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Section 1.   Introduction 

The feasibility study for Parcel E-2 at Hunters Point Shipyard examines closure of the Landfill.  The 
remedial alternatives involving a final landfill cap include conceptual plans to place a cap having a toe 
berm along the southern perimeter of the Landfill.  The berm is required to stabilize the final cap on 
relatively steep slopes near the toe of the southern perimeter.  An access road would be provided on top of 
this berm.  Because the outboard slope of this berm faces San Francisco Bay, stone riprap on the outboard 
slope is required to protect the berm from wave action.  

The report entitled Final Parcel E Nonstandard Data Gaps Investigation, Landfill Liquefaction Potential 
shows that the potential exists for liquefaction of the sand and silt fill materials underlying the Landfill 
perimeter during a maximum probable earthquake (MPE) event (Tetra Tech EM, Inc. [TtEMI] and 
Innovative Technology Solutions, Inc. [ITSI] 2004).  A review of the existing test boring and cone 
penetration test (CPT) logs shows that the proposed toe berm would be underlain by such fill materials.  
Liquefaction of soils underlying the proposed toe berm could impact slope stability of the toe berm, 
which in turn could impact the adjacent landfill cap; therefore, both static and seismic slope stability 
analyses were performed for the toe berm. 

This appendix discusses the computer program used for slope stability analysis (Section 2.0), the 
evaluation methodology (Section 3.0), the slope cross-section analysis (Section 4.0), the initial slope 
stability analysis (Section 5.0), the revised slope stability analysis (Section 6.0), and conclusions and 
recommendations (Section 7.0).  References used to prepare this appendix are listed after Section 7.0.  
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Section 2.   Computer Program 

Slope stability was analyzed using the computer program GSTABL7© (Version 2.0) developed by 
Gregory Geotechnical Software (2001) with the user interface program STEDwin© 

(Version 3.56) 
developed by Annapolis Engineering Software.  GSTABL7© is an improved version of the original 
STABL computer program developed at Purdue University in 1988. 
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Section 3.   Evaluation Methodology 

GSTABL7© performs two-dimensional limit equilibrium analysis using the method of slices to compute 
factors of safety against slope instability based on any of the following four analysis procedures:  

 Modified Bishop method for circular failure surfaces (this method satisfies only moment 
equilibrium). 

 Simplified Janbu method for circular, random, or sliding block failure surfaces (this method 
satisfies only force equilibrium). 

 Spencer method for circular, random, or sliding block failure surfaces (this method satisfies both 
force and moment equilibrium). 

 Morgenstern-Price method for circular, random, or sliding block failure surfaces (this method 
also satisfies both force and moment equilibrium). 

Because they satisfy both force and moment equilibrium, the factors of safety computed from the Spencer 
and the Morgenstern-Price methods were considered more accurate than those obtained from the other 
two methods; however, the factors of safety computed using the modified Bishop method for circular 
failure surfaces are very close to those computed using the Spencer and Morgenstern-Price methods.  The 
simplified Janbu method often yielded conservative factors of safety.  

Slope stability was evaluated using the Spencer method for sliding block failure surfaces (with the active 
and passive wedges generated according to the Rankine theory) and using the Bishop method for circular 
failure surfaces.  
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Section 4.   Slope Cross-Section Analysis 

A typical cross-section along the proposed toe berm was analyzed for slope stability.  The approximate 
location of the cross-section is shown in Attachment 1 to this appendix.  

The subsurface conditions under the cross section were determined based on: 1) logs for test boring S-03 
and cone penetration test CPT-16 and 2) Figures 7 and 8 for cross sections A-A’ and B-B’ as presented in 
the landfill liquefaction potential report (TtEMI and ITSI, 2004; Appendix D to the main report).  The 
subsurface information was verified using the Bay Mud thickness map (Figure 3-3a) and top of Bay Mud 
elevation contour map (Figure 3-3b) in the revised final Phase III Parcel E groundwater summary report 
(TtEMI, 2004).  

Attachment 1 presents the slope stability cross section used.  Based on this cross section, the toe berm is 
likely to be underlain by approximately 15 feet of potentially liquefiable sand or silt fill. No subsurface 
information is available for areas beyond the shoreline; therefore, it is assumed that top of the Bay Mud is 
at an elevation of -10 feet below the bay.  Based on cross sections A-A’ and B-B’, it appears that the Bay 
Mud underlies waste materials within the interior portions of the Landfill.  
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Section 5.   Initial Slope Stability Analysis 

The initial slope stability analysis assumes that the slope would not require reinforcement with a 
geotextile fabric. The analysis involved static and pseudo-static analysis of a typical cross section of the 
slope during conditions with and without soil liquefaction as discussed below. 

5.1. INITIAL STATIC ANALYSIS WITHOUT SOIL LIQUEFACTION 

The initial static slope stability analysis was performed using an effective friction angle of 32 degrees for 
the sand and silt fill underlying the proposed toe berm.  This analysis yielded a factor of safety of 1.78 for 
circular failure surfaces.  This factor of safety is acceptable because it is greater than the generally 
accepted minimum value of 1.5.  Attachment 2 presents the results of the initial static slope stability 
analysis.  

5.2. INITIAL PSEUDO-STATIC ANALYSIS WITHOUT SOIL LIQUEFACTION 

The purpose of this analysis is to determine the potential for permanent displacement of the toe berm 
during the MPE, assuming no liquefaction of the subgrade.  First, a pseudo-static slope stability analysis 
was performed to determine the yield acceleration value.  The yield acceleration value is the equivalent 
horizontal acceleration within the potential failure surface that results in a factor of safety of 1.  Based on 
a rule-of-thumb noted in the RCRA Subtitle D (258) Seismic Design Guidance for Municipal Solid Waste 
Landfill Facilities, if the yield acceleration is less than half of the peak horizontal bedrock acceleration 
(PHBA) value, the permanent displacement is likely to exceed 1 foot (U.S. Environmental Protection 
Agency [EPA], 1995).  

Attachment 3 presents the results of the initial pseudo-static analysis.  The analysis shows a yield 
acceleration of 0.18 gravity (g) for the cross section analyzed.  The landfill liquefaction potential report 
states that Parcel E is likely to experience a PHBA of 0.45 during the MPE event (TtEMI and 
ITSI, 2004); therefore, the yield acceleration value is less than half of the PHBA value, suggesting that 
the toe berm slope could experience a permanent displacement of greater than 1 foot during the MPE.  A 
revised pseudo-static analysis that shows a permanent displacement of less than 1 foot is discussed in 
Section 4.0 below.  

5.3. INITIAL STATIC ANALYSIS WITH SOIL LIQUEFACTION 

Based on the landfill liquefaction potential report (TtEMI and ITSI, 2004), it was assumed that the entire 
sand or silt fill material underlying the southern perimeter of the Landfill would liquefy under the MPE.  



Section Q1  Introduction 
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Such liquefaction would impact the slope stability of the proposed toe berm, which in turn could impact 
slope stability of the Landfill and adjacent final cap; therefore, a slope stability analysis was performed 
for the toe berm based on residual shear strength within the sand and silt fill resulting from liquefaction.  

According to the EPA guidance (EPA, 1995), a static slope stability analysis is appropriate for a post-
liquefaction seismic analysis.  In such an analysis, the seismic coefficient is set equal to zero (to indicate 
the absence of earthquake loading).  The reason for this approach is that it takes several cycles of 
earthquake loading for liquefaction to mobilize, and by the time liquefaction is fully mobilized, the 
earthquake loading would be negligible.  This seismic design document also states that a safety factor 
of 1.1 may be considered acceptable for post-liquefaction conditions.   

The following subsections discuss the residual shear strength of liquefied soil and the results of the initial 
static analysis with soil liquefaction.  

5.3.1. Residual Shear Strength of Liquefied Soil 

The residual shear strength assigned to the liquefied sand and silt is the key parameter in determining 
slope stability under post-liquefaction conditions.  The Seed and Harder (1990) chart based on empirical 
data has been widely used to estimate the residual shear strength of liquefied soils. This chart directly 
correlates undrained residual shear strength (Su, r) of the liquefied soil to the equivalent sand blow count 
(N1)60-CS values. It should be noted that this chart does not account for strength variation resulting from 
varying confining stress.  A Stark and Mesri (1992) chart correlates Su, r to both the initial vertical stress 
and (N1)60-CS.  More recently, Seed and others (2001) have suggested that a weighted average of the Su, r 
values from both the above charts should be used, with the weighting based on fines content.  

5.3.2. Results of Initial Static Analysis with Soil Liquefaction  

The initial slope stability analysis discussed above was performed using both a weighted Su, r value based 
on Seed and others (2001) and also using the Su, r value estimated solely from the Stark and Mesri (1992) 
chart.  Attachment 4 presents the residual shear strength calculations for both values.  

The initial slope stability analysis based on the weighted average (weighted 2:1 in favor of Seed and 
Harder 1990) yielded a safety factor of 1.87, which is greater than the static safety factor; therefore, the 
Su,,r values based on the weighted average are likely to be unrealistic because the Seed and Harder (1990) 
chart uses a uniform Su,r value with depth, which may be unconservative (in spite of the averaging) for 
shallow failure surfaces similar to the one analyzed here. The analysis was therefore repeated using the 
Su, r values estimated based solely on Stark and Mesri (1992) chart.  In this analysis, the Su, r value was 
varied linearly with depth using the “nonlinear undrained shear strength” option in the GSTABL7© 

computer program.  The analysis yielded a safety factor of 0.84, which is less than the 
EPA-recommended value of 1.1.  Attachment 5 presents the slope stability analysis results.  
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Section 6.   Revised Slope Stability Analysis 

To improve the safety factor against slope failure of the proposed toe berm under post-liquefaction 
conditions, it is proposed that a layer of high tensile-strength geogrid be placed under the toe berm.  The 
following analysis accounts for slope reinforcement with a geogrid.  

6.1. REVISED STATIC ANALYSIS WITH SOIL LIQUEFACTION 

After an iterative analysis, it was determined that a Tensar UX1500HS or equivalent geogrid with a 
long-term design tensile strength of 3,100 pounds per foot would be required to increase the safety factor 
to 1.1.  It should be noted that this safety factor is likely to be conservative because of the use of Su, r 
values estimated based on the Stark and Mesri (1992) chart.  Attachment 6 presents the final results of the 
iterative slope stability analysis and shows the proposed location of the geogrid reinforcement.  

6.2. REVISED STATIC AND PSEUDO-STATIC ANALYSIS WITHOUT SOIL 
LIQUEFACTION 

To account for the inclusion of the geogrid reinforcement discussed above, the initial static and pseudo-
static slope stability analyses discussed in Sections 5.1 and 5.2 were revised.  Attachment 7 presents the 
results of the revised analyses.  The revised static slope stability analysis resulted in a safety factor 
of 2.33. The revised pseudo-static slope stability analysis shows that the yield acceleration increased 
to 0.25 g with the use of the geogrid reinforcement.  Because 0.25 g is greater than half of the PHBA 
value of 0.45 g, the permanent displacement is estimated to be less than 1 foot.  
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Section 7.   Conclusions and Recommendations 

The results of the slope stability analyses presented herein show that a geogrid layer (Tensar UX1500HS 
or equivalent) with a long-term design tensile strength of 3,100 pounds per foot should be placed below 
the proposed toe berm to achieve an adequate safety factor against slope failure if the sand and silt fill 
were to fully liquefy during the MPE.  The pseudo-static slope stability analysis shows that this geogrid 
would also help limit the seismically induced permanent displacement to less than 1 foot under 
non-liquefaction conditions.  
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Attachment 1. Slope Stability Cross Section 
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Attachment 2. Results of Initial Static Slope Stability 













 

 

P:\2005_Projects\25-049_Navy_HPS_E-2_RI-FS\B_originals\RI_FS\01Draft\Appendicies\AppendixO_Slope-Stability\Appendix O_Qualitative Slope 
Stability Evaluation_040706.doc 

 

Attachment 3. Results of Initial Pseudo-Static Slope 
 Stability Analysis 
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Attachment 4. Estimates of Residual Shear Strength 
 of Liquefaction Soil 
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Attachment 5. Results of Post-Liquefaction Slope 
 Stability Analysis (Without Geogrid 
 Reinforcement) 
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Attachment 6. Results of Revised Post-Liquefaction 
 Slope Stability Analysis (With 
 Geogrid Reinforcement) 
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Attachment 7. Results of Revised Static and 
Pseudo-Static Slope Stability 
Analyses 
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