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TECHNICAL  MEMORANDUM 
 
Golder Associates Inc. 
4730 North Oracle Road, Suite 210 Telephone:  520-888-8818 
Tucson, Arizona, USA  85705 Fax Access:  520-888-8817 

 
TO: Greg Schoen – Phelps Dodge Tyrone, Inc. DATE: May 4, 2006

FROM: Tom Wythes, P.E., R.G. and Eugene Muller, 
P.E. - Golder Associates Inc. 

OUR REF.: 053-2550

RE: TYRONE RECLAMATION 
NO. 1C STOCKPILE AND 7A WASTE STABILITY ANALYSIS  

 
1.0 INTRODUCTION 

Golder Associates Inc. (Golder) is performing slope stability studies of waste rock and 
leached ore stockpiles at Phelps Dodge Tyrone, Inc.’s (PDTI) Tyrone Mine to address the 
supplemental stability analysis requirements of Condition 78 of the New Mexico 
Environment Department’s Discharge Permit (DP)-1341.  PDTI is currently conducting 
regrading and reclamation of ore and waste stockpiles in the Oak Grove Gulch Area.  These 
facilities include portions of the 1C Ore Stockpile and the 7A East, 7A West, and 7A Far 
West Waste Rock Stockpiles.    

This technical memorandum provides the results of stability analyses for the 
post-reclamation configurations of all stockpiles adjoining Oak Grove Gulch (Figure 1).  At 
the 1C Stockpile, regrading included removal (re-mining) of leached ore previously placed 
over alluvium in Oak Grove Gulch.  The toe of the stockpile has been moved northward, out 
of the drainage, 300 to 400 feet.  The height of the stockpile has been reduced 200 feet, and 
more locally.  An overall slope of 3.5 horizontal to 1 vertical (H:V) is planned during final 
grading, and the surface will be reclaimed with ridge and valley erosion control features and 
a cover system. 

The 7A East and West Waste Rock Stockpiles have been regraded to approximately 3.5H:1V 
with erosion control benches in preparation for cover placement.  As shown on Figure 2, 
regrading resulted in minor movement of the slope crests and toes, but no significant outward 
movement of the waste rock into Oak Grove Gulch. 

The 7A Far West Waste Rock Stockpile has been regraded to an overall slope of 
approximately 3.5H:1V.  The facility was regraded by cutting at the crest and advancing the 
toe outward over granitic bedrock as shown on Figure 2.    
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2.0 OBJECTIVE 

The purpose of this technical memorandum is to document foundation conditions and 
evaluate the stability of the reclaimed configuration of the No. 1C Stockpile and the 7A East, 
7A West, and 7A Far West Waste Rock Stockpiles.  The following conditions were 
considered:  

• the potential impact of long-term weathering and decrepitation of the 
leached ore and waste rock, and the resulting loss of strength; and  

• the potential impact of weathering and decrepitation of the bedrock 
foundation interface beneath leached ore and waste rock piles, and the 
resulting loss of shear strength. 

 
Previously completed stability analyses for the No. 1 Stockpile at Tyrone (Golder, 2006b) 
included an analysis of liquefaction potential in Brick Kiln Gulch.  This analysis was 
performed because regrading the No. 1 Stockpile will result in some encroachment of 
leached ore over recent alluvium (Qal) in the natural drainage.  In the 1C Stockpile Area, 
most of ore placed over Qal has been removed, and Qal in the foundation area adjacent to 
Oak Grove Gulch is limited to small local tributary drainages.  These areas were previously 
buried by a greater depth of 1C Stockpile ore and have been pre-consolidated under 
overburden pressures of approximately 13 tons per square foot.  Therefore, the alluvium in 
the local tributary drainages adjacent to the 1C Stockpile has been pre-consolidated under 
high surcharge loads and exists in a state of high relative density.  While dense soils can 
liquefy when subjected to cyclic shear stresses, the potential for liquefaction is reduced 
relative to loose soils (Kramer, 1996).  Liquefaction potential analyses have been completed 
for a localized area of the 7A East Stockpile where Qal occurs and has not been subjected to 
pre-consolidation pressures. 

These stability analyses focus on the stockpile and waste rock pile outslopes into Oak Grove 
Gulch where PDTI’s current reclamation activities are occurring.  Internal waste rock and 
leached ore slopes near the open pits and the external slopes along the east, west, and north 
sides of the Tyrone property have not been evaluated yet.  These areas will be addressed at a 
later date when a long-term plan for reclamation of these sites has been developed. 

3.0 METHOD 

Golder performed stability evaluations using a two-dimensional, limit equilibrium analysis 
using the computer program SLIDE (Rocscience, 2000) with application of Bishop’s Method 
of Slices (Bishop, 1955) applying effective stress parameters.   
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The long-term effects of weathering and decrepitation on the strength of waste rock and 
leached ore at the Tyrone Mine are currently under investigation.  EnviroGroup (2005a and 
2005b) has completed supplemental materials characterization of the leached ore and waste 
rock stockpiles at the Tyrone Mine in fulfillment of the requirements of Condition 80 of 
DP-1341.  The EnviroGroup studies supplement previous material characterization studies by 
Greystone and Daniel B. Stephens & Associates, Inc., which are referenced in EnviroGroup 
(2005a and 2005b).  The EnviroGroup (2005a and 2005b) study was completed in part to 
support assessments of the long-term impacts of weathering and decrepitation of the 
stockpile materials.  The results of the material characterization studies indicate that sulfide 
oxidation is occurring in the stockpiles, but at generally low rates due to the low sulfide 
concentrations.  There is a weak correlation between the age of the stockpile materials and 
the sulfide concentration suggesting that sulfide is being consumed over time.  There is no 
clear relationship between grain size, mineralogy, or clay content (or other factors that may 
influence shear strength) with the age of the stockpile.  The variability of these factors is 
overwhelmingly attributable to variability in the lithology and hydrothermal alteration of the 
ore and overburden, and the mechanical segregation of the materials as they were originally 
placed in the stockpile rather than to post-placement weathering.   

Currently, the geochemical characterization studies do not provide a direct means to assess 
the potential long-term strength reductions for the stockpile materials that may be attributable 
to weathering and chemical decrepitation.  However, Condition 78 states that the stability 
analyses should account for changes in chemical and physical properties of the stockpile 
materials from the time of deposition to present day and to a specified time during 
post-closure.  To address this requirement, we have performed back-analyses to determine 
the minimum shear strength that results in minimally acceptable factors of safety of 1.0 under 
pseudostatic loading while applying the design pseudostatic coefficient.  Back-analyses were 
completed for the leached ore, waste rock, and bedrock-stockpile foundation interface. 

4.0 DEVELOPMENT OF THE STABILITY MODEL 

4.1 Geometry, Geology, Groundwater, and Modeling Assumptions 

Stability section locations and foundation geology are shown on Figure 1.  Stability sections 
(Figure 2) show pre-mine, pre-regrade, post-regrade, and post-cover surfaces where such 
information is available.  Groundwater depths from selected local wells are also shown on 
Figure 2.  Pertinent conditions for each facility and stability section are discussed below.  

The cross-sections shown on Figure 2 illustrate Golder’s understanding of the existing 
conditions and provide the basis for the models used to evaluate slope stability.  The 
cross-sections were developed from pre-mine, current, and reclaimed topographic 
information and illustrate data and conditions determined from site inspection, monitoring 
well records, available geological maps, geotechnical test pits, drilling, laboratory testing, 
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and geophysical logging.  The drillhole and sampling locations are illustrated on Figure 1.  
Slope stability analyses include sensitivity analyses and back-analyses that are intended to 
model potential future adverse conditions or unknown conditions.  Examples of modeling 
assumptions would be a groundwater level that is elevated with respect to current conditions 
or reduced shear strengths to simulate potential long-term weathering.  

Geotechnical information for the stockpile materials is available from test pits, bench 
mapping completed during re-mining of the 1C Stockpile, a Becker drillhole completed in 
the 7A Far West Waste Rock Stockpile, and from laboratory testing.  The compositional 
models included in the material characterization studies (EnviroGroup, 2005a and 2005b) 
provide additional information regarding the character of the materials.  In general, the 
stockpile materials consist of clayey gravel with sand and contain 10 to 50 percent cobbles 
and boulders.  The materials are dominantly porphyry leach cap with minor oxide copper and 
sulfides.   

Groundwater considered in the stability analyses is limited to local perched water in basal 
zones where such conditions can reasonably be expected to occur either regularly or 
intermittently.  Information regarding moisture conditions in the stockpile is available from 
downhole geophysical information in two sonic drillholes completed in the No. 3A Leach 
Stockpile and the No. 5A Waste Stockpile.  Testing of Rotosonic drillhole samples collected 
in October 2005 (Golder, 2006a) from the 1A Stockpile indicated moisture contents ranging 
from 4.3 to 22.5 percent, and averaging 10.1 percent.  These data are consistent with 
EnviroGroup (2005a and 2005b) findings, which indicate that the stockpiles are drained and 
that moisture content correlates with the grain size of the materials with sands and gravels 
having low moisture content and zones with higher clay content having higher retained 
moisture.  Geophysical data (EnviroGroup, 2005a) from actively leached stockpiles indicate 
moisture contents in the range of 3 to 19 percent, with average moisture contents in the range 
of 10 to 15 percent.    

Elevated groundwater levels and local groundwater mounds in the stockpiles are not 
expected because of the drainage capacity of the waste rock and leached ore piles.  In 
particular, the ore stockpiles have previously been leached at rates that exceed 100-year 
storm rainfall amounts on a daily basis.  Under these conditions, saturation and instability did 
not occur.  With the cessation of leaching operations, cover placement, and implementation 
of surface water management, the potential for elevated groundwater levels will be further 
reduced.  The available information indicates that the stockpiles are currently drained and 
will remain drained in the long term. 

4.2 7A Far West Waste Rock Stockpile 

Two stockpile cross-sections, designated A and B, were prepared to illustrate conditions at 
the 7A Far West Waste Rock Stockpile (Figure 2).  Section A is aligned north to south and 
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shows the inward sloping foundation that occurs along the northern and southern limits of the 
waste rock pile.  Section B is aligned along the longitudinal axis of the waste rock pile and 
represents the longest slope, the greatest toe to crest height, and the steepest foundation 
outslope.  The PDTI geology map indicates that the 7A Far West Waste Rock Stockpile lies 
over a foundation of granodiorite bedrock.  No alluvium was included in the 7A Far West 
stability models.  A 10-foot thick zone in the upper bedrock foundation was defined in the 
section models for the evaluation of the effects of a weakened foundation interface.  Shear 
strength was varied within this zone to evaluate the sensitivity of the slope stability to 
interface shear strength or factor of safety with respect to slope stability to interface shear 
strength.  

PDTI monitoring well data indicate that the local groundwater level is below the foundation 
of the waste rock pile.  In the stability models, a 20-foot thick zone of groundwater is 
assumed to be perched on the competent bedrock foundation along the ancestral drainage 
channel and at the downslope toe of the waste rock pile.  The basal stockpile and the bedrock 
interface zone are locally modeled as lying beneath a perched groundwater table. 

4.2.1 1C Stockpile 

Sections C and D illustrate conditions in the 1C Stockpile.  These sections show preliminary 
subsurface information obtained from an engineering investigation for the modification of a 
local seepage collection system completed by Golder (report pending).  As shown on 
Figure 1, Sections C and D overlie recent alluvium in natural drainages tributary to Oak 
Grove Gulch.   

The alluvium in Section C is underlain by granodiorite bedrock, which occurs at a depth of 
20 to 30 feet at the toe.  Water was also encountered in Qal at a depth of approximately 
15 feet.  In the stability model for Section C, groundwater is modeled as the top of the Qal at 
the toe of the stockpile, and the zone of groundwater is modeled extending across the 
stockpile foundation.  Up to 10 feet of the basal leached ore, all Qal and the bedrock interface 
zone are modeled as lying beneath the groundwater table.  This groundwater is assumed to be 
perched on the underlying competent bedrock foundation.     

In Section D, the alluvium appears to overlie both granodiorite and Gila Conglomerate (QTg) 
based on interpretation of the PDTI geology map.  A seepage collection system borehole 
(BIC-10) encountered the QTg at a depth of 23 feet.  During drilling near the toe at 
Section D, Golder staff noted seepage from the base of the stockpile.  The stability analyses 
of Section D assume that the perched groundwater surface corresponds to the top of the Qal 
at the toe.  Up to 20 feet of the basal leached ore, all Qal, the underlying Gila Conglomerate, 
and the foundation interface zone are modeled as lying beneath the groundwater table.  
Groundwater is assumed to be perched on competent bedrock.  
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The leached ore in the 1C Stockpile has been placed partially over alluvium and partially 
over granodiorite bedrock in both sections.  A 10-foot thick zone in the upper bedrock 
foundation was defined in the stability sections for evaluation of a weakened bedrock 
interface.  Shear strength was varied within this zone. 

Leached ore previously placed in Oak Grove Gulch has been removed as part of PDTI 
re-mining and reclamation activities.  At Section C, the toe of the 1C Stockpile has been 
moved approximately 400 feet north, and up to a 200-foot thickness of ore has been removed 
and relocated to operating leach stockpiles.  A similar cut-back was performed at Section D.  
All alluvium beneath the reclaimed stockpile footprint was subject to overburden pressures 
that exceed those of current conditions.  Alluvium has been over-consolidated and is not 
considered to be subject to liquefaction.  

4.2.2 7A East 

Section E on Figure 2 illustrates geological conditions beneath the 7A East Waste Rock 
Stockpile.  Section E was selected for analysis because it overlies a small local tributary to 
Oak Grove Gulch.  The slope has been regraded to an overall slope approaching 4H:1V, and 
horizontal erosion control benches have been constructed.  The PDTI geology map indicates 
that Qal occurs in the channel bottom, otherwise, the waste rock is founded on granitic 
bedrock.  Golder staff familiar with the area report that a relatively thin deposit of Qal is 
exposed at the waste rock stockpile toe.  No local groundwater information was found for 
this section.  

Golder estimated the groundwater condition along Section E based on available site-specific 
information for other areas of the stockpiles.  The Qal, the foundation interface, and the 
bedrock interface zone beneath the toe of the waste rock pile are modeled as lying within a 
perched groundwater zone.  The perched groundwater zone is assumed to extend inward to 
competent bedrock at a local topographic high on the granodiorite surface between the 
outslope toe and crest.    

4.2.3 7A West   

Section F represents the location of maximum slope height in the 7A West Waste Rock 
Stockpile.  Pre-mine topography indicates a relatively irregular bedrock foundation surface in 
the section toe area with several local topographic lows and highs.  The PDTI geology map 
indicates a granitic rock foundation.  No local groundwater data are available for this 
location.  We have applied a groundwater condition similar to other sites where site-specific 
information is available.  The foundation interface and basal ore are modeled as lying within 
a perched groundwater zone that is up to 30-feet thick over the bedrock surface topographic 
lows in the toe area. 
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4.3 Material Properties 

Materials considered in the stability analysis include leached ore, waste rock, Qal and QTg, 
bedrock, and foundation interface.  Strength data have been determined through a number of 
geotechnical investigations and test programs, and the application of conservative 
assumptions.  Analyses have been performed using effective stress strength parameters, and 
the effect of pore pressures was modeled by defining a static water table condition. 

4.3.1 Leached Ore 

Golder conducted strength tests on three samples collected from drillholes and test pits 
completed in the Tyrone Mine leached ore stockpiles.  Results of triaxial and direct shear 
tests are reported in the Tyrone Supplemental Stability Evaluation Interim Report 
(Golder, 2006a).  The average angle of internal friction (φ) measured in the leached ore 
samples was 35.5 degrees, while cohesion averaged 1.06 pounds per square inch.  Leached 
ore cohesion has been ignored in these stability analyses, and an internal friction angle of 
35.5 degrees was assumed for leached ore in all base case analyses.   

To evaluate the potential impact of a decrease in leached ore strength due to long-term 
weathering and decrepitation, the internal friction of the ore was varied to produce a factor of 
safety of 1.0 under seismic loading.  The back-analyzed strengths that yield a factor of safety 
of 1.0 under seismic loading are reported for each stability section.  

Geophysical data (EnviroGroup, 2005a) indicate leached ore density from 100 to 150 pounds 
per cubic foot (pcf).  The leached ore is assumed to have a moist unit weight of 120 pcf and a 
saturated unit weight of 133 pcf.  These unit weights represent typical values for gravelly 
soils.   

4.3.2 Waste Rock 

Six waste rock samples from Tyrone were subjected to direct shear and staged triaxial testing 
(Golder, 2006a).  The average angle of internal friction (32.6 degrees) was assumed for all 
base case analyses.  The potential effects of waste rock weathering were investigated through 
back-analysis to obtain a factor of safety of 1.0 under seismic loading.  The back-analyzed 
friction angle is reported on tables in Section 6.0 for each stability section. 

4.3.3 Quaternary Alluvium 

No strength testing has been performed on Qal samples in the 1C Stockpile Area.  Triaxial 
testing of Qal samples performed under saturated, consolidated, undrained conditions with 
pore pressure measurements from the No. 1B Stockpile Area (Drillhole GA-05-02- 12’14’) 
indicated an internal friction angle of 40.5 degrees.  A detailed analysis of Qal samples in the 
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Brick Kiln Gulch Area (Golder, 2006b) indicated an internal friction angle of 29 degrees 
based on empirical correlation to Standard Penetration Test results.  An internal friction angle 
of 29 degrees was applied to Qal for all base case analyses. 

For analysis of liquefaction potential in Section E, where Qal has not been subject to over 
consolidation, the Qal shear strength required to maintain a static safety factor of 1.0 was 
back calculated.  

4.3.4 Gila Conglomerate 

Call and Nicolas Inc. (CNI, 1982) report a peak shear strength of 40.89 degrees from 
large-scale direct shear testing of disturbed samples of Gila Conglomerate.  A sample from 
the 1B Stockpile Area had an angle of internal friction of 39.1 degrees.  An internal friction 
angle of 39 degrees was applied for these stability analyses.  

4.3.5 Granodiorite Bedrock 

CNI (1982) reported estimated strengths for intact granitic rocks at the Tyrone project.  The 
minimum reported cohesion is 669 pounds per square inch and the minimum reported 
internal friction angle is 43.41 degrees.  A cohesion of 669 psi and internal friction angle of 
43 degrees were applied for intact bedrock.   

The potential for the loss of interface strength at the bedrock foundation interface was 
evaluated through block failure analyses.  The analysis was performed by varying the shear 
strength in a 10-foot thick zone at the bedrock foundation through back analyses.  The 
minimum strength required to maintain a safety factor of 1.0 under seismic loading 
conditions is reported for each stability section. 

4.3.6 Summary of Material Properties 

Material parameters applied in the stability models are summarized in Table 1.  The leached 
ore, waste rock, alluvium, and Gila Conglomerate are assumed to have moist and saturated 
unit weights of 120 and 133 pcf, respectively.  The granodiorite bedrock is assumed to have a 
moist and saturated unit weight of 160 pcf.  
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TABLE 1 
SUMMARY OF MATERIAL PARAMETERS APPLIED IN THE STABILITY MODELS 

Material 
Unit Weight 

moist/sat 
(pcf) 

Cohesion 
© 

Friction Angle 
(φ) 

Leached Ore   120/133 0 35.5º 
Leached Ore (decrepitated) 120/133 0 Solve for FOS=1.0 
Waste Rock 120/133 0 32.6 
Waste Rock (weathered) 120/133 0 Solve for FOS=1.0 
Recent Alluvium (Qal, moist) 120/133 0 29º 
Gila Conglomerate (QTg) 120/133 0 39º 
Granodiorite Bedrock 160/160 669 43º 
Granodiorite Interface 160/160 0 Solve for FOS=1.0 
Notes: 
pcf = pounds per cubic foot 
FOS = factor of safety 

 

4.4 Seismic Loading 

Based on the seismic hazard analysis prepared by URS Corporation (2005), the peak ground 
acceleration for a 2,500-year return period at bedrock sites is between 0.08 and 0.09g.  For 
sites underlain by local soils and Gila Conglomerate, magnification of bedrock acceleration 
was predicted to result in a peak acceleration of 0.18g at the ground surface.  Hynes and 
Franklin (1984) discuss the selection of pseudostatic coefficients for use in dam design and 
recommend the use of one-half of the peak acceleration with a 20-percent reduction of the 
shear strength and a target factor of safety of 1.0.  Bray et al. (1993) provides 
recommendations for seismic design of landfills and notes that “the normalized fundamental 
periods of many solid waste landfills are greater than two, and that for these cases, the 
maximum horizontal equivalent acceleration value used to represent the seismic loading will 
be less than one-half of the bedrock maximum horizontal acceleration.”  Jansen (1985) states 
an acceleration of 0.4 to 0.7 times peak ground acceleration is typically suitable for 
computing the sustained effect of an earthquake on embankment stability. 

While the waste rock piles and portions of the 1C Stockpile lie on a foundation of bedrock, a 
seismic acceleration equal to 0.66 times the amplified peak ground acceleration (i.e., 0.12g) 
for an event with a 2,500-year return period was used in pseudostatic analyses of all facilities 
in the Oak Grove Gulch Area.  Golder believes this approach to be conservative and 
consistent with standard industry practice.  

5.0 CALCULATIONS 

Circular and block failure searches for critical failure surfaces were completed using SLIDE.  
Stability analyses were performed for existing base case conditions under static and 
pseudostatic conditions.  In the block failure analyses, failure surface searches were 
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configured to incorporate all foundation layers.  In circular failure analyses, failure surface 
search limits were set to eliminate minor local failure.  

Base case analyses incorporate shear strengths measured or estimated based on current 
conditions and available test results.  The results are reflective of conditions that we believe 
exist at present. 

The weak interface and weathered ore and waste analyses were performed to evaluate the 
potential impacts of strength loss in the stockpiles and foundation interfaces.  Weak ore 
analyses were primarily limited to the circular failure mode, while predominantly block 
failure searches were used to investigate the effects of a weakened interface.  To evaluate a 
weak interface, the upper 10-foot thick zone in the bedrock foundation was assigned a lower 
shear strength as discussed above.  

The reported factors of safety are based on Bishop’s (1955) Method of Slices. 

6.0 RESULTS 

6.1 7A Far West Waste Rock Stockpile 

Results of the stability analyses for the 7A Far West Waste Rock Stockpile are presented in 
Table 2.  SLIDE computer output is provided in Attachment 1.  The base cases incorporate 
ore and foundation strengths as determined through recent testing and analyses.  Circular and 
block failure surface searches indicate factors of safety of approximately 2.2 to 2.4 under 
static conditions for Sections A and B.  Under seismic loading conditions, predicted factors 
of safety range from 1.5 to 1.6.   

To determine the extent of foundation weathering that would be required to induce instability 
under the design seismic event, the foundation interface internal friction angle was varied 
until a factor of safety of 1.0 was predicted.  Minimum foundation interface friction angles of 
7.5 degrees in Section A and 17 degrees in Section B produced this condition in block failure 
mode.  The increase in strength required to maintain a safety factor of 1.0 in Section B results 
from a steeper foundation outslope.  At Section A, foundation slopes are inward and they 
provide greater resistance to basal sliding block failure.     

Varying waste rock strength to determine the extent of waste rock weathering required to 
induce instability under seismic loading conditions indicated that internal friction angles of 
22.5 and 23 degrees are required to maintain a safety factor of 1.0.  This analysis considered a 
circular failure mode with the failure surface constrained within the waste rock mass. 
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TABLE 2 
STABILITY ANALYSIS SUMMARY 7A FAR WEST 

Condition Cross-
section 

Static 
Factor 

of 
Safety 

Pseudostatic 
Factor of 

Safety 
(0.12g) 

Failure 
Analysis Comment 

A 2.3(1) 1.5(2) Circular Base Case 
A 2.4(3) 1.6 (4) Block Base Case 
A NA 1.0(5) Block Weak Interface,  

Back-Analyzed φ = 7.5º 
Right to Left 

A NA 1.0 (6) Block Weak Interface,  
Back-Analyzed φ = 10.5º 

Left to Right  

Post Regrade 

A NA 1.0 (7) Circular Weathered Waste,  
Back-Analyzed φ = 22.5º  

B 2.2(8) 1.5(9) Circular Base Case 
B 2.3(10) 1.6(11) Block Base Case 
B NA 1.0(12) Block Weak Interface,  

Back-Analyzed φ = 17º 

Post Regrade 

B NA 1.0(13) Circular Weathered Waste,  
Back-Analyzed φ = 23º  

Note: 
Numbers in parentheses indicate the numbered stability analysis output provided in Attachment 1. 

 
6.2 1C Stockpile 

Stability analysis results for the 1C Stockpile are contained in Attachment 2 and summarized 
in Table 3.  For expected base case conditions, static stability safety factors range from 1.9 to 
2.1.  Under pseudostatic loading, factors of safety range from 1.2 to 1.4.     

Analyses indicate minimum required internal friction angles of 15 and 9.5 degrees for the 
foundation interface in block failure mode at Sections C and D, respectively.  In a circular 
failure analysis at Section D, a minimum interface friction angle of 15 degrees is required to 
maintain a minimum factor of safety of 1.0.  

Evaluation of leached ore weathering and decrepitation indicates that minimum ore angles of 
internal friction of 22.5, and 24 degrees are required to maintain pseudostatic stability in 
Sections C and D, respectively. 
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TABLE 3 
STABILITY ANALYSIS SUMMARY 1C STOCKPILE 

Condition Cross-
section 

Static 
Factor 

of 
Safety 

Pseudostatic 
Factor of 

Safety 
(0.12g) 

Failure 
Analysis Comment 

C 1.9(1) 1.2(2) Circular Base Case 
C 2.1(3) 1.4 (4) Block Base Case 
C NA 1.0(5) Block Weak Interface, 

Back Analyzed φ = 15º 

Post Regrade 

C NA 1.0 (6) Circular Ore Decrepitation,  
Back-Analyzed φ = 22.5º  

D  1.9(7) 1.3(8) Circular Base Case 
D 1.9(9) 1.3(10) Block Base Case 
D NA 1.0(11) Block Weak Interface, 

Back-Analyzed φ = 9.5º 
D NA 1.0(12) Circular  Weak Interface,  

Back-Analyzed φ = 15º 

Post Regrade 

D NA 1.0(13) Circular Ore Decrepitation,  
Back-Analyzed φ = 24º  

Note: 
Numbers in parentheses indicate the numbered stability analysis output provided in Attachment 2. 

 
6.3 7A East and 7A West 

Stability model output for the 7A East and 7A West Waste Rock Stockpiles is contained in 
Attachment 3 and summarized in Table 4.  Base case stability analyses of the waste rock 
piles returned similar results for static and pseudostatic loading conditions.  Static factors of 
safety range from 1.8 to 2.0, while factors of safety are 1.3 to 1.4 under seismic loading 
conditions.   

Back calculation of weathered waste rock strength returned a minimum waste rock internal 
friction angle of 26 degrees for a safety factor of 1.0 in Section F.  This represents a 
somewhat higher shear strength requirement in comparison to the other sections evaluated 
and reflects a locally steeper slope beneath an erosion control bench.  The strength required 
to maintain a factor of safety of 1.0 against block failure in Section E is also slightly higher 
than in other sections.  This is caused by a relatively steep bedrock foundation outslope and 
consequently, a relatively steep foundation interface zone incorporated in the stability model. 
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TABLE 4 
STABILITY ANALYSIS SUMMARY 7A EAST AND 7A WEST 

Condition Cross-
section 

Static 
Factor 

of 
Safety 

Pseudostatic 
Factor of 

Safety  
(0.12g) 

Failure 
Analysis Comment 

E 1.9(1) 1.3(2) Circular Base Case 
E 2.0(3) 1.4 (4) Block Base Case 
E NA 1.0(5) Block Weak Interface,  

Back-Analyzed φ = 20º 
E NA 1.0 (6) Circular Weathered Waste,  

Back-Analyzedφ = 24º  

Post Regrade 
7A East 

E 1.0(7)  Circular Liquefaction Analysis,  
Back- Analyzed Qal φ = 11º 

F 1.8(8) 1.3(9) Circular Base Case 
F 1.9(10) 1.4(11) Block Base Case 
F NA 1.0(12) Block Weak Interface,  

Back-Analyzed φ = 5º 

Post Regrade 
7A West 

F NA 1.0(13) Circular Weathered Waste,  
Back-Analyzed φ = 26º  

Note: 
Numbers in parentheses indicate the numbered stability analysis output provided in Attachment 3. 

 
In the Section E liquefaction analysis, a minimum residual shear strength required for a static 
stability safety factor of 1.0 was back calculated.  Vaid and Thomas (1994) found that the 
residual strength of sand samples subjected to extension tests ranged from 0.1 to 0.18 times 
the effective overburden stress (σvo’).  This is approximately equivalent to an internal friction 
angle of 5 to 11 degrees.  The minimum strength of 11 degrees determined by back 
calculation is within the range of reported values.  It should be noted that the Qal in 
Section E occurs as a thin layer in a laterally confined zone.  Three-dimensional effects 
(the shear resistance along the margins of the potentially liquefiable area and the higher shear 
strength associated with bedrock foundation surfaces adjacent to the Qal) are likely to 
alleviate the potential for slope displacement should liquefaction occur locally.  Overburden 
pressures before and after regrading will be similar in this area, so it is unlikely that 
reclamation will result in a higher potential for liquefaction.  If failure were to occur, the 
impacts would be relatively minor as the toe area is buttressed by an inward sloping 
foundation and there are no seepage collection works in the area.    

7.0 CONCLUSIONS 

The base case strength properties used in these stability analyses are based primarily on 
recent and previously completed geotechnical testing.  Base case properties represent the 
material strengths that we expect to exist under current conditions.  Stability evaluations 
incorporating base case strength properties indicate that the 1C Stockpile and the 7A Far 
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West, the 7A East, and the 7A West Waste Rock Stockpiles will be stable under their 
post-reclamation configurations.   

The effects of weathering and decrepitation on the grain-size distribution and strength of 
waste rock and leached ore have not been unequivocally determined on the basis of the 
material characterization studies completed for Tyrone.  General conclusions suggest that 
little loss of strength should be anticipated given the lithology of the waste rock and ore, its 
current state of alteration, and the ambient conditions to which it is exposed.  The effect of 
the loss of leached ore, waste rock, and foundation interface zone strength was evaluated 
indirectly by back calculation.  Shear strengths were varied to determine minimum strengths 
required to maintain a pseudostatic factor of safety of 1.0.  These analyses were performed to 
enable estimation of the extent of strength loss that can be tolerated before instability could 
occur.   

PDTI is currently regrading waste rock and leached ore slopes to approximately 3.5H:1V.  At 
this slope angle, a minimum internal friction angle of 22.5 to 23 degrees will be required to 
produce a pseudostatic factor of safety of 1.0.  Where slopes are locally steeper, as on 
Section F, a slightly higher shear strength may be necessary to maintain the same factor of 
safety.  The average measured internal friction angles of the sampled stockpile materials are 
32.6 to 35.5 degrees, respectively, for waste rock and leached ore at Tyrone (Golder, 2006a).  
Therefore, a considerable change in the physical condition of the waste rock and ore will be 
required to enable a slope failure; however, material characterization studies do not predict 
significant changes in material properties over time. 

In the base case analyses, the bedrock foundation interface zone was assigned the strength of 
intact foundation bedrock (669 psi cohesion, φ=43 degrees, CNI, 1982).  To evaluate 
tolerable strength loss in the foundation interface, the internal friction angle in the upper 
10 feet of the bedrock foundation was varied until a safety factor of 1.0 was predicted under 
seismic loading conditions.  The internal friction angle required for this condition is the 
minimum tolerable foundation interface strength for the group of assumptions and conditions 
considered in the stability models.     

Section A in the 1C Stockpile and Section F at 7A West are relatively insensitive to interface 
shear strength.  Interface friction angles of 5 to 10.5 degrees are required to resist basal 
sliding failure under the design seismic event.  High resistance to basal block sliding failure 
at these locations is due to section geometry.  Inward foundation slopes and/or tortuous 
surfaces enhance stability. 

Where section geometry does not enhance stability, a basal interface internal friction angle of 
15 to 20 degrees is required to maintain a factor of safety of 1.0 against basal sliding block 
failure under the design seismic event.   
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Based on back calculation, a considerable loss of strength will be required to induce 
instability in the long term.  For waste rock and leached ore, a strength loss in excess of 30 to 
35 percent will be required to induce a circular failure under seismic loading conditions.  The 
interface shear strength that results in a factor of safety of 1.0 for basal sliding failure is 
considerably lower than the minimum measured intact rock strength (CNI, 1982) and is 
representative of a weak soil.  Therefore, a long-term reduction in stability due to basal 
interface weathering is not expected. 

The stability analyses completed for the 1C Stockpile and the 7A East, 7A West, and 7A Far 
West Waste Rock Stockpiles indicate that the stockpiles will be stable in their 
post-reclamation configurations.  Evaluations of the potential impacts of long-term 
weathering indicate that a very significant change in the physical character of the stockpile 
material would be required to reduce the shear strength to the degree that would be required 
to lead to potential slope instability.  Material characterization studies that have been 
completed do not support this expectation.   

The potential for liquefaction of alluvium was considered.  Where the alluvium has been 
pre-consolidated from the placement and then removal of approximately 200 feet of stockpile 
material, the alluvium is considered non-liquefiable for the design earthquake accelerations 
and durations.  Where the alluvium underlying the stockpiles has not been pre-consolidated, 
a residual (liquefied) strength was back-calculated and was determined to be within the range 
of reported residual strengths for liquefied sands.  Additionally, given the laterally and 
vertically restricted distribution of alluvium in this area and 3-dimensional effects, potential 
slope displacements will be small and the consequence of liquefaction will be minimal. 
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