.300 = 0.78 for sin <K = 0.40 and Af = 0.75. Subsequent 
data show these values as being typical of the initial undrained strength an­
isotropy for lean and plastic OCR = 1 clays, respectively, even though sin 
4>' and Af also vary due to the effects of inherent anisotropy. 

Ideally, one should also consider the influence of evolving anisotropy, 
which describes how the initial cross-anisotropic properties of a K0 consol­
idated clay change due to plastic strains caused by stresses (both shear and 
consolidation) applied during staged construction. However, since common 
shear devices cannot realistically simulate complex principal stress rotations 
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FIG. 15. Undrained Strength Anisotropy from CK0U Tests on Normally Consol­
idated Clays and Silts [Data from Lefebvre et al. (1983); Vaid and Campanella (1974); 
and Various MIT and NGI Reports] 

such as illustrated in Fig. 12, practice usually ignores evolving anisotropy 
except for special cases such as described in Section 4.11. 

4.8. Effects of Anisotropy 
Fig. 15 plots peak undrained strength ratios from CK0U triaxial compres­

sion/extension, and Geonor direct simple shear tests run on various normally 
consolidated clays and silts (but excluding varved deposits). The data show: 
qf/vL = 0.32 ± 0.03 in TC and having no trend with Ip; generally much 
lower DSS strengths that tend to decrease with lower plasticity; and even 
smaller ratios for shear in TE, especially at low /,,. Although triaxial testing 
tends to underestimate peak strengths for plane strain conditions (due to the 
b effect previously mentioned), these data and the literature clearly dem­
onstrate that most OCR = 1 soils exhibit significant c„ anisotropy that gen­
erally becomes most important in lean clays, especially if also sensitive. 
Varved clays represent a special case wherein horizontal (DSS) shearing gives 
an unusually low peak T , , /O4 of only 0.16 ± 0.01 for northeastern U.S. 
deposits (Ladd 1987b). 

Overconsolidated soils can also exhibit pronounced anisotropic behavior, 
as illustrated by the data in Fig. 16. The SHANSEP CK0U test program run 
on the Atlantic Generating Station (AGS) moderately plastic marine clay (Ip 

— 43 ± 7%, lL = 0.6 ± 0.1) gives results considered representative of 
mechanically overconsolidated clays. Fig. 16(a) shows only slightly less c„ 
anisotropy with increasing OCR as measured in triaxial compression/exten­
sion and direct simple shear tests, and a very large increase in the shear 
strain at failure (yf) in going from TC to DSS to TE, especially at low OCR. 
Fig. 16(b) plots data from Recompression CK0U tests performed on block 
samples of the marine clay for the James Bay case history (see Fig. 7) as 
representative of a highly sensitive, cemented lean clay. The OC (intact) 
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FIG. 16. OCR versus Undrained Strength Ratio and Shear Strain at Failure from 
CK„U Tests: (a) AGS Plastic Marine Clay via SHANSEP (Koutsoftas and Ladd 1985); 
and (to) James Bay Sensitive Marine Clay via Recompression [B-6 Data from Le-
febvre et al. (1983)] 

data are from specimens consolidated to the in situ OCR = 2.5 ± 1 and 
also up to the in situ preconsolidation pressure, whereas NC denotes results 
for <J'VC ranging from 1.3 to 3 times the in situ u'p. For OC (intact) clay, Fig. 
16(b) shows very high strengths in TC compared to DSS and TE and much 
smaller yf values compared to the AGS clay. For NC soil, wherein large 
consolidation strains presumably destroyed most of the cementation bonds, 
the solid symbols in Fig. 16(b) show somewhat less cu anisotropy, but much 
greater differences in yf. Also note the lower NC cu/(j'vc values relative to 
those at OCR near unity for intact clay, which supports the view that SHAN­
SEP yields conservative strengths for highly structured soils. Finally, the 
strength data for both soils in Fig. 16 closely follow straight lines on the 
log-log plot that define the 5 and m parameters used in Eq. 9. 

4.9. Progressive Failure and Strain Compatibility 
The paper now looks at how anisotropy affects undrained stress-strain be­

havior, rather than changes in peak strength, as illustrated by the results for 
OCR = 1 samples of the AGS plastic clay. Fig. 17 plots shear stress, defined 
as shown in the figure (with 4>' = 35°), versus shear strain from CK0U plane 
strain compression and extension and direct simple shear tests. For a wedge-
shaped failure surface, TC represents the resistance of the active (compres­
sion) portion, Trf simulates shear on the horizontal segment, and T„ represents 
behavior within the passive (extension) zone. The TC curve has a small yf, 
followed by significant strain softening; T„ starts from a negative value at 
consolidation and requires very large strains to reach its peak strength; and 
id falls between these extremes. These data indicate that the compression 
portion of a failure wedge will be strained beyond its peak strength and lose 
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FIG. 17. Normalized Stress-Strain Data for AGS Marine Clay Illustrating Pro­
gressive Failure and the Strain Compatibility Technique [after Koutsoftas and Ladd 
(1985)] 

resistance before the strengths along the horizontal surface and within the 
extension portion of the wedge can be fully mobilized. This phenomenon, 
called progressive failure, means that the in situ resistance that can be mo­
bilized along an actual rupture surface will be less than the sum of the peak 
strengths for soils exhibiting strain softening. 

Ladd (1975) developed the strain compatibility technique as an approxi­
mate methodology to account for progressive failure when conducting un-
drained strength analyses. As described in Koutsoftas and Ladd (1985), the 
technique assumes that the shear strain all along a potential failure surface 
will be uniform at the moment of actual failure, i.e., when the maximum 
average resistance is mobilized. Based on this premise, the average resis­
tance that can be mobilized at any given strain equals Tave = 1/3 x (TC + 
Td + Te) f° r a rupture surface having equal contributions of TC, Jd, and j e . 
The average resistance for the OCR = 1 clay in Fig. 17 reaches a maximum 
value of Tave/(T^ = 0.225 at 7 = 8%, compared to an average of the peak 
strengths equal to 1/3 X (0.305 + 0.255 + 0.19) = 0.25. Thus, progressive 
failure reduces the available resistance in this case by 10%. 

For a "rational" selection of the strain level at which to determine the 
corresponding design strengths, one ideally should consider the relative con­
tributions of each failure mode and the in situ OCR for all design conditions. 
But such refinement is not practical, nor justified given the simplifying as­
sumptions of the strain compatibility technique and typical uncertainties in 
the stress-strain and stress history data. Hence, the writer selects a design 
strain level for the foundation clays that gives Tave values near the collective 
maximum for stress histories representative of critical stability conditions, 
but also yields anisotropic strength ratios that appear reasonable, e.g., TC > 
Trf > T8. (Note: an error in the selected strain should give conservative pa­
rameters.) 
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TABLE 4. Normally Consolidated Undrained Strength Ratios from CK»U 
Compression, Direct Simple Shear and Extension Tests Treated for Strain Com­
patibility 

Number 

(1) 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

Soil 

(2) 

B2 marine 
clay 

B6 marine 
clay 

Resedimented 
BBC 

Connecticut 
Valley 
varved clay 

Great Salt 
Lake clay 

AGS marine 
clay 

Omaha, Nebr. 
clay 

Arctic silt A 
Arctic silt B 
EABPL clay 

Index Properties 

use 
(3) 

CL 

CL 

CL 

CL 
CH 

CH 

CH 

CH 

ML 
MH 
CH 

1 
(%) 
(4) 

8.5 

13 

21 

12 
39 

40 

43 

60 

15 
30 
75 

h 
(5) 

2.6 

1.9 

1.0 

1.1 

0.6 

0.7 

0.3 
0.7 
0.85 

Peak 

?f(TC) 

(6) 

0.31 

0.33 

0.33 

0.25 

0.37 

0.325 

0.315 

0.37 
0.32 
0.24 

Cu/Kc 

TJ(DSS) 

(7) 

0.23 

0.24 

0.20 

0.16 

0.24 

0.255 

0.22 

0.245 
0.24 
0.235 

Strain Compatibility cja'„ 

1* 
(%) 
(8) 

1.5 

2 

6 

6 

8 

8 

10 

12 
12 
15 

Tc 

0) 
0.26 

0.26 

0.265 

0.21 

0.27 

0.265 

0.23 

0.305 
0.27 
0.24 

Trf 

(10) 

0.22 

0.225 

0.20 

0.15 

0.24 

0.25 

0.21 

0.24 
0.24 
0.23 

Te 

(11) 

0.09 

0.16 

0.135 

0.20 

0.16 

0.16 

0.20 

0.18 
0.20 
0.22 

Tavc 

(12) 

0.19 

0.215 

0.20 

0.185 

0.225 

0.225 

0.215 

0.24 
0.235 
0.23 

C/E 
testing" 

(13) 

TX 

TX 

PS 

PS 

TX 

PS 

TXC 

TX 
TX 
PS/TXd 

by 
(14) 

SEBJ 

SEBJ 

MIT 

MIT 

MIT 

MIT 
UBC 
MIT 

MIT 
MIT 
MIT 

"Design shear strain selected for strain compatibility. 
i"X = triaxial and PS = plane strain. 

cTriaxial TC increased by 5%. 
Approximate mean of plane strain and triaxial data. 

Table 4 presents undrained strength ratios at OCR = 1 obtained from 
applying the strain compatibility technique to 10 soils having widely varying 
index properties and moderate to extensive CK0U data. The results are listed 
in order of increasing shear strain selected to obtain the strength parameters 
(which also considered overconsolidated data for soils 1-4 and 6) and range 
from a few percent in the two sensitive clays up to 10%—15% in the plastic 
clays and two Arctic silts. The average strengths fall within a narrow band, 
Tave/<, = 0.215 ± 0.02 SD (SD = standard deviation); they are 8 ± 4% 
less than the average of the peak strengths (data not shown); and those based 
on triaxial testing may err on the low side. The seven CL and CH clays 
(i.e., excluding the varved clay and two Arctic silts) show an amazingly 
consistent trend with plasticity index, with linear regression giving: 

^P = 0.20 + 0.045/p, r = 0.75 (see Fig. 18) 
a'™ 

Ks = - = 0.37 + 0.72/„ r = 0.9 

Hence, lean clays have pronounced undrained strength anisotropy even after 
considering strain compatibility. Such soils generally warrant wedge anal­
yses using TC, Td, and te, rather than circular arc analyses using Tave. The 
same applies to varved clays. 

4.10. Comparison of Field and Laboratory Strengths 
Larsson (1980) evaluated case histories of failures to obtain backcalculated 
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FIG. 18. Comparison of Field and Laboratory Undrained Strength Ratios for 
Nonvarved Sedimentary Soils (OCR = 1 for Laboratory CK„U Testing) 

average values of the in situ undrained strength divided by the preconsoli-
dation pressure, C,J<J'P. Most of the cases involved UU failures of relatively 
low OCR soils. Fig. 18 plots his results for loading failures (embankments, 
tanks, load tests, etc.) of nonvarved soils versus plasticity index. In spite of 
potential errors in both c„ and op, the data show a reasonably consistent 
pattern: 

• For inorganic clays (the Atterberg limits plot above Casagrande's A-line), 
Cu/vp = 0.235 ± 0.04 SD and strongly tends to increase with Ip based on 
14 cases. 

• For organic clays and silts (the Atterberg limits plot below the A-line), a 
higher cu/a'p = 0.30 ± 0.06 SD and having little trend with Ip based on 
seven cases. 

Fig. 18 also plots Tave/o4 values from Table 4, excluding the varved clay. 
The laboratory derived ratios for the inorganic clays have Tave/o4. = 0.215 
± 0.015 SD and show less variation with /,, than the corresponding field 
data. These Tave/o4 values presumably give the in situ cu for infinitely long 
failures of OCR = 1 soils. For direct comparison with field-derived strengths, 
Tave should be increased by 10 ± 5% for typical "end effects" present in 
embankment failures (Azzouz et al. 1983) and reduced by (OCR)'""1 to ac­
count for decreases in c„ due to "unloading," the latter being 10% at OCR 
= 2 with m = 0.85. Hence, the two ratios in Fig. 18 should, in theory, be 
nearly identical. Indeed, the laboratory data support a "practically constant 
field . . . c„/o-p = 0.22 independent of plasticity index" that Mesri (1975) 
derived from Bjerrum's (1972) correlations of *„(FV)/o-io, o-p/o-̂ o and the 
field vane (x correction factor versus Ip. 

Finally, Fig. 18 also presents the peak undrained strength ratio measured 
at MIT from Geonor CK0UDSS tests on 25 OCR = 1 nonvarved soils, again 
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distinguishing between soils plotting above and below the A-line. Linear 
regression on 16 clays having T,,/CT^ = 0.225 ± 0.025 SD gives a relation­
ship 5% above that for Tave/a^c. The data for nine silts and organic soils have 
TV,/o4 = 0.26 ± 0.035 SD and show no trend with Ip. 

Based on the aforementioned results, the writer makes the following ob­
servations and conclusions. 

1. For inorganic clays with Ip = 25 ± 15%, good agreement exists between 
strengths backcalculated from field failures and those obtained from compre­
hensive CKQU tests treated for strain compatibility (Tave) and also from DSS tests 
(T,,). For more plastic clays, Larsson's data infer higher strengths than measured 
via CK0U tests, mainly based on two Swedish load tests. However, since three 
of the four Tave values (soils 5, 7, and 10 in Table 4) are supported by field 
observations, the writer places more credence in the laboratory relationship. 

2. Silts and organic clays appear to have higher, and also more scattered, 
normalized strengths, as observed from a more limited number of field cases 
and laboratory CK0U tests. 

3. Section 5.3 of the paper will recommend three approaches for obtaining 
undrained strength ratios for use in stability analyses, namely complete CK0U 
testing treated for strain compatibility; CK0UDSS tests; and empirical correla­
tions based on the data in Fig. 18. 

4.11. Strength Gain during Staged Construction 
As previously noted, estimates of the increases in c„ with consolidation 

for the two embankment case histories involved two simplifications: changes 
in consolidation stress being restricted to increases in o4 , which are less 
than cr[c except under the center line; and CK0U test data used to relate c„ 
to (j'vc, whereas the actual consolidation stresses often deviate significantly 
from K0 conditions. The error from these simplifications should become most 
important within normally consolidated soil under a berm, e.g., for element 
D in Fig. 12. The error can be approximately evaluated by comparing data 
from CK0U versus CAU direct simple shear tests, the latter denoting tests 
wherein DSS specimens are consolidated with varying values of horizontal 
shear stress (Tte) prior to undrained shear. 

Fig. 19(a) plots the increase in peak strength for three normally consoli­
dated clays as a function of the preshear T,,C, expressed as a fraction of the 
c„ = max T,, measured in conventional CK0UDSS tests. The results show 
significant strengthening, e.g., by 15%-30% at a stress ratio of 0.8. There 
is also a marked reduction in the strain at failure and those CAU tests having 
large c„ increases also tend to exhibit more pronounced strain softening, as 
illustrated in Fig. \9(b) for Boston Blue Clay. Thus, staged construction 
leading to normally consolidated soil under berms can produce a stress-strain 
response to horizontal shearing approaching that for shear in compression, 
i.e., much stiffer and stronger than measured in conventional CK0UDSS tests. 

When stability analyses based on strengths derived from CK0U data show 
marginal factors of safety, the writer recommends special CAUDSS testing 
to evaluate potentially higher undrained strength ratios for OCR = 1 soils 
encountered below embankment berms and under the slopes of tailings dams. 
If this had been done for the James Bay case history, the FS(USA) in Table 
3 would probably have increased by at least 10% (assuming behavior similar 
to Boston Blue Clay). But the FS(USA) obtained for the embankment on 
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FIG. 19. Effect of Consolidation Shear Stress on Undrained Direct Simple Shear 
Behavior of Normally Consolidated Clay: (a) Increase in Peak Strength for Boston 
Blue Clay, Copper Tailings and Atchafaiaya Clay; and (b) Shear Stress versus 
Shear Strain for Boston Blue Clay (Note: Copper Tailings Data by R. S. Ladd; 
Other Data by MIT) 

varved clay would have remained unchanged since CAUDSS tests show no 
strength increase for this unusual soil type. And the mean cu/a'vc ratio se­
lected for the tailings dam case history did consider higher CAUDSS strengths 
because of its marginal stability. 

5. RECOMMENDED METHODOLOGY FOR UNDRAINED 

STRENGTH ANALYSES 

5.1. Overview 
An undrained strength analysis (USA) denotes the use of limiting equi­

librium analyses to obtain factors of safety wherein the available resistance 
against an undrained failure of cohesive soils is computed from knowledge 
of the current consolidation stresses and prior stress history combined with 
appropriate undrained strength-consolidation stress relationships. For the de­
sign of staged construction projects, such analyses would typically have the 
four steps shown in Table 5. Steps 1 and 2 evaluate stability for the stage 
1 loading assuming no drainage during construction (the UU case), so that 
the initial stress history of the deposit (o^ and ap governs the available 
undrained shear strength (c„). Steps 3 and 4 refer to stability evaluations 
during subsequent construction at some time t„ wherein the combination of 
the applied loads and either partial or full consolidation has altered the initial 
stress history and increased the available resistance. Steps 3 and 4 fall under 
the CU case and would be repeated n times depending upon the project 
complexity. 

Table 5 also illustrates the experimental and theoretical components needed 
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TABLE 5. Methodology for Conducting Undrained Strength Analyses During De­
sign of Staged Construction Projects 

Components 
(1) 

Experimental analyses" 
El—Initial state 

variables 
E2—Undrained strength 

parameters 
E3—Consolidation-flow 

parameters 
Theoretical Analyses 

Tl—Stress distributionb 

T2—Consolidation" 
T3—Limiting 

equilibrium 

Step No. 1: 
initial stress 
history and 

c„ 
(2) 

X 

X 

Step No. 2; 
factor of 
safety for 
stage 1 

(step No. 1 
plus) 
(3) 

X 

Step No. 3: 
stress 

history and 
c„ at t„ 

(step No. 1 
plus) 
(4) 

X 

X 
X 

Step No. 4: 
factor of 
safety at 
stage n 

(step No. 3 
plus) 
(5) 

X 

"Obtained from combined evaluation of in situ and laboratory test data. 
bCombined results give u'vc profiles at time t„. 

for the previous steps. The initial state variables, listed as El , refer to the 
soil profile (soil types and index properties and the ground-water conditions), 
the initial state of stress (o-̂ o and K0) and the preconsolidation pressure (o-p). 
These, plus results from laboratory CU testing to obtain undrained strength 
ratios, furnish the information for step 1. The limiting equilibrium analyses 
of step 2 then use the initial c„ profile to compute factors of safety for stage 
1 construction. Subsequent stability evaluations (steps 3 and 4) require 
knowledge of consolidation-flow parameters (e.g., permeability-compressi­
bility properties) for use in theoretical stress distribution and consolidation 
analyses to predict vertical consolidation stress profiles at times t„. The anal­
yses would typically vary the loading geometry, rate of filling, and drainage 
conditions (e.g., with and without vertical drains to accelerate consolidation 
rates) as part of the iterative design process. 

Section 5 focuses on technical recommendations regarding consolidation 
analyses to predict changes in stress history, laboratory CU test programs, 
and other approaches to obtain cu versus stress history relationships, and 
selection of and input data for limiting equilibrium analyses. Section 7 treats 
the use of undrained strength analyses during construction monitoring. 

5.2. Evaluation of Stress History and Consolidation Analyses 
Evaluation of the initial stress history entails definition of the preconstruc-

tion in situ state of stress and the preconsolidation pressure. For natural clay 
deposits having a one-dimensional strain history, o-̂ o can be accurately ob­
tained from measurements of unit weights and the ground-water conditions, 
whereas reliable estimates of a'h0 = Kocr^ (required for realistic predictions 
of lateral deformations as described in Section 7 and also needed for Re-
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compression CK0U tests) are usually difficult. Proven techniques do not yet 
exist for directly measuring the in situ KQ from laboratory testing, and Sec­
tion 3.2 of Jamiolkowski et al. (1985) assesses the pros and cons of using 
various types of field devices to measure K0. For mechanically overconso-
lidated clay deposits, the empirical K0 = f(§', OCR) relations given in Mayne 
and Kulhawy (1982) may suffice. 

Evaluation of the initial ap profile constitutes the single most important 
task on most projects since it basically governs both the initial cu and the 
minimum stage 1 loading needed for substantial foundation strengthening. 
For natural deposits, Section 4.2 recommended using high-quality oedometer 
tests combined with in situ testing to assess spatial variability. Man-made 
deposits may warrant different techniques since these materials often exist 
in an "underconsolidated" state with o-̂ o = v'P increasing with time due to 
self-weight consolidation. In both cases, the USA methodology requires ex­
plicit resolution of conflicts between the c„ profile developed in step 1 and 
values obtained from conventional in situ and laboratory strength testing. 

Step 3 in Table 5 requires consolidation analyses to predict rates of pore 
pressure dissipation (increases in &vc) during construction. These predictions 
often strongly impact the project feasibility, schedule, and costs during de­
sign on the one hand, and on the other also entail significant uncertainty. 
The following text makes recommendations and identifies problems regard­
ing consolidation analyses during final design for vertical drainage of natural 
deposits, horizontal flow to installed vertical drains, and tailings dams. 

One-Dimensional Consolidation of Natural Clays 
Although practice often relies on chart solutions based on conventional 

Terzaghi theory, the assumption of constant values of the coefficient of con­
solidation (c„) and compressibility (m„ = dev/dcr[,c) will give poor estimates 
of pore pressures during consolidation for foundations with layers having 
different cv and mv values; moderately overconsolidated deposits (large changes 
in both c„ and mv near a'p)\ and normally consolidated soils having highly 
stress-dependent parameters such sensitive clays. These situations may war­
rant numerical analyses that use a nonlinear model of soil behavior and that 
incorporate submergence and changes in loads and boundary pore pressures. 
As one example, the ILLICON program described by Mesri and Choi (1985a) 
models soils having linear e-log k and nonlinear e-log a'vc relationships. Ex­
perimental programs may also need more emphasis on direct measurements 
of permeability during incremental consolidation testing since values of k 
backcalculated from c„ and mv can be erroneous (Tavenas et al. 1983). 

Consolidation with Vertical Drains 
Installation of vertical drains to accelerate the rate of consolidation intro­

duces two additional problems regarding reliable predictions of pore pres­
sures during staged construction: evaluation of the anisotropic permeability 
ratio, rk = kh/k„, needed to estimate the coefficient of consolidation for hor­
izontal flow, ch = rkcv; and assessment of the likely effects of soil distur­
bance caused by drain installation (assuming high-quality drains having neg­
ligible resistance to flow of water into and then out of the drain). The value 
of rk depends on four characteristics of the deposit: (1) Anisotropy at the 
microfabric level, which usually will be small, say rk = 1.0—1.5; (2) regular 
layering at the macrolevel, as with varved clays where rk = 10 ± 5 might 
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be typical (Ladd 1987b); (3) irregular layering at the macrolevel due to per­
meable seams and lenses; and (4) the presence of occasional thick sand-silt 
layers. Proper laboratory testing can measure characteristics No. 1 and 2, 
whereas in situ testing with the piezocone, piezometers, etc., is better suited 
to evaluate characteristics No. 3 and 4. 

Vertical drain technology has changed dramatically, first with the intro­
duction in the late 1960s of moderate to negligible displacement sand drains 
(e.g., various augering and jetting techniques having typical diameters of 
0.3 m-0 .5 m) that could negate disturbance effects, and then in the 1970s 
with a wide variety of prefabricated wick drains that have essentially cap­
tured the market due to their very low cost. But installation and withdrawal 
of the mandrel causes severe disturbance to the soil surrounding wick drains, 
which can result in "effective" c,, values significantly less than the ch for 
undisturbed soil. Attempts to predict this effect still largely rely on Barron's 
(1948) theoretical treatment that incorporates an incompressible smear zone 
around the drain having a permeability less than that for undisturbed soil. 
Little information exists to guide the designer in selecting either the size of 
the smear zone or its reduced permeability. But a more basic problem lies 
in the unrealistic model used to represent the disturbed zone. For example, 
analysis of several case histories of drain performance (Ladd 1991) shows 
that the reduction in the effective ch with decreasing drain spacing is much 
larger than can be predicted by Barron's (1948) theory. In addition, the ef­
fective ch can be less than the normally consolidated laboratory c„ at close 
drain spacings. 

The writer does not suggest abandoning wick drains (although they may 
not be as cost effective as nondisplacement sand drains in highly sensitive 
or varved clays), but rather advocates the need for further experimental and 
theoretical research into disturbance effects caused by drain installation. Ja-
miolkowski et al. (1983), Rixner et al. (1986), "Placement and" (1987), and 
Ladd (1987a) provide added guidance and extensive references on consoli­
dation with vertical drains. 

Consolidation of Tailings (Slimes) Deposits 
The writer refers the reader to Sedimentation Consolidation (1984), Con­

solidation o/(1986), Morgenstern (1985), Schiffman et al. (1988), and Vick 
(1983) for empirical correlations, consolidation models, and field experi­
ence. As with consolidation of natural soils, the sophistication of the model 
should be consistent with the extent and reliability of the soils data and the 
complexity of the boundary conditions. In particular, nonlinear finite strain 
consolidation analyses may be needed for reasonable estimates of pore pres­
sure dissipation rates within thick "underconsolidated" deposits. 

5.3. Laboratory Strength Testing 
This section recommends procedures to obtain undrained strength ratio 

versus stress history (cj(j'vc versus OCR) relationships needed to calculate 
the initial cu profile and subsequent increases due to consolidation (steps 1 
and 3 in Table 5, respectively). The recommendations are divided into three 
levels of sophistication and expense depending on the degree of refinement 
required for the undrained strength analyses. 

• Level A—For final design of all major projects and for sites where the 
foundation soils exhibit significant undrained stress-strain-strength anisot-
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ropy or contain unusual features (fissuring, varved, highly organic, etc.) 
and for projects requiring predictions of lateral deformations during con­
struction. 

• Level B—For preliminary design and for final design of less important 
projects involving "ordinary" soils with low to moderate anisotropy. 

• Level C—For preliminary feasibility studies and to check the reasonable­
ness of initial strengths inferred from in situ and laboratory UU-type test 
programs. 

Levels A and B require laboratory CU testing to provide anisotropic and 
isotropic (average c„) input strengths, respectively, whereas level C relies 
on empirical correlations. The corresponding recommendations follow from 
the information presented in Section 4. 

Programs to obtain anisotropic cu/u'vc versus OCR relations at level A em­
ploy CKaU tests having different modes of failure to provide stress-strain 
data suitable for application of the strain compatibility technique (Section 
4.9). The CK0U tests use either Recompression or SHANSEP consolidation 
procedures depending upon the soil type, in situ OCR, and sample quality 
(Section 4.4). Selection of the failure modes used to assess the effects of 
anisotropy on undrained stress-strain behavior depends on which shear de­
vices are available (Fig. 14), their proven ability to provide reasonable data 
on natural soils, and the potential impact of changes in b. Based on current 
capabilities, the writer favors a program of direct simple shear (DSS) and 
plane strain compression/extension (PSE/E) tests, although the latter are 
usually replaced by triaxial compression/extension tests (triaxial data some­
times adjusted by increasing TC by 1.05-1.1 and Te by 1.1-1.2 for application 
of the strain compatibility technique). 

The CU/<J'VC versus OCR relations obtained from properly executed and in­
terpreted CK0U data should "exactly" simulate the in situ response for stage 
1 construction, but they involve errors on the safe side when used to compute 
strength increases during consolidation (Section 4.11). As illustrated in Fig. 
19, CAU direct simple shear tests can be used to evaluate potentially higher 
c
u/o"ic values for OCR = 1 soils located below berms and slopes and are 

recommended when the CK0U parameters give marginal factors of safety. 
When the undrained strength data closely follow a linear log c,J(j'vc versus 

log OCR relationship, as is typical of many soils, the design parameters can 
be represented by Eq. 9 (in Section 3.4) with values of S and m correspond­
ing to failure in compression (TC), direct simple shear (jd), and extension 
( T J . Note that S may vary with stress level for high structured clays. For 
example, the results in Fig. 16(b) show much higher values of S from tests 
on OC (intact) clay than from tests on NC (destructed) clay. In any case, 
the log-log plot is very useful in presenting and evaluating test data. 

For level B programs, the writer recommends CK0U direct simple shear 
testing to obtain cu/(j[,c versus OCR relations for stability analyses using iso­
tropic strength profiles. The results in Fig. 18 indicate that the peak DSS 
strength should provide a reasonable estimate of the average undrained strength 
ratio along circular-arc or wedge-shaped failure surfaces for stage 1 con­
struction on nonlayered sedimentary clays of low OCR. The writer further 
recommends the SHANSEP reconsolidation technique, rather than Re­
compression, since level B involves "ordinary" soils; use of log cu/v'vc ver-
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sus log OCR plots; and the addition of CAUDSS tests under conditions de­
scribed for level A programs. He also favors the Geonor apparatus since it 
provided the data plotted in Fig. 18 and limited comparisons suggest that 
other DSS devices may tend to give somewhat higher, more scattered strengths. 

An alternative program for level B can use CK0U triaxial compression and 
extension tests to estimate the average c„/o4 versus OCR relationship. If 
the results are first treated for strain compatibility, the average strength should 
be reasonable based on the data contained in Table 4 (except for varved clays 
due to their very low DSS strength). However, CK0U triaxial testing, com­
pared to DSS testing, requires more soil and effort and a higher level of 
experience (hence greater costs) to obtain reliable data, especially for shear 
in extension. 

Level B should not rely on isotropically consolidated triaxial compression 
testing since CIUC strengths will greatly exceed the in situ average for most 
soils. Section 6.2 evaluates the use and interpretation of CIUC data when 
employed as part of the QRS methodology for stability analyses. 

Selection of strength parameters at level C uses empirical correlations, 
rather than CU testing, in the form of 

- ^ = 5(OCR)™ (13a) 

which, for m = 1, becomes 

-, = SP (13b) 

Based on the data in Fig. 18 and the related text in Section 4.10, the writer 
has concluded that: CL and CH clays tend to have lower, less scattered 
undrained strength ratios than soils plotting below the A-line; and the Tave/ 
<j'vc correlation line for clays is probably more reliable than the cu/ap line 
obtained from the case histories for highly plastic clays. In any case, the 
results in Fig. 18 can be used by readers to select values for S or Sp. When 
applying Eq. 13a, one also has to estimate m, which, according to the "crit­
ical state" concepts used to formulate the Modified Cam-Clay model of soil 
behavior, should equal 1 — CJCC, where Cs and Cc represent the slopes of 
the swelling and virgin compression lines, respectively (Roscoe and Burland 
1968). 

The writer's interpretation of Fig. 18 and other experience lead to the 
following recommendations (SD = standard deviation). 

• Sensitive marine clays (Ip < 30%, IL> 1): 
Sp = 0.20, with nominal SD = 0.015 

• Homogeneous CL and CH sedimentary clays of low to moderate sensitiv­
ity (Ip = 20%-80%): 

S = 0.20 + 0.05/p, or simply S = 0.22. 
m = 0.88(1 - CJCC) ± 0.06 SD, or simply m = 0.8. 

• Northeastern U.S. varved clays: 
S = 0.16 (assumes DSS failure mode predominates). 
m = 0.75. 

• Sedimentary deposits of silts and organic soils (Atterberg limits plot below 
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the A-line, but excluding peats) and clays with shells: 
S = 0.25, with nominal SD = 0.05. 
m = 0.88 (1 - CJCC) ± 0.06 SD, or simply m = 0.8. 

The aforementioned m versus (1 — Cs/Cc) relation is based on analysis of 
CK0UDSS data on 13 soils having maximum OCR's of 5-10. 

Levels A, B, and C all require a careful assessment of the stress history 
of the foundation soils. This fact, plus the observation that c„(ave)/o4 versus 
OCR for most soils (except varved clays) falls within a fairly narrow range, 
means that consolidation testing usually represents the single most important 
experimental component for the design of staged construction projects. 

5.4. Stability Analyses 
This section deals with some practical aspects of executing limiting equi­

librium stability analyses (component T3 in Table 5), especially regarding 
input of undrained strengths. It is assumed that final design analyses will 
use a computerized method of slices that satisfies moment equilibrium in 
computing factors of safety for circular-arc or wedge-shaped failure surfaces 
as recommended in Section 2.2. The ability to search out the minimum FS 
automatically is obviously desirable, as commonly done for Bishop (1955) 
circular-arc and Janbu (1973) wedge-shaped surfaces. However, the latter 
results should be checked by a "generalized" method of slices that satisfies 
both force and moment equilibrium, e.g., Morgenstem and Price (1965) or 
Spencer (1967). 

First consider analyses using isotropic strengths, either for preliminary de­
sign or to represent the average c„ for soils having low to moderate undrained 
strength anisotropy. For first stage construction, the c„ values obtained from 
step 1 in Table 5 can be used directly as input data, either as "zones" or 
continuous profiles depending upon the computer code. The same approach 
can also be followed for subsequent stages via the c„ values computed in 
step 3. But this process can get rather cumbersome, i.e., separate compu­
tations to obtain vertical consolidation stress (o4) profiles, then c„ values, 
and finally selection of input strengths. This was done for the two embank­
ment case histories. For construction involving substantial portions of nor­
mally consolidated soil, a computer code that automatically calculates c„ = 
Sa'vc within OCR = 1 zones would greatly simplify the process. The required 
effort then becomes similar to a conventional effective stress analysis by 
replacing 4>' and cr/, with S and u'vc for applicable soils. Bromwell & Carrier, 
Inc. did this for the tailings dam case history. However, step 3 in Table 5 
would still be needed for natural deposits to identify OCR = 1 soils and to 
calculate c„ values for &vc less than &v. 

Analyses employing anisotropic strengths become significantly more com­
plex, especially since most computer codes cannot automatically vary c„ with 
inclination of the failure surface. One notable exception is the three-dimen­
sional slope stability program developed by Azzouz et al. (1981), although 
restricted to circular arcs. The writer's experience mainly involves embank­
ment-type loadings, where wedge-shaped surfaces need evaluation. For the 
two embankment case histories (Figs. 6 and 9), with inclinations of the ac­
tive and passive wedges being specified at 45 ± c(//2 degrees, the input 
strengths had to be changed for each change in the horizontal location of 
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the end wedges to correctly model TC and TC versus -rd along the horizontal 
surface. 

With either isotropic or anisotropic forms of an undrained strength anal­
ysis, there may be uncertainty about the drainage of some layers during a 
potential failure, e.g., shear induced pore pressures near zero. This might 
occur within partially saturated, heavily overconsolidated, and quite sandy-
silty soils. In such cases, the writer would make runs treating these layers 
as both c'-<)>' and c„ materials in order to quantify the resulting uncertainty 
in factor of safety. 

The results in Azzouz et al. (1983) show that "end effects" typically in­
crease the conventional two-dimensional (i.e., infinitely long failure) factor 
of safety by 1.1 ± 0.04 SD based on 17 case histories of embankment fail­
ures. For construction involving fairly uniform loading and foundation con­
ditions and having marginal stability, the conventional factors of safety can 
therefore be increased by about 10% to take advantage of this beneficial 
effect. And with important projects having nonuniform geometries, three-
dimensional stability analyses may be warranted. 

5.5. Comments on Design Process 
Undrained strength analyses constitute, of course, only one part of the 

overall design process. Another purely geotechnical aspect of staged con­
struction projects would evaluate various foundation "stabilization" schemes, 
the most common being stability berms and lightweight fill materials to de­
crease the net driving moment; installation of vertical drains and longer con­
struction times to increase the degree of consolidation and hence the avail­
able resisting moment; and surcharging to reduce postconstruction settlements, 
especially those caused by secondary compression. Mitchell (1981) and ASCE 
("Placement and" 1987) provide useful guidance regarding other ground im­
provement techniques, including use of geotextiles and vertical reinforce­
ment by stone columns and chemical admixtures. The iterative design pro­
cess also must include costs analyses for alternative construction schemes, 
recommendations for monitoring construction (Section 7) and consideration 
of environmental and other legal issues affecting project feasibility and the 
consequences of a failure. 

Controversy may arise about acceptable design factors of safety, especially 
when dealing with regulatory agencies. In the writer's view, acceptable FS 
values for staged construction projects can often be less than normal for 
single-stage loadings causing comparable potential damage for two reasons: 
(1) Multistage projects usually have a more detailed site characterization pro­
gram, combined with more comprehensive stability evaluations; and (2) they 
often can employ the observational method (Peck 1969), i.e., the design can 
be altered based on observations made during construction. But how can 
these valid reasons for a reduced risk of failure be translated into recom­
mendations for a lower design factor of safety? For this purpose, a reliability 
analysis can prove very helpful. In addition, this methodology enables one 
to quantify the collective effects of uncertainty in the loads, degree of con­
solidation, undrained strength ratios, etc., on the nominal probability of a 
failure. The Terzaghi Lecture by Whitman (1984) gives background infor­
mation on this important topic. 
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6. ALTERNATIVE APPROACHES FOR STABILITY ANALYSES 

The paper now evaluates three other approaches for conducting stability 
analyses: the "QRS" methodology developed by Arthur Casagrande; Moore's 
(1970) modification of conventional effective stress analyses to account for 
shear induced pore pressures (us > 0); and Janbu's use of "undrained" ef­
fective stress analyses. But a clearer description of the classes of stability 
problems and their corresponding definition of factor of safety are desirable 
before assessing these approaches. 

6.1. Stability Problems Classified According to Drainage Conditions 
and Definition of Factor of Safety 

Table 6 presents a proposed classification system for defining the three 
principal cases of practical interest. As previously suggested by Brinch-Han-
sen (1962), the first two cases are exactly analogous to laboratory uncon-
solidated-undrained and consolidated-drained shear tests. Hence, designation 
as the UU case and the CD case, respectively, provides a clearer definition, 
especially compared to "short-term" and "long-term." The appropriate def­
initions for FS (column 5) are also widely accepted as being the available 
undrained and drained strengths, respectively, divided by the mobilized shear 
stress (T,„) required for equilibrium. Brinch-Hansen (1962) further designated 
the "intermediate" case 3 as the CU case "because of its similarity to a 
consolidated-undrained . . . " shear test, although Table 6 specifies that the 
soil can be either in a partially or fully consolidated state prior to an un­
drained failure. 

TABLE 6. Stability Problems Classified According to Drainage Conditions and 
Definition of Factor of Safety 

Case 

(1) 

1 

2 

3 

Common 
description 

(2) 

Undrained, 
short-term 
or end-of-
construction 

Drained or 
long-term 

Partially 
drained or 
intermediate 

Proposed 
description 

(3) 

No consolidation 
of soil with 
respect to 
applied stresses 
and undrained 
failure 

Full consolidation 
of soil with 
respect to 
applied stresses 
and drained 
failure (us = 0) 

Partial or full 
consolidation of 
soil with 
respect to 
applied stresses 
and undrained 
failure 

Proposed 
classification 

(4) 

Unconsolidated-
undrained = 
UU case 

Consolidated-
drained = CD 
case 

Consolidated-
undrained = 
CU case 

Definition of factor of 
safety" 

(5) 

•s«A™ or C„/T„ (Eq. 5 
orEq. 8) 

*</A« = 'an c|>'/tan <t>̂  
(Eq. 7) 

C „ / T „ (Eq. 8) 

aT,„ = mobilized shear stress required for equilibrium; s„ = undrained shear strength obtained from 
conventional testing associated with typical <j> = 0 analyses; c„ = undrained shear strength obtained 
from techniques recommended in Section 5; and sd = drained shear strength defined in Eq. 1. 
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Mohr Circles 

FIG, 20. Failure Envelopes from Q, R, and s Triaxial Compression Tests [Adapted 
from A. Casagrande's (1941) Harvard Report No. 3 as Abstracted by Rutledge (1947)] 

As previously described in Section 3, the CU case is clearly the more 
critical and likely condition for staged construction projects, and, hence, 
defining FS = C„/T,„ is also appropriate. Moreover, it is hard to envision a 
drained failure {u„ = 0) occurring during any type of construction when 
significant excess pore pressures still exist due to that construction. In real­
ity, the U,U and CD cases represent limiting conditions to the more general 
CU case (Brinch-Hansen 1962). For example, the UU case is the limiting 
critical condition for loading problems with soft soils and the CD case is 
the limiting critical condition for unloading problems with stiff soils. 

6.2. QRS Methodology 
As noted in Section 2, the QRS methodology treats staged construction 

as a CU case and evolved from research by Casagrande into the strength of 
clays as measured in laboratory triaxial compression tests. He used Mohr 
circles and failure envelopes similar to those drawn in Fig. 20 to illustrate 
the following concepts of his "working hypothesis." The excess pore pres­
sure (AM) developed at failure in a conventional R = CIUC test run on nor­
mally consolidated soil is given by the difference between circle A (total 
stress) and circle B (effective stress). The "basic" effective stress failure 
envelope is unique, i.e., one obtains the same cj)' from CIUC and "slow" 
= S = CIDC tests. For stability analyses, the available strength of soft clay 
foundations is determined by the Q envelope (obtained from UUC tests) for 
no consolidation and increases to the R envelope (defined by <j)c„) with con­
solidation. 

As also noted earlier, major U.S. government agencies and many prac­
titioners have used these envelopes when calculating factors of safety for 
staged construction on soft cohesive foundations. Based on information con­
tained in design manuals of the U.S. Army Corps of Engineers ("Stability 
of" 1970; "Design and" 1978) and the Navy's DM-7 ("Stability Analysis" 
1971), the writer interprets the "basic" QRS methodology when used to as-
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sess foundation stability in conjunction with a method of slices and either 
estimated or measured pore pressures as follows. 

1. Initial strengths usually obtained from UUC tests (perhaps supplemented 
by field and/or laboratory vane tests) to define the Q envelope. 

2. CIUC tests with a'c varying over the stress range of interest to define the 
R envelope, which can be represented by 

c„ = c + <y'fc tan <j>c„ (14) 

where u}c = the normal effective (consolidation) stress acting on the potential 
failure surface (note: In this regard, QRS stability analyses are identical to an 
effective stress analysis, but with c and 4>c„ replacing c' and 4>')-

3. "Stability Analysis" (1971) recommends using Eq. 14 both during staged 
construction and for the long-term fully consolidated case, whereas the US ACE 
appears to recommend Eq. 14 during construction of a "stable" embankment, 
but strengths falling midway between the R and S envelopes for the long-term 
case. 

Potential problems associated with this methodology are now evaluated. 
Reliance on UUC tests to obtain reasonable estimates of the initial un-

drained strength profile depends on a fortuitous compensation among three 
factors; namely the increased strength due to shearing at a very fast strain 
rate (60% per hour) and due to failure in triaxial compression (i.e., in situ 
shearing at 8 > 0° leads to lower strengths because of anisotropy) must be 
offset by a strength reduction due to sample disturbance. These compen­
sating factors cannot be controlled, often produce large scatter, and may 
cause misleading trends with depth. 

From the continued widespread use of UUC testing, it appears that many 
practicing engineers believe that sample disturbance will predominate, so 
that any net error in UUC strengths will always be conservative. However, 
the move in recent years to better sampling techniques can produce the op­
posite effect, as illustrated by four examples in Table 7 of Germaine and 
Ladd (1988). The writer concludes that UUC data can range from being 
unduly low to highly unsafe, say by 25%-50% or more in either direction. 
Thus, UUC data should always be compared to strengths predicted by Eq. 
13 in order to judge if they are reasonable. 

Now consider the use of Eq. 14 in conjunction with a method of slices 
to obtain the factor of safety for full or partial consolidation of the foundation 
soils under the stress increments imposed during staged construction. The 
values of c and 4>c„ defining the R envelope presumably come from a series 
of CIUC tests with CT^ varying between the initial overburden stress (o^0) and 
the maximum anticipated stress. It should be emphasized that this strength 
envelope is used with in situ effective stresses, not total stresses. Bishop and 
Bjerrum (1960) apparently failed to recognize this important fact when con­
cluding that Eq. 14 will give unsafe results for foundation problems. How­
ever, the R envelope has been correctly criticized as having no rational basis 
and thus merits further examination. This will be done for normally con­
solidated soils so that Eq. 14 becomes c„ = a}c tan <|>c„ (Fig. 2 and Eq. 6). 

For a constant qf/(r'c from CIUC tests on OCR = 1 soils, the slope of the 
R envelope represents an undrained strength ratio equal to 
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~ = tan <)>„ 

1 + ^ 
(15) 

Based on the writer's files and results presented in Mayne (1980), repre­
sentative CIUC data on 30 natural clays and silts give qf/a'c = 0.33 ± 0.05 
SD, which leads to tan d>ra = 0.255 ± 0.03 SD. These cja'fc values are 
quite reasonable to slightly high compared to the ratios plotted in Fig. 18. 
However, Vick (1983) summarizes results for tailings slimes often having 
much higher ratios. These may reflect test consolidation stresses that were 
too low compared to the in situ preconsolidation pressure since CIUC tests 
often need to be consolidated with <J'C/<J'P > 3-4 to achieve "truly" normally 
consolidated values. 

The QRS methodology usually uses a method of slices to compute CT/C = 
a'n = the normal effective (consolidation) stress acting on the potential failure 
surface with either predicted or measured pore pressures. For circular-arc 
analyses with the simplified Bishop (1955) method, the relation between 
normal and vertical effective stresses is given by 

a/, 
1 

tan a tan (p,., 
(16) 

1 + 
FS 

where a = the inclination of the failure surface (positive and negative within 
the active and passive zones, respectively). Eq. 16 gives o^/o^,. values less 
than one at positive a (say under the crest of the fill) and values greater than 
one at negative a (under the toe). Fig. 21 plots the computed undrained 
strength ratio versus a for two soils having tan <(>c„ = 0.20 and 0.25 assuming 
FS = 1.3. Also shown for comparison are trends based on CK0U test data 
for two clays exhibiting low and high degrees of anisotropy. Although the 
Cu/alc trends have been simplified via linear variation between compression 
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at a = +60° and extension at a = —30°, the QRS approach obviously con­
tradicts (inverts) real soil behavior. 

Assessment of the potential errors in stability analyses based on the QRS 
methodology is difficult because both the location of the Q envelope derived 
from UUC tests and the computed strength variation along potential failure 
surfaces after consolidation can err in either direction. With projects where 
tan 4>c„ is near Tavc/o4 and when overall stability is largely governed by 
failure with positive a angles in OCR = 1 soil, it may underestimate the 
factor of safety. The tailings dam case history in Fig. 10 supports this opin­
ion since QRS gave a FS = 1.1 for circular-arc analyses with tan (j>c„ = 
0.256 based on the measured CIUC qf/u'c of 0.33. Although no comparisons 
were made for the two embankment case histories, QRS probably would 
have given unsafe results for deep wedge-shaped failure surfaces. 

In summary, the QRS methodology has been widely used in the United 
States and is certainly preferable to a conventional effective stress analysis 
or to direct use of CIUC qf/<s'c ratios, both of which give unsafe results. But 
the accuracy of this empirical form of an undrained strength analysis does 
depend on compensating errors that are difficult to quantify. Moreover, QRS 
does not explicitly consider the stress history of the soil, which the writer 
feels should be a vital component of all stability evaluations. 

6.3. "Undrained" Effective Stress Analyses 
Proponents of an "effective stress" approach to stability problems often 

argue that it provides a more fundamental understanding of undrained be­
havior or that the very same factors that make it difficult to estimate shear 
induced pore pressures accurately also affect accurate predictions of un­
drained shear strength (e.g., p. 473 of Lambe and Whitman 1969). How­
ever, few persons have actually developed an effective stress based tech­
nique suitable for practical application to staged construction. Two such 
attempts are reviewed. 

Moore (1970) correctly emphasized that a conventional effective stress 
analysis does not account for shear induced pore pressures and then devel­
oped equations to adjust results from such analyses in order to obtain the 
factor of safety against an undrained failure, defined as FS = C„/T,„. His 
approach requires knowledge of Skempton's pore pressure parameter Af for 
highly complex stress conditions (e.g., element D in Fig. 12) and inherently 
assumes that the principal stress directions do not change during failure. The 
writer is therefore uncertain about its accuracy. 

Janbu and his colleagues at the University of Trondheim, Norway, have 
long advocated and used an "undrained effective stress approach," (UESA) 
(Janbu 1973; Janbu 1979; Svano 1981). In contrast to Moore (1970), they 
developed techniques to predict prefailure conditions along a potential rup­
ture surface for undrained or partially drained conditions starting from the 
initial state of stress in the ground. Based on the writer's understanding of 
how Janbu would conduct stability analyses during the design of a staged 
construction project, it appears that a typical UESA involves the following 
simplifications: isotropic initial state of stress (K0 = 1); basic soil parameters 
(c',cj>',A) derived from triaxial compression tests; and a constant degree of 
mobilization, defined as / = tan §'m/ian 4>', all along the potential failure 
surface. The last assumption is of particular concern since the corresponding 
factor of safety will be defined as FS = 1/ / = tan <f>'/tan fy'm, which is 

591 



identical to that used for a conventional ESA. Hence, to obtain a FS = c„/ 
T,„ against an undrained failure, the UESA must be carried one step further 
by somehow predicting the additional changes in effective stress during un­
drained shear to failure while maintaining the same loading conditions. This 
additional step, which was attempted by Moore (1970), is very complex and 
probably involves more uncertainty than an undrained strength analysis of 
the type proposed in Section 5. 

6.4. Some General Comments 
All of the techniques described thus far for stability evaluations make sim­

plifying assumptions and entail an artificial separation of stress distribution-
consolidation analyses on the one hand and limiting equilibrium analyses on 
the other. The availability of a realistic generalized soil model for use in 
numerical analyses such as the finite element method would provide a more 
rational approach and fewer limitations. The set of constitutive equations 
used by such a model can predict soil behavior for different stress paths and 
for both undrained and drained conditions. The highly innovative Modified-
Cam Clay model (Roscoe and Burland 1968) has been used to predict foun­
dation performance during staged construction in spite of the fact that it 
neglects soil-behavioral features such as stress-strain-strength anisotropy and 
strain softening and is further restricted to low OCR clays. Recent research 
by Whittle (1987, 1991) has successfully removed these major limitations, 
but his model still ignores creep effects that may be important with some 
projects. In any case, adoption of this new approach in general practice first 
requires additional theoretical research and detailed evaluation via case his­
tories of field performance. 

Meanwhile, practitioners must still evaluate and select types of stability 
analyses from those now available, and also deal with conflicting terminol­
ogy. For example, use of the R envelope in Fig. 20 is called a total stress 
approach by Terzaghi and Peck (1967) and an effective stress approach by 
NAVFAC ("Stability Analysis" 1971). To help clarify the process, the writer 
suggests the following. 

1. Clearly identify which stability case is being evaluated (UU, CD, or CU 
in Table 6) and make sure that the selected type of analysis uses an appropriate 
definition for its factor of safety. For example, it is inconsistent to apply Janbu's 
undrained effective stress approach to the UU and CU cases since it inherently 
uses FS = tan 4>'/tan 44 corresponding to a drained failure. 

2. Retain the conventional total stress analysis (TSA), mainly for historical 
perspective, to denote stability analyses wherein the available undrained strength 
for the UU case is literally computed as a function of the in situ total stresses. 

3. The other types of analyses discussed in this paper require knowledge of 
the prefailure (equilibrium) in situ effective stresses and the basic difference be­
tween them is the assumed drainage conditions during failure. Hence, one should 
refer to them as either drained or undrained strength analyses. 

4. If one accepts the aforementioned, then a conventional effective stress anal­
ysis (ESA) would be called a drained strength analysis since it inherently com­
putes the available resistance as being equal to the drained strength of the soil. 
As such, it is applicable only to the fully drained CD case. 

5. In contrast, an undrained strength analysis (USA) treats the same in situ 
effective stresses as consolidation stresses in order to compute the available re-
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sistance against an undrained failure. As such, it can be applied to both the UU 
and CU cases and should be used to evaluate stability during staged construction. 
The QRS approach is fairly simple to apply in practice, but its empirical nature 
involves errors of unknown magnitude and direction. The USA methodology 
recommended in Section 5 requires more sophisticated engineering, but it should 
provide more reliable factors of safety. 

7. MONITORING FIELD PERFORMANCE 

Staged construction always involves the risk of a stability failure since it 
requires significant strengthening of the foundation soils in order to achieve 
the design objectives. When used with precompression to reduce postcon-
struction settlements (e.g., for buildings, tanks, highways, etc.), the risk of 
excessive long-term deformations also exists. Both risks occur due to un­
certainties in the initial soil conditions, in the soil compressibility and sub­
sequent gain in strength, in the rates of loading and consolidation, and in 
the methods of stability and settlement analysis. For these conditions, adop­
tion of the observational method (Peck 1969) often permits maximum econ­
omy and assurance of satisfactory performance, provided that the design can 
be modified as construction progresses. As Peck emphasizes, successful ap­
plication of this approach also entails the following items: 

• That the designer select appropriate quantities to be monitored during con­
struction; make predictions of their magnitudes based on the working hy­
pothesis adopted for design (i.e., the most probable conditions) and also 
for the most unfavorable likely conditions; and develop suitable actions or 
modifications to handle all significant deviations from the design hypoth­
esis. 

• That the field instrumentation provide reliable, timely measurements of the 
quantities to be observed. 

• That the engineer evaluate these data to ascertain the actual conditions and 
have the ability to implement corrective actions during construction. 

To illustrate the advantages of the observational method, consider situa­
tions that arise during construction of a project such as shown in Fig. 22. 
Precompression for a bridge approach embankment uses wick drains to ac­
celerate the rate of consolidation and a stage 1 filling with a stability berm, 
a stage 2 loading the next year with a surcharge fill to reduce long-term 
secondary compression settlements, and paving the third year after removal 
of the surcharge. Field performance data would be needed to reach the fol­
lowing decisions: reduction in the stage 1 design fill elevation, or addition 
of a temporary berm, if stability proved worse than expected; changes in the 
design consolidation period after stage 1 or stage 2; and changes in the de­
sign surcharge thickness due to revised estimates of soil compressibility. 

7.1. Field Instrumentation 
All staged construction projects that could result in undesirable perfor­

mance should include field instrumentation, even if the design did not for­
mally adopt the observational method. Besides providing data essential for 
any meaningful assessment of foundation stability (which includes rates of 
consolidation) needed for routine construction control, Dunnicliff (1988) lists 
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other potential benefits as follows: measurements of fill quantities (for pay­
ment); effects of construction on adjacent property (legal protection); en­
hanced public relations; and advancing the state of the art of geotechnical 
engineering. 

Peck (1988) states that "every instrument installed on a project should be 
selected and placed to assist in answering a specific question," but also in 
sufficient, number "to provide a meaningful picture of the scatter in results 
. . ." and "to allow for inevitable losses resulting from malfunction and 
damage . . . " The instnimentation shown in Fig. 22 illustrates one possible 
layout for use with the observational method as part of construction moni­
toring. Some requirements for the instrumentation are: 

1. Detailed measurements of settlement (an extensometer is a multipoint set­
tlement gauge) and pore pressure versus depth under the centerline, plus obser­
vation wells in the sand blanket and piezometers in the underlying sand to obtain 
boundary pore pressures. The resulting data can be used to obtain in situ 
compression curves and rates of consolidation. 

2. Settlement platforms as backup to the extensometer, to assess scatter in 
stage 1 settlements, and to define the embankment profile (note: These platforms 
can have internal rods anchored in the dense sand to serve as convenient bench 
marks). 

3. Piezometer groups under the slope and berm to use with stress distribution 
analyses to obtain <s'vc profiles needed for undrained strength analyses and to 
measure rates of pore pressure dissipation. 

4. All piezometer groups include some redundancy, and at least half of the 
gauges should be placed before the wick drains to measure both the initial ground­
water conditions and any excess pore pressures caused by drain installation. Spe­
cial effort should be made to install the piezometers near the midpoint between 
the drains in order to obtain representative pore pressures. 

5. An inclinometer to measure lateral deformations beneath the toe of the fill. 
Alignment stakes might be placed at intermediate intervals for construction on 
"ductile" foundation clays. 
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Dunnicliff (1988) gives detailed guidance regarding selection and instal­
lation of specific types of instrumentation to measure settlements, pore pres­
sures, and lateral displacements. He also correctly emphasizes that the de­
signer should have ultimate control (either directly or via designated parties) 
over procurring, installing, reading, and interpreting the field instrumenta­
tion. An essential, but too often neglected, part of the overall monitoring 
program must also include continuous field inspection with detailed records 
of construction activities (especially fill elevations and, if used, lengths of 
vertical drains), accurate measurements of fill unit weights, and periodic site 
visits by the designer. 

The next sections of the paper offer guidance regarding interpretation of 
data from field instrumentation to evaluate consolidation behavior and to 
assess foundation stability. 

7.2. Evaluating Consolidation Behavior 
Evaluation of the field consolidation behavior has two principal objectives: 

(1) To obtain in situ pore pressure distributions in order to compute profiles 
of vertical consolidation stress (cr^ = <rv — u) as part of undrained strength 
analyses to assess foundation stability; and (2) to determine actual consoli­
dation characteristics for comparison with those used for design in order to 
make improved predictions of future performance. The latter includes bound­
ary drainage and pore pressure conditions and the compressibility-flow-stress 
history properties of the foundation soils. This information is also needed to 
extend the measured piezometer data throughout the foundation soils as part 
of the first objective. 

Techniques based on the Barron (1948) theory of consolidation for eval­
uating piezometer and settlement data in order to backcalculate the "effec­
tive" coefficient of consolidation (cA) for horizontal flow to vertical drains 
are now considered. These techniques apply, at best, only to field behavior 
during periods of constant load for normally consolidated soil having a rea­
sonably linear strain versus log v'vc curve. 

Johnson (1970) describes the conventional approach for calculating field 
ch values from piezometers located at the midpoint between vertical drains. 
It requires knowledge of the initial excess pore pressure (u0) in order to 
compute changes in the degree of consolidation (Uh = 1 — ue/u0) with time, 
where ue equals the measured excess pore pressure. The technique of Orleach 
(1983) avoids the resultant errors in ch due to uncertainties in both u0 and 
the actual piezometer tip location by plotting log ue versus time. This plot 
should give a linear relationship for constant boundary conditions and ch and 
negligible vertical drainage. Field coefficients of consolidation based on rates 
of pore pressure dissipation can then be calculated using 

d]Fn W / 
cM = " — " (17) 

8 (f2 - h) 
where de = the equivalent drain spacing; and F„ = the drain spacing factor 
(F„ = 0.9-2.5). Besides being very simple, nonlinear log ue versus t portions 
of the data will identify errors in ue or changes in ch(u), boundary pore pres­
sures, applied loads, etc. 
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The conventional approach for analyzing field settlement data with vertical 
drains to obtain ch(s) requires knowledge of changes in the average degree 
of consolidation with time. Section 3.4.6 of Jamiolkowski et al. (1985) de­
scribes practical problems with this approach, which include errors due to 
uncertainties in both the "initial" settlement (i.e., that caused by undrained 
shear deformations) and the final consolidation settlement. Both of these 
errors can be eliminated for the case of radial drainage only (with constant 
ch, loading, etc.) by using the Asaoka (1978) method of analysis, which can 
also predict final settlements. However, this technique tends to overestimate 
ch(s) since it ignores the effect of vertical drainage on rates of settlement. 
This may explain why field values of ch(s) often exceed ch(u) obtained from 
piezometers located within the central portion of foundation clays. In any 
case, predictions of consolidation rates for stability evaluations during sub­
sequent loading should use ch(u) since consolidation stresses, rather than set­
tlements, govern increases in undrained shear strength. 

The Asaoka (1978) technique can also be used to obtain cv values from 
piezometer and settlement data during consolidation with vertical drainage 
only, but only for conditions adhering to Terzaghi's original assumptions. 
Since uniform layers with well-defined drainage boundaries seldom occur 
(compared to the simpler case of foundations with vertical drains), realistic 
evaluations of field consolidation behavior will often need some type of nu­
merical analysis. This may be especially true regarding pore pressure dis­
sipation rates in cases involving construction on initially overconsolidated or 
highly structured clays, and consolidation of thick slimes (see Section 5.2). 

Now consider the use of field data to assess the yield characteristics of 
the foundation clay. Yield denotes the transition from "elastic" (recoverable) 
to "plastic" (irrecoverable) behavior and the locus of stress states causing 
yield defines the yield envelope. In particular, plots of excess pore pressure 
(ue) versus applied stress are frequently used to infer when yielding first 
occurs and to derive undrained shear strengths and preconsolidation pres­
sures for comparison with design values. However, evaluation of the same 
data has often led to quite different conclusions regarding in situ behavior, 
as described herein. 

Plots of ue versus the applied major principal stress increment (AcrO for 
piezometers located beneath embankment fills typically show the following 
pattern during initial loading (for overconsolidated clay and no vertical drains 
or berms). The value of B = «<./Ao-l starts off being relatively small, but 
then increases significantly such that the incremental B is near unity. Hoeg 
et al. (1969) and DAppolonia et al. (1971) interpreted such field data as 
representing undrained shear behavior with Skempton's A parameter being 
fairly low, followed by local yielding (failure) and the formation of a zone 
of contained plastic flow. Within this zone, the in situ shear stress equals 
the undrained shear strength, and further filling causes Aw„ = ACT, (or AM,, 
> Ao-] if strain softening occurs). 

In contrast, Tavenas and Leroueil (1980) cite the extensive study by Ler-
oueil et al. (1978) to support their view that the high coefficient of consol­
idation of overconsolidated clays leads to significant pore pressure dissipa­
tion during initial loading "in all types of clays and for all rates of em­
bankment construction" (the latter paper quoted a midclay depth B = 0.58 
± 0.12 SD for embankments without drains). They further hypothesize that 
subsequent increases in the incremental B to near unity "is not due to the 
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development of confined failure . . ., as suggested by Hoeg et al. (1969), 
but merely to the passage of the clay to a normally consolidated state." 

The writer believes that the aforementioned picture of field behavior can­
not be universally true for the following reasons: 

• Rates of pore pressure dissipation during initial construction can vary within 
very wide limits, with B often being a poor indicator of actual degrees of 
drainage [e.g., Mesri and Choi (1981); Folkes and Crooks (1985)]. 

• One would expect significant zones of contained plastic flow due to local 
overstressing (shear failure) at factors of safety (FS = 1.2-1.5) typically 
associated with staged construction. 

• Abrupt changes from overconsolidated to normally consolidated field be­
havior are probably restricted to highly structured clays having a sharp 
break in the compression curve at cr'p. 

Hence, the ability to detect and interpret properly the physical significance 
of changes in excess pore pressure versus applied stress during initial con­
struction is a complex task that varies with the loading geometry and pi­
ezometer locations, the degree of drainage, the soil type (meaning brittle 
versus ductile behavior) and disturbance due to drain installation, and the 
conditions causing "yield," which can range from an undrained shear failure 
to consolidation beyond the yield envelope. 

Although ue versus ACT, or Ao„ plots should be evaluated and may prove 
useful, in situ compression curves (e„ versus log v'vc) should give a more 
direct check on the design a'p profile, plus compressibility characteristics for 
comparison with laboratory oedometer data. This process needs detailed 
measurements throughout construction of the strains and pore pressures within 
"uniform" layers and reliable estimates of total vertical stress, which may 
justify numerical analyses to account for embankment rigidity and varying 
foundation stiffnesses. Ladd et al. (1972) and Pelletier et al. (1979) compare 
field and laboratory compression curves for two projects having vertical drains, 
with resultant differences attributed to disturbance of the oedometer test 
specimens. In contrast, Leroueil (1988) summarizes data for several highly 
structured clays (without vertical drains) wherein "strain rate" effects during 
primary consolidation were used to explain field settlements much larger 
than predicted from end-of-primary laboratory curves (but also see Section 
4.2). Unfortunately, little experience exists to predict the relative importance 
of disturbance, rate effects, non-A'o stress conditions (including undrained 
shear deformations), soil type, etc., on potential differences between labo­
ratory and field compression curves. Theoretical research using realistic 
"generalized" models of soil behavior could clarify some of these issues. 

7.3. Evaluating Foundation Stability 
The most important part of the field monitoring program for staged con­

struction projects concerns foundation stability (including tailings slimes), 
which can be assessed by two general approaches. One employs limiting 
equilibrium stability analyses to obtain a quantitative measure of safety. The 
other uses the field instrumentation data, usually in a more qualitative man­
ner, to infer (un)satisfactory performance during periods of actual loading. 
Both approaches should be used, as neither ensures success. The following 
offers some guidance and comments on their relative merits. 
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The limiting equilibrium analyses should calculate the factor of safety against 
an undrained failure since the CU case (Table 6) is the most critical and 
likely condition. Section 5 presents recommendations for doing this via un­
drained strength analyses (USA), which basically use vertical consolidation 
stresses and undrained strength ratios {CU/<J'VC) to compute c„ profiles through­
out the foundation. But these analyses entail considerable effort, which pre­
clude them as a routine means of assessing (un)satisfactory field performance 
during periods of rapid loading. Moreover, they apply only to specific lo­
cations and, even then, may give misleading answers due to uncertainties in 
the computational techniques and input parameters. Hence, the monitoring 
program also should continuously use "graphical" interpretation of the field 
data to help detect potential foundation instability. 

Although piezometer data are essential for undrained strength analyses and 
to evaluate field consolidation behavior, they seldom provide a direct warn­
ing of foundation instability since the yield phenomenon described in Section 
7.2 typically occurs at factors of safety well above those used for design, 
and dramatic pore pressure increases occur (if at all) only just prior to or 
during actual failures. The real question therefore concerns the usefulness 
of vertical and horizontal movements, specifically those resulting from un­
drained shear deformations rather than consolidation. The answer depends 
to an important degree on the stress-strain characteristics of the foundation 
soil. For this purpose, the writer modified Vaughan's (1972) field brittleness 
index developed to describe differing clay embankment behavior in order to 
distinguish between clay foundations having brittle versus ductile responses. 
The revised definition for the foundation brittleness index (FBI) is 

FBI = - (18) 

where c„ = average undrained strength mobililzed along the failure surface 
at failure; and cr = the average undrained shear stress at large strains after 
failure has occurred. The value of FBI approaches unity for highly sensitive 
clays and approaches zero for insensitive soils. 

Following Vaughan's (1972) logic (but now applied to natural rather than 
compacted clays), the writer would expect the soil characteristics and re­
sultant response of foundations having limiting values of the foundation brit­
tleness index as presented in Table 7. Case histories of embankments on 
brittle clays, such as encountered in eastern Canada, show little prior warn­
ing of very abrupt failures having large displacements along well-defined 
rupture surfaces. Shear deformations during loading are small and difficult 
to measure and may not accelerate until only hours before failing [e.g., Das-
cal et al. (1972); Ladd (1972); LaRochelle et al. (1974)]. For these soils, 
measurements of settlement and horizontal displacements may not detect an 
impending failure unless made very accurately, and also with loading rates 
sufficiently slow to allow "undrained" creep deformations. 

In contrast, field instrumentation can provide clear evidence of foundation 
instability for construction on ductile soils. The overall deformation mag­
nitudes will be much larger, such that even visual observations of alignment 
stakes may detect problem areas. However, definition of failure becomes 
more nebulous as it reflects excessive deformations within a zone, rather 
than on a distinct surface, that continue with time, perhaps with the for-
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TABLE 7. Expected Soil Characteristics and Resultant Foundation Response for 
Limiting Values of Foundation Brittleness Index (FBI) 

Value of 
FBI = 

(<?„ - cr)/c„ 

(1) 

Near Unity 
(Brittle 
Behavior) 

Near Zero 
(Ductile 
Behavior) 

Undrained stress-strain 
behavior and typical 

soil type 
(2) 

• Small strain at 
failure, high 
modulus and 
pronounced postpeak 
strain softening 

• Clays of high 
sensitivity (often 
lean and/or 
cemented) 

• Large strain at 
failure, low, modulus 
and little postpeak 
strain softening 

• Organic and plastic 
clays of low 
sensitivity 

Foundation Response 
During loading 

(3) 

• Small undrained 
shear deformations 
due to high E„/c„, 
even at low FS 
having large zone of 
contained plastic 
flow 

• Little warning prior 
to well-defined 
failure 

• Large undrained 
shear deformations 
due to low E„/c„, 
especially at low FS 
having large zone of 
contained plastic 
flow 

• Ample warning 
prior to ill-defined 
failure 

During failure 
(4) 

• Very abrupt and 
large displacements 
due to large strength 
reduction along 
distinct rupture 
surface 

• Large pore pressure 
increases along 
rupture surface 

• Relatively small but 
continuing 
deformations 
occurring within 
zone rather than 
along rupture 
surface 

• Small changes in 
pore pressure 

mation of cracks and a modest scarp in the fill [e.g., Foott and Ladd (1977); 
Simons (1976)]. The remaining text discusses the use of settlement and hor­
izontal displacement data for relatively ductile foundations via a case history 
of staged construction, followed by an overview of correlations between ver­
tical and horizontal deformations. 

The case history involves the rectangular Fore River Test (FRT) section 
built on a tidal mud flat in Portland, Maine for the purpose of evaluating 
different types of vertical sand drains (Fig. 23). Ladd et al. (1969) and Si­
mon et al. (1974) summarize the properties of the soft organic silty clay (Ip 
= 33%, lL ~ 1) that had a constant initial strength [c„ = 250 psf (12 kPa)] 
and slightly decreasing preconsolidation pressure with depth. Foundation in­
stability during stage 1 construction to El. 10 over a 240-ft (73-m) square 
area led to flattening of the slopes, removal of fill to El.8, and added in­
strumentation. After installing augured, jetted, and driven sand drains within 
the central 120-ft (36.5-m) square portion of the test area, the stage 2 filling 
continued until large cracks developed along the easterly portion of FRT at 
El. 18.5. Construction then stopped after removing some fill. 

Fig. 24 plots settlement data during stage 1 filling to El. 10 and Ladd et 
al. (1969) describe the unexpected North slope failiure, which initially caused 
displacements of several feet that approximately doubled during the next two 
weeks. Although not evaluated during construction, the high settlement rates 
of the North (N) and Northeast (NE) settlement platforms (SP) relative to 
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(a) PLAN WITH SP LOCATIONS 

NORTH OFFSET ( f t ) 

FIG. 23. Stage 1 Construction of Fore River Test Section (1 ft = 0.305 m) [after 
Ladd et al. (1969)] 

the center show obvious signs of excessive undrained shear deformations 
nearly one week before the failure. The settlement behavior along the East 
and South slopes similarly indicates instability problems before the devel­
opment of noticeable cracking. Moreover, the slope flattening caused an im­
mediate reduction in settlement rates to values consistent with one-dimen­
sional consolidation. 

The aforementioned results demonstrate that settlement data can warn of 
impending failures if they reflect much larger movements, compared to or­
dinary consolidation settlements, that are caused by excessive undrained shear 
deformations within the foundation. This condition, besides requiring ductile 
soil behavior, is highly dependent on the geometry of the problem and the 
relative magnitude of the consolidation settlements. For example, settlement 
data during the FRT stage 2 filling did not show evidence of foundation 
distress (Ladd et al. 1969), which is probably typical for embankments hav­
ing wide stability berms. Foundations with vertical drains also tend to negate 
monitoring based only on settlement data since fast rates of consolidation 
settlement mask vertical movements caused by undrained shear deforma­
tions. 

Measurements of horizontal displacements generally show the clearest evi­
dence of foundation instability since they directiy reflect deformations caused 
by undrained shear and are less affected by consolidation than settlement 
data. Fig. 25 summarizes horizontal displacements (h) measured for the East 
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slope of FRT during stage 2 filling. After reaching E l . 18.5 at construction 
day 221, the slope inclinometer sheared off on CD230 and fill was removed 
on CD235 after large cracks appeared. The plots of h versus fill elevation 
for the inclinometer and the alignment stakes both show significant changes 
in shape near E l . 17 having a computed FS(USA) about 10% higher than at 
maximum grade. The displacement rates at constant load also increased sig­
nificantly due to undrained creep, providing further evidence of very mar­
ginal stability some two weeks before cracks appeared in the fill. 

As part of the aforementioned observational method, one should make 
predictions of undrained shear deformations, both to help select appropriate 
field instrumentation and for comparisons during construction monitoring. 
As an example, for the inclinometer in Fig. 25 one would want to predict 
overall displacement magnitudes, the shape of h versus depth (e.g., the ef­
fects of weaker zones and local yielding), and expected changes in h versus 
fill elevation for varying degrees of foundation consolidation and hence over­
all stability. The results in Fig. 25 show that finite element analyses can 
make reasonable predictions, in this case via FEECON, which considers ini­
tial shear stress and undrained strength anisotropy and used a bilinear stress-
strain curve (Simon et al. 1974). However, even this type CI analysis (Lambe 
1973) had problems due to uncertainties in K0, strength, and modulus 
throughout the foundation soils. FEECON also cannot account for undrained 
creep and strain softening or for increases in strength, stiffness, etc., from 
consolidation during loading periods. Very sophisticated "generalized soil 
models" are required to predict the effects of these important, but complex, 
aspects of soil behavior. In the meantime, the writer suggests: 

• As a minimum, elastic analyses to predict general magnitudes of undrained 
horizontal displacements, but realizing that Ejcu can vary from less than 
200 to over 2,000 with soil type and stress level (Foott and Ladd 1981). 

• For major projects, nonlinear finite element analyses that consider the ef­
fects of initial shear stress and undrained strength anisotropy [e.g., Simon 
et al. (1974)]. 

Tavenas et al. (1979) demonstrate that correlations between horizontal dis­
placements and vertical settlements can provide useful insight regarding the 
relative importance of undrained versus drained deformations within em­
bankment foundations. For 21 case histories involving simple loading ge­
ometries (see sketch in Fig. 26), they analyzed the relationship between the 
maximum horizontal displacement (hm) measured by inclinometers at the toe 
of the fill and the maximum (circa centerline) settlement (s). In particular, 
they evaluated changes in the hm versus s slope observed during and after 
construction and the shape of the horizontal displacement versus depth curves 
(h versus z) to arrive at several important conclusions. For convenience, the 
hm versus s slope will be called the deformation ratio, DR. = dhm/ds. 

The following summarizes principal conclusions from Tavenas et al. (1979). 
During single stage construction of about 15 embankments without vertical 
drains on overconsolidated deposits: 

1. Significant drainage during initial loading (due to high OC cv values) causes 
horizontal displacements much less than predicted from undrained analyses; re­
sultant DR = dhjds = 0.18 ± 0.09 SD. 
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and Maximum Settlement for First-Stage Embankment Construction 

2. Then a relatively abrupt increase in horizontal displacements occurs when 
a significant zone of the foundation becomes "normally consolidated," such that 
undrained shear deformations now dominate behavior; DR = 0.9 ± 0.2 during 
this phase. 

3. The maximum displacement of the h versus z curve more or less coincides 
with the location of the minimum undrained strength within the foundation. 

During subsequent consolidation over several years for 12 embankments having 
B/D ranging from 0.9 to almost 10: 

1. The maximum horizontal displacement continues to increase linearly with 
settlement; DR = 0.16 ± 0.07 and can be affected by small changes in slope 
geometry. 

2. The h versus z shape remains approximately constant, unless the thickness 
of normally consolidated soil increases with time. 

This behavior has produced long-term lateral displacements several times 
larger than measured at the end of construction. Although the mechanisms 
causing this phenomenon are unclear, the writer feels that continued shear 
distortions due to (or similar to) undrained creep may be an important factor. 

Since staged construction often employs vertical drains to accelerate the 
rate of strength gain from consolidation, their possible effect on hm versus 
s correlations is of interest. The schematic relationships presented in Fig. 26 
attempt to do this for an overconsolidated ductile foundation based on the 
Palavas site in Tavenas et al. (1979), the writer's analysis of several wick 
drain projects, and considerable judgment. Case A represents construction 
without drains having the essential features described by Tavenas et al. (1979), 
i.e., partially drained and then undrained behavior during filling, followed 
by consolidation having a deformation ratio (DR) of 0.15. Case B has an 
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identical loading history, but the vertical drains now cause significant drain­
age throughout filling (much larger s and slightly smaller hm at the end of 
construction). More rapid consolidation also reduces DR after loading due 
to smaller effects of "undrained" creep. Case C places more fill in less time, 
resulting in a much larger DR = 0.4 during filling (an approximate upper 
limit for stable foundations with vertical drains reviewed by the writer); and 
also a larger ratio during consolidation due to higher rates of creep. 

It should be emphasized that significant deviations from the schematic 
results in Fig. 26 can be expected since they are based on rather limited field 
evidence for simple loading geometries, and the processes governing com­
bined consolidation and creep behavior are poorly understood, especially within 
foundations having large zones of contained plastic flow. Therefore, one 
cannot now predict the effects on h„, versus s relationships of changes in 
geometry (especially with berms), brittle versus ductile foundations, second 
versus first stage loadings, etc. Nevertheless, plots like Fig. 26 may still 
prove useful. 

In conclusion, interpretation of field deformation data to warn of foun­
dation instability requires considerable experience and judgement and the use 
of different plots depending upon the particular problem. Besides maintain­
ing detailed records of time versus fill height (H), settlement (s), and hor­
izontal displacement (h), the writer suggests plotting the following for mon­
itoring foundation stability: 

1. Periodic h versus depth to detect weaker zones and to locate the maximum 
value (hm). 

2. j and hm versus H, with hm generally providing much clearer evidence of 
potential problems. 

3. hm versus J to help detect partially drained versus undrained response and 
for comparison with prior behavior. 

4. During periods at constant load (highly recommended whenever stability 
becomes critical), evaluation of changes in dh,„/ds and dhm/dt as a function of 
H and time. Since dhm/dt should gradually decrease with time if controlled by 
consolidation, an increasing rate may imply excessive undrained shear defor­
mations and impending failure. 

8. SUMMARY AND CONCLUSIONS 

Staged construction uses controlled rates of loading to enable soil strength­
ening via consolidation in order to increase the foundation stability of dams, 
embankments, landfills, and tanks founded on soft cohesive soils. It is also 
used for the operation of many tailings waste storage dams. This paper treats 
the controversial issue of what type of stability analysis to use for the design 
of staged construction projects and to check stability during actual construc­
tion. Stability evaluations to assess the safety of existing structures also face 
the same issue. 

Classification of Stability Problems 
The factor of safety (FS) obtained from limiting equilibrium stability anal­

yses is commonly defined as 

Available shear strength of the soil 
FS = (19) 
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where T,„ = the mobilized shear stress required for equilibrium. Since Tm 

remains constant for a given failure surface, the selected type of stability 
analysis should use (or compute) a shear strength consistent with the most 
likely drainage conditions during a potential failure. The paper recommends 
the following classification system, which is analogous to the three basic 
types of laboratory shear tests. 

1. UU case (replaces "undrained," "short-term," etc.): 
• No consolidation of soil with respect to the applied stresses and un­

drained failure. 
• FS = C„/T„, where cu is the initial in situ undrained strength prior to 

construction. 
2. CD case (replaces "drained," "long-term"): 

• Full consolidation of soil with respect to the applied stresses and drained 
failure with zero shear induced pore pressures. 

• FS = sd/-rm, where sd is the available drained strength at the in situ 
effective stresses = c' + a'ff tan 4>'. 

3. CU case (replaces "partially drained," "intermediate"): 
• Partial or full consolidation of soil with respect to the applied stresses 

and undrained failure. 
• FS = c„/Tm> where c„ is the new undrained strength corresponding to 

the current in situ consolidation stress history. 

Note that the UU and CD cases represent limiting conditions to the more 
general CU case. 

Since staged construction produces positive excess pore pressures and since 
actual failures of cohesive soils usually occur without significant dissipation 
of shear induced pore pressures, stability evaluations should select the CU 
case as representing the most critical and realistic condition. The selected 
type of stability analysis therefore should compute the factor of safety against 
an undrained failure. 

Stability Analyses for Staged Construction 
Current practice commonly uses a method of slices (with either predicted 

or measured pore pressures) to compute factors of safety by one of the fol­
lowing two types of analysis. 

1. A conventional effective stress analysis (ESA) that: 
• Treats the in situ effective stresses as equal to the effective stresses that 

will act on a potential failure surface at failure. 
• Computes sd = c' + a'B tan if'. 
• Defines FS(ESA) = sd/tm = tan cf>'/tan <j>m-
• Therefore inherently assumes a drained failure corresponding to the CD 

case. 
• Would be better described as a drained strength analysis. 

2. A so-called undrained strength analysis (USA) that: 
• Treats the in situ effective stresses as equal to consolidation stresses. 
• Uses these consolidation stresses to compute the available undrained 

strength within the foundation. 
• Defines FS(USA) = cjtm. 
• Therefore inherently assumes an undrained failure corresponding to the 

CU case. 
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Section 3 presents a conceptual comparison of ESA and USA factors of 
safety (Fig. 3) and detailed results from three case histories (Table 3 and 
Figs. 4-11), which show FS(ESA)/FS(USA) ratios of about two. Although 
the undrained strength analyses (USA) involved simplifying assumptions that 
tend to err on the safe side, the writer concludes that conventional effective 
stress analyses (ESA) based on realistic strength parameters (c' and <))') and 
measured pore pressures can give highly misleading and unsafe estimates of 
actual factors of safety for staged construction. This results from the inherent 
ESA assumption of a drained, rather than an undrained, failure. Janbu's 
"undrained effective stress" approach to stability analyses has the same in­
herent problem (Section 6.3). 

Methodology for Undrained Strength Analyses 
Undrained strength analyses (USA) require estimates of the initial in situ 

undrained shear strength (c„) of the cohesive foundation soils and subsequent 
increases in c„ during staged construction. The recommended approach for 
doing this evolved during the past 20 years from the important recognition 
of the close correlation between the in situ undrained strength ratio {cu/v'vc) 
and the overconsolidation ratio (OCR = o-p/o4) of cohesive soils and with 
the development of new laboratory strength testing procedures. The latter 
use KQ consolidated-undrained (CK0U) tests to minimize the adverse effects 
of sample disturbance and to evaluate stress-strain-strength anisotropy. 

The recommended approach has four basic components: 

1. Establish the initial stress history of the deposit (profiles of <J'V0 and v'p), 
which requires high-quality laboratory oedometer tests, supplemented by in situ 
testing to help assess spatial variability. 

2. Establish changes in the vertical stress history during staged construction 
via consolidation analyses for design and piezometers during construction. 

3. Develop C„I<J'VC versus OCR relationships for the foundation soils as de­
scribed herein. 

4. Use these relationships and the stress history profiles from the first and 
second components to compute cu values for USA. 

There are three levels of sophistication to obtain CU/<J'VC versus OCR rela­
tionships: 

• Level A—CK0U compression, direct simple shear, and extension tests us­
ing either the Recompression (Bjerrum 1973) or the SHANSEP (Ladd and 
Foott 1974) reconsolidation technique and treated for strain compatibility 
(Section 4.9). This level enables anisotropic stability analyses, i.e., with 
CiJo'vc varying with inclination of the failure surface. 

• Level B—CKQU direct simple shear tests using SHANSEP. 
• Level C—Use cja'vc = 5(OCR)'", with values of S and m obtained from 

correlations presented in Section 5.3. For example, S = 0.22 ± 0.03 for 
homogeneous sedimentary clays plotting above Casagrande's A-line: S = 
0.25 ± 0.05 for silts and organic clays plotting below the A-line; and m 
= 0.88(1 - Cs/Cc), where Cs and Cc equal the slope of the swelling and 
virgin compression lines, respectively. 

The recommended USA methodology simplifies the real problem by only 
considering changes in vertical consolidation stress (CT^) and by using cu/(y'vc 
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ratios obtained from CK0U test data. The resultant errors, which should be 
on the safe side, can be reduced by the special direct simple shear testing 
described in Section 4.11. 

The recommended USA methodology differs significantly from that de­
veloped for staged construction by Arthur Casagrande in the 1940s. This so 
called QRS approach uses UU and CIU triaxial compression test data in an 
empirical manner such that its accuracy depends on compensating errors that 
are difficult to quantify (Section 6.2). 

Monitoring Field Performance 
Section 7 summarizes the advantages of using the observational method 

(Peck 1969) during staged construction and recommendations for successful 
field instrumentation. It suggests new techniques for backcalculating field ch 
values for projects with vertical drains and describes how brittle versus duc­
tile stress-strain characteristics of the foundation soil affect the use of field 
instrumentation to warn of impending failures. Correlations between hori­
zontal displacements and vertical settlements can be used to evaluate the 
relative importance of undrained versus drained deformations within em­
bankment foundations. 

Research Needs 
Current capabilities for assessing foundation stability make simplifying as­

sumptions and entail an artificial separation of stress distribution-consoli­
dation analyses on the one hand and limiting equilibrium analyses on the 
other. The availability of a realistic generalized soil model for use in nu­
merical analyses would provide a more rational approach. Such analyses 
could also clarify the effects of partial drainage during loading and of con­
tained plastic flow during consolidation on pore pressures and deformations 
within clay foundations. While constitutive relationships capable of model­
ing soil behavioral features such as anisotropy and strain softening have re­
cently been developed, other important aspects such as "rate effects" are 
still poorly understood. 
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11. APPENDIX II. NOTATION 

The following symbols are used in this paper: 
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(°"2 - 0-3)/(CT, - CT3); 

compression; 
consolidated-drained; 
isotropically consolidated-undrained shear test; 
isotropically consolidated-undrained TC test; 
K0 consolidated-undrained shear test; 
consolidated-undrained; 
cohesion intercept in terms of effective stress; 
coefficient of consolidation for horizontal drainage; 
undrained shear strength; 
coefficient of consolidation for vertical drainage; 
direct simple shear; 
extension; 
undrained Young's modulus; 
effective stress analysis; 
horizontal displacement; 
liquidity index; 
plasticity index; 
ratio of horizontal to vertical consolidation stress; 
coefficient of earth pressure at rest; 
strength rebound exponent; 
plane-strain compression; 
plane-strain extension; 
Casagrande's notation for UU, CU, and CD shear tests; 
0.5(a„ — crh) or 0.5(0"! — a3); 
q at failure; 
undrained strength ratio at OCR = 1; 
sensitivity = su (undisturbed)/su (remolded); 
standard deviation; 
vertical settlement; 
drained shear strength; 
undrained shear strength from UU-type tests; 
triaxial compression; 
triaxial extension; 
total stress analysis; 
average degree of consolidation; 
undrained strength analysis; 
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unconsolidated-undrained; 
UU triaxial compression test; 
pore (water) pressure; 
excess pore pressure; 
shear induced pore pressure; 
liquid limit; 
natural water content; 
plastic limit; 
angle between direction of (xv and vertical; 
shear strain; 
shear strain at failure; 
total unit weight; 
field vane correction factor; 
isotropic consolidation stress; 
consolidation stress on failure plane; 
effective stress on failure plane at failure; 
horizontal effective stress; 
horizontal consolidation stress; 
effective normal stress; 
preconsolidation pressure; 
vertical effective stress; 
vertical consolidation stress; 
in situ initial vertical effective stress; 
major, intermediate, minor principal stresses; 
major principal stress at failure; 
shear stress; 
1/3 X (Tc + Td + T„); 

T for shear in compression; 
T for shear along horizontal failure surface; 
T for shear in extension; 
T on failure plane at failure; 
horizontal T or T in DSS test; 
horizontal T at consolidation; 
mobilized shear stress required for equilibrium; 
friction angle in terms of total stresses; 
cj> from CIUC tests plotted as per Fig. 2; 
friction angle in terms of effective stresses; and 
mobilized value of <j>'. 

615 



 

\\madison-vfp\Records\-\WPMSN\PJT2\430226\0000\L4302260000-002.docx 

Attachment 8 

Additional Information - Response to Comments 
August 18, 2021 



\\madison-vfp\Records\-\WPMSN\PJT2\430226\0000\Z4302260000-001_Att 8.docx 1 

Additional Information 
Response to Comments – August 18, 2021 

Comment: 

TRC has reviewed CTI’s response to comments and the provided paper.  CTI’s response clarifies why 
the undrained soil parameters were used in the drained condition analyses in Attachment B-1 Slope 
Stability scenarios 8 through 11.  CTI states that undrained shear strength parameters used in the 
analyses are lower than shear strength values under drained conditions.  TRC concurs with using the 
more conservative strength parameters to model the stability of the proposed landfill, and requests that 
CTI provide the strength envelopes comparing the undrained and drained strengths for the upper clay, 
middle clay, and lower clay soils referenced in the stability analyses. 

Response: 

The following figures present the requested information.  Additionally, CTI offers the following context to 
aid in the interpretation of test data and the corresponding strength parameters used in design: 

• The depositional environment at WDI is coarse-grained lacustrine deposits that formed at the 
delta of a glacial outwash watercourse (see Figure 1).  Accordingly, the occurrence and 
properties of the clay layers present at the site vary significantly from place to place across the 
site.  The generalized soil profile that has been used historically at the site to analyze the 
stability of MC VI-F Cells therefore conservatively assigns strength parameters from a subset of 
lower strength values assessed from soil borings within and near MC VI-F. 

 

Figure 1.  Map of Quaternary Geology at WDI and surrounding area.  Source: 
http://www.deq.state.mi.us/geowebface/#. 

• Slope stability analyses presented in support of previous permit applications made use of a 
generalized soil profile that distinguished between upper, middle, and lower clay layers.  The 
basis for this discretization of the soil profile was a series of unconfined compressive strength 

http://www.deq.state.mi.us/geowebface/
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tests and hand penetrometer tests used historically to quantify the in-situ soil consistency.  CTI 
has chosen to continue using this generalized profile.  Additionally, CTI performed soil borings 
in winter 2020-2021 to obtain additional samples for laboratory strength testing.  As part of this 
sampling activity, new hand penetrometer measurements were taken.  The resulting undrained 
shear strength profile, aggregated over the entire WDI footprint, is presented in Figure 2.  
Figure 2 also shows the generalized soil profile for comparison. 

 

Figure 2.  Plot of Undrained Shear Strength Values Estimated from Hand Penetrometer Testing and 
Consolidated-Undrained Triaxial Testing on Samples from 2020-2021 Soil Borings. 

• Previous analyses of the lower soft clay used a undrained shear strength-to-effective vertical 
stress ratio (su/σ’v) of 0.22 to analyze the stability of the lower clay under different overburden 
stresses.  A ratio of 0.22 was selected from literature values recommending this value for clays 
with the same Liquid Limit as that measured for clays at WDI.  CTI has conservatively continued 
using this value of su/σ’v.  However, recent strength testing, as discussed below, suggests that a 
higher value may be more representative of the soils on site. 
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• Consolidated-Undrained Triaxial tests (TX-CU) were performed on Shelby tube samples 
recovered during the 2020-2021 soil borings.  The confining stresses applied during these tests 
varied over a range of values that represented both pre-construction conditions as well as the 
vertical overburden pressures anticipated during the life of the site.  To allow a direct 
comparison of shear strength values obtained from the lab to those representative of the state 
of stress in the ground, the laboratory TX-CU effective confining stresses were converted to an 
equivalent vertical effective stress using K0 = 0.5, corresponding to a saturated clay.  Figure 3 
plots the values of shear strength obtained in the TX-CU tests vs. the corresponding vertical 
effective stress values.  Also plotted in Figure 3 are the strength envelopes used for stability 
analyses of the upper, middle, and lower clay layers assigned from the generalized soil profile. 

 

Figure 3.  Comparison of Soil Shear Strength Parameters Used for Slope Stability Analysis with Strength 
Envelopes Obtained from Consolidated-Undrained Triaxial (TX-CU) Testing on Samples from 2020-2021 
Soil Borings.  Dots indicate individual values of undrained shear strength from TX-CU tests, plotted vs. σ’v 
prior to shear.  Dashed lines indicate undrained shear strength ratios (0.22 used for analysis, 0.33 
suggested by recent testing).  Solid Lines show the drained strength envelopes obtained from the same 
TX-CU tests (shear strength vs. effective stress at failure).  Red arrows show constant values of 
undrained shear strength used for analysis of upper and middle clay layers.  
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