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1.0 INTRODUCTION 

In the 2013 and 2014 dam safety inspection (DSI) reports (AMEC, 2014 and 2015a), AMEC 

Environment & Infrastructure (now Amec Foster Wheeler Environment & Infrastructure) 

recommended the following with respect to the Amalgamated Paste Area Berm (APA Berm): 

 

2014-01: Investigate Paste Berm stability and seepage conditions.  Design remedial 

drainage and/or buttressing during 2015.  The design must incorporate measures to 

address groundwater discharge at the east abutment.  See also recommendation 

2013-05.   

 

2013-05: Carry out investigation regarding groundwater and seepage conditions at the 

east abutment of the Paste Berm. 

 

Nyrstar Myra Falls Ltd. (NMF) informed Amec Foster Wheeler that the BC Ministry of Energy and 

Mines (MEM) has required that NMF implement all DSI recommendations.  The seepage at the 

east abutment was addressed as part of the Lower Lynx Diversion Ditch project (AMEC, 2015a) 

which was under construction at the time of this report.  This report presents the design of the 

amalgamated paste area (APA) berm stabilization. 

 

The location of Nystar Myra Falls is shown in Figure 1-1.  The general arrangement of the tailings 

facilities is shown in Figure 1-2.  The layout of the Old Tailings Disposal Facility (Old TDF) 

including the APA Berm and adjacent facilities are shown in Figure 1-3. 

 

Preliminary slope stability analyses conducted by Amec Foster Wheeler in 2011 to assess the 

current stability of the APA berm indicated that the post-seismic factors of safety against slope 

stability failure were less than unity (AMEC, 2011; NMF, 2012).  The analyses also indicated that 

the factors of safety could be improved by flattening the downstream slope of the APA berm: 

however, the analyses indicated that flattening the downstream slope of the APA berm could 

degrade the overall factors of safety of the Old TDF; similarly for the addition of closure cover. 

 

Analyses completed in the assessment of APA berm stabilization and impact on the overall 

stability of the Old TDF consisted of the following. 

 

 Two-dimensional, limit equilibrium slope stability analyses (Section 5.0) 

 One-dimensional site response analyses (Section 6.2) 

 Two-dimensional site response analyses (Section 6.3) 

 

Based on the analyses, post-seismic instability of the APA berm can be mitigated by simply raising 

the elevation of the existing toe berm instead of flattening the slope as per the preliminary 

analyses conducted in 2011.  The target post seismic factor of safety can be achieved with little 

or no impact on the overall post-seismic stability of the Old TDF.  As well, the two-dimensional 

site response analyses indicated that the estimated lateral and vertical displacements are 

significantly less than those estimated during the design of the seismic upgrade berm (Klohn-

Crippen, 1999). 
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Preliminary analyses also were conducted to assess the possible impact of closure cover on the 

overall stability of the Old TDF.  Two closure cover scenarios were assessed – the conceptual 

closure cover (RGC, 2015) and a 2.5-meter thick conformal cover.  The preliminary analyses 

indicate the addition of closure cover does impact the stability of the Old TDF especially if the 

closure cover extends to the crest of the seismic berm.  The static and post-seismic factors of 

safety for all modes of failure remain above the targets for closure covers that do not extend over 

the 6:1 slope and seismic berm.  If closure cover is required to extend to the crest of the seismic 

berm, there are methods to reduce the impact on stability of the Old TDF.  Further discussion is 

provided in Section 7.0. 

  



Note:  Digital images provided by Spectrum Digital Imaging

NTS mapsheets 92F & 92K (1:250 000)
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2.0 APA BERM DESIGN AND CONSTRUCTION HISTORY 

2.1 APA Berm Design 

The APA berm was designed in 2001 as part of the Paste Fill Engineering Project (Klohn-Crippen, 

2001).  The purpose of the APA berm was to increase the capacity of the Old TDF and provide 

storage for paste tailings until the Lynx Pit became available for use as a tailings disposal facility.  

At the time the APA berm was designed, the Old TDF was divided into two areas referred to as 

Area I and Area II with a separator berm or partition embankment between the two areas.  Initially, 

the Paste Fill Engineering Project included storage of paste tailings only in Area II.  The APA berm 

as designed had a crest elevation of 3388.4 m, a crest width of six meters, 2(H):1(V) upstream 

slope and a 4(H):1(V) downstream slope.  The APA berm also included a 27 m wide. 2.5 m high 

toe berm for stabilization.  The downstream slope of the toe berm was 3(H):1(V). 

 

At the time of the design of the APA berm, the seismic upgrade berm had not yet been 

constructed; however, the possible impact of the APA berm on the seismic stability of the Old 

TDF post construction of the seismic upgrade berm was assessed during the APA berm design 

phase.  The static stability was not assessed.  Post-seismic factors of safety were equal to or 

greater than the target of 1.25.  This target was set during design of the seismic upgrade berm 

(Klohn-Crippen, 1999a) to ‘ensure stability and to limit displacements of the proposed berm to 

less than 3 m’. 

 

Klohn-Crippen estimated dynamic displacements of the APA berm using approximate methods 

(Newmark, 1965).  Numerical modelling was not completed.  Klohn-Crippen concluded that the 

presence of the APA berm should not increase the dynamic displacement of the seismic upgrade 

berm from those estimated in the design report (Klohn-Crippen, 1999a), that dynamic 

displacements of the APA berm crest will be on the order of 1.0 m to 1.2 m and that some lateral 

spreading of the paste tailings could occur after a seismic event. 

 

A design report for the Area I APA berm was not available to Amec Foster Wheeler; however, it 

appears that the Area II APA berm design configuration was generally adopted for the Area I APA 

berm configuration.  The design of the toe berm was revised to accommodate gravity drainage in 

the ‘Strip’, the area between the APA berm and OEB. 

 

2.2 APA Berm Construction History 

Construction of the Area II APA berm starter embankment was originally scheduled to begin after 

conventional tailings deposition in Area II had reached the maximum allowable elevation of 

3381.4 m; however, because of a mine shutdown, the tailings had not yet reached the maximum 

allowable elevation at the time construction began in 2002 (Klohn-Crippen, 2003a). 

 

In the Fall of 2003, the starter embankment was constructed to an elevation of 3382.9 m with a 

crest width of 60 m along the western embankment and 40 m along the south and west 

embankments.  The starter embankment was constructed of waste rock placed over at least one 

layer of non-woven geotextile.  In softer areas, up to four layers of overlapping geotextile were 

required.  Initial lift thickness was approximately 1.2 m thick.  Significant mud wave formation and 
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subsidence were observed during placement of the initial lift.  When assessing a significant mud 

wave, test pit was excavated at the leading edge of the fill during placement of the initial lift.  A fill 

thickness of 2.5 m to 3.0 m was observed (Klohn-Crippen, 2003a). 

 

An ‘inner perimeter’ berm 10 m-wide, one meter-high berm was constructed along the upstream 

edge of the starter embankment to accommodate continued deposition of the conventional tailings 

in Area II to the maximum allowable elevation.  The target elevation of the inner perimeter berm 

was 3383.9 m.  At the end of the 2002 construction season, up to 0.5 m of additional fill had to be 

placed at the crest of inner perimeter berm to achieve the target elevation. 

 

Intermediate berms were constructed between the starter embankment and the outer edge berm 

(OEB), creating additional tailings deposition areas designated Areas A, B, and C.  Area II inside 

the starter embankment was designated as Area D. At the time the construction of the starter 

embankment began, the tailings were at approximate elevation 3380.7.  Construction of the 

intermediate berms allowed for deposition of an additional one meter of tailings, approximately, 

between the APA berm starter embankment and the OEB. 

 

The Area II APA berm starter embankment was raised to elevation of 3386.9 m in 2003 (Klohn-

Crippen, 2004).  A 10 m to 13 m wide toe berm extension also was added in 2003. The Area II 

APA berm was raised to the final design elevation of 3388.4 m in 2004 (Klohn-Crippen, 2005a) 

and to elevation 3389.0 m in 2005 (Klohn-Crippen 2006). 

 

Construction of the Area I starter berm began in 2004 (Klohn-Crippen, 2005a).  The target 

elevation was 3384.6 m; however, fill placement was halted in some areas prior to reaching the 

target elevation because of excessive settlement and high pore pressures.  Similar difficulties with 

mud waves and subsidence were observed.  Mud waves up to 1.5 m high and extending 30 m 

beyond the leading edge of the fill were observed.  Two layers of geotextile were placed prior to 

placement of the initial lift.   In some areas, generally towards the center of the tailings deposit, 

four to six layers of geotextile were required. 

 

The 2005 construction record for the Area I APA berm appears to be incomplete based on the 

historical reports made available to Amec Foster Wheeler; however, by the end of the 2005 

construction season, the crest of the Area I APA berm had been raised to elevation 3388 m 

(Klohn-Crippen, 2006).  The elevation of the crest and the toe berm were still below the design 

elevations of 3388.4 m and 3386.5 m, respectively. 

 

Construction reportedly completed in 2006 included a raise of the design crest elevation in both 

areas to the current elevation of 3391.8 m by placing waste rock (AMEC, 2007).  The raise 

reduced the design crest width from 6 m to about 3 m.  The side slopes of the raise were on the 

order of 1.5(H):1(V). 

 

The design drawings and yearly construction record drawings are provided in Appendix A.  The 

materials used to construct the APA berm generally consisted of waste rock and tailings sand as 

shown on the drawings. 
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2.3 APA Berm Construction Instrumentation 

Eight vibrating wire piezometers were installed during and shortly after construction of the Area II 

starter embankment and monitored through construction to the final lines and grades.  As 

expected, pore pressures increased during fill placement and dissipated after fill placement was 

halted for the season.  In general, pore pressures stabilized by the start of each construction 

season and reportedly showed no significant rise during the 2005 (final) construction season 

(Klohn-Crippen, 2006).  

 

The maximum calculated pore pressure coefficient (Ru) value was 0.35 which was slightly above 

the Level I threshold of 0.34 and occurred during the 2003 construction season (Klohn-Crippen, 

2004).  Ru values were not calculated during the 2002 construction season when the Area II starter 

embankment was constructed. 

 

Piezometers were not installed specifically to monitor pore pressures during construction of the 

Area I APA berm starter embankment in 2004; however, there was one existing piezometer within 

the footprint of the starter embankment.  Calculated Ru values exceeded the Level II threshold of 

0.5 and reached a peak of 0.57 (Klohn-Crippen, 2005a).  Additional piezometers were installed 

in early 2005.  Maximum calculated Ru value was 0.25 (Klohn-Crippen, 2006). 

 

Surface displacement monuments and/or settlement pins also were installed at various stages of 

construction.  They were installed at the end of the each construction season and did not capture 

settlement occurring during seasonal construction.  As well, they were installed on the toe berm 

and were not in a position to capture the settlement of the APA berm.  Most did not survive through 

to achieving the final design crest and toe berm elevations.  As such, the total settlement along 

the crest of the APA berm is not known. 
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3.0 CURRENT DESIGN CRITERIA AND CONSIDERATIONS 

3.1 Old TDF Classification and Phase 

The Old TDF is classified as a high consequence dam in accordance with the Canadian Dam 

Association’s 2014 Technical Bulletin: Application of Dam Safety Guidelines to Mining Dams. 

 

The Technical Bulletin also describes the phases of a mining dam.  Currently, the Old TDF is in 

the Closure – Transition Phase.  Once closure cover is in place, the Old TDF will enter the Closure 

– Active Care Phase. 

 

3.2 Seismic Criteria 

The Old TDF is expected to remain in Closure – Active Care Phase for an extended period of 

time because of the geochemical aspects of the facility.  It is also expected that surveillance could 

become infrequent with time and that the owner or future owners might not have sufficient 

resources to respond to warning signs or emergencies.   The CDA bulletin suggests that under 

these circumstances the seismic design criteria for Closure – Passive Care should be used in 

design of the APA berm stabilization; however, the decision to consider Closure – Passive Care 

seismic criteria for the Old TDF rather than the criteria associated with Closure – Active Care 

must be made by NMF with concurrence from MEM.  

  

As directed by NMF, Amec Foster Wheeler proceeded with the seismic criteria for Closure – 

Passive Care.  The target levels for earthquake hazard for Closure – Passive Care excerpted 

from the Technical Bulletin are provided in Table 3-1. 

Table 3-1: Target Levels for Earthquake Hazards, Standards-based Assessments for 

Closure – Passive Care Case 

Dam Classification Annual Exceedance Probability – Earthquakes 

Low 1/1,000 

Significant 1/2,475 

High  1/2 between 1/2,475 and 1/10,000 AEP or MCE 

Very High 1/10,000 AEP or MCE 

Extreme 1/10,000 AEP or MCE 

 

A site-specific probabilistic seismic hazard assessment (PSHA) was completed for the Myra Falls 

mine in 2016 (AMEC, 2016a). The dominant source contributing hazard to the Old TDF is a M9 

(magnitude nine) Cascadia Subduction Zone interface earthquake.  The maximum credible 

earthquake (MCE) was based on the 84th percentile deterministic spectra for this interface event.  

The target elastic response spectrum, halfway between the 1:2475 AEP spectrum (uniform 

hazard response spectrum [UHRS]) and that of the MCE for soft rock (Vs30=450 m/s), is provided 

in Table 3-2 and shown graphically in Figure 3-1.  The reader is referred to the site-specific hazard 

evaluation for a detailed discussion of the seismicity and seismic hazards of the Nyrstar Myra 

Falls area. 
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Table 3-2: Target Elastic Response Spectrum 

Period 
(seconds) 

0.01 0.03 0.05 0.1 0.15 0.2 0.3 0.5 1 2 5 10 PGA 

Spectral 
Acceleration 

(g) 

0.653 0.657 0.600 1.028 1.270 1.356 1.400 1.275 0.771 0.323 0.092 0.028 0.653 

 

 

Figure 3-1: Target Elastic Response Spectra 

 

3.3 Input Earthquake Ground Motion Time Histories 

The seismic hazard to the site for the 1:2475 AEP to MCE earthquake hazard is dominated by 

contributions from offshore, large magnitude subduction events with horizontal Epicentral 

distances of 40 to 70 km from the site based on the PSHA.  As well, the longer duration shaking 

associated with large magnitude subduction earthquakes is expected to cause the largest 

seismically induced deformations of the Old TDF.  Accordingly, a suite of six earthquake records 

representative of large magnitude subduction earthquakes was selected for consideration in 

seismic analysis of the Old TDF.   

 

The six subduction earthquake records were selected based on distance from the source location 

and the recording station to provide a reasonable match to the results from the PSHA.  Records 

were also selected such that spectra computed from the unfiltered accelerograms only required 

linear scaling in the range of 0.5 to 2 times to approximately match the target spectrum. Each 

record represents the maximum horizontal component of shaking recorded during the particular 

earthquake. 
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The subduction zone earthquake records were baseline corrected, filtered and linearly scaled 

using the proprietary software SeismoSignal (v5.1.0) by SeismoSoft srl.  Records 1 through 4, 

which were obtained during the 2011 Tohoku Earthquake in Japan, had the highest Arias Intensity 

and longest significant durations of shaking after baseline correction, filtering and scaling. These 

records, identified in Table 3-3 as earthquake records 1 through 4, were selected for use in 

seismic analysis of the Old TDF.  It was anticipated they would produce the highest seismic 

deformations of the Old TDF.   Earthquake record 5 was recorded on a 5 m thick surface layer of 

clay overlying sand.  This record was not considered representative of dense Site Class C soils 

and subsequently not used in the analyses. 

 

Spectral matching to the target spectrum shown in Figure 3-1 was performed using 

RSPMATCH09 (Al Atik and Abrahamson, 2010).  The characteristics of each record, after 

baseline correction, filtering, linear scaling and spectral matching, are summarized in Table 3-3. 

Comparison spectral acceleration plots of the four filtered records versus the target UHRS as well 

as acceleration, velocity and displacement time histories are shown in Appendix B. 
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Table 3-3: Summary of Earthquake Accelerogram Characteristics for Hard Rock Conditions 

Earthquake 

Record 
Earthquake 

Recording 

Station 

Moment 

Magnitude 

M 

Horizontal 

Epicentral 

Distance - R 

(km) 

Directional 

Component 

Peak Ground 

Acceleration after 

Filtering and 

Scaling - PGA 

(g) 

Arias Intensity 

after Filtering and 

Scaling - AI 

(m/s) 

Significant 

Duration after 

Filtering and 

Scaling - T 

(s) 

Peak Ground 

Acceleration after 

Spectral 

Matching - PGA 

(g) 

Arias Intensity 

after Spectral 

Matching - AI 

(m/s) 

Significant 

Duration after 

Spectral 

Matching - T 

(s) 

1 
2011 Tohoku, 

Japan 
MYGH09 9 ≈ 60 EW2 0.41 14.07 104.87 0.60 22.9 105.9 

2 
2011 Tohoku, 

Japan 
IWT011 9 ≈ 60 EW 0.45 10.90 90.96 0.62 17.7 91.5 

3 
2011 Tohoku, 

Japan 
MYG009 9 ≈ 60 EW 0.48 8.00 102.58 0.61 12.7 86.6 

4 
2011 Tohoku, 

Japan 
MYG009 9 ≈ 60 NS 0.67 6.80 104.52 0.63 16.9 84.7 

5 
2011 Tohuku, 

Japan 
MYG015 9 ≈ 50 EW 0.17 3.96 113.76 n/a n/a n/a 

6 2010 Maule, Chile PUENTE ALTO 8.8 ≈ 70 NS 0.45 7.43 36.23 0.60 14.3 37.0 
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3.4 Geotechnical Criteria 

For both Closure – Active Care and Passive Care, the geotechnical criteria for slope stability 

assessments provided for Construction, Operation and Transition Phases are applicable.  The 

target levels for static and post-earthquake slope stability assessments excerpted from the 

Technical Bulletin are provided in Table 3-4 and Table 3-5.  The full or partial rapid drawdown 

loading condition is not applicable to the static assessment of the Old TDF because the condition 

cannot occur. 

 

Table 3-4: Target Factors of Safety for Slope Stability in Construction, Operation and 

Transition Phases - Static Assessment 

Loading Condition Minimum Factor of Safety Slope 

During or at end of 

construction 

>1.3 depending on risk 

assessment during 

construction 

Typically downstream 

Long term (steady state 

seepage, normal reservoir 

level) 

1.5 

Downstream 

Full or partial rapid 

drawdown 

1.2 to 1.3 
Upstream slope where applicable 

 

 

Amec Foster Wheeler proposes that end of construction be defined as the time the Old TDF 

enters the Closure – Active Care Phase and instrumentation indicates that all construction-

induced pore pressures have dissipated including those generated by placement of closure cover 

and that steady state pore pressures have been achieved.   The static undrained shear strength 

of the tailings was used in slope stability analyses prior to the defined end of construction.  The 

target factor of safety of 1.3 applies to the end of construction case after which the frictional 

strength will be used and the target of 1.5 applies. 

 

Table 3-5: Target Factors of Safety for Slope Stability in Construction, Operations, and 

Transition Phases - Seismic Assessment 

Loading Condition Minimum Factor of Safety 

Pseudo-static 1.0 

Post-earthquake 1.2 

 

 

Post-seismic target factors of safety for previous analyses were different than those shown in 

Table 3-5.  Previously, a post-seismic target factor of safety of 1.25 was used for failure surfaces 

that might impact the outer toe drain.  For all other failure surfaces, the post-seismic target factor 

of safety was 1.1.  These targets are not consistent with the Technical Bulletin which was 

published by CDA in 2014.  Amec Foster Wheeler proceeded with design of the APA berm 

stabilization using the target factors of safety as recommended in the Technical Bulletin. 
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3.5 Other Design Considerations 

The design of the APA berm should provide a uniform crest elevation and width and, reduce 

existing over-steepened slopes.  The design criteria for the APA berm are as follows: 

 

 Crest elevation – 3392 m maximum 

 Crest width – 6 m minimum 

 Slopes – 2(H):1(V) maximum 

 

The toe berm will be raised and/or extended as required to achieve the target static and post-

seismic factors of safety as provided in Table 3-4 and Table 3-5. 

 

The design of the APA berm stabilization must accommodate the existing decants and spillways 

as currently designed and/or constructed.  The APA berm stabilization design must also 

accommodate or be a part of surge pond currently under construction at the west end of the Old 

TDF.  The design of final closure cover must accommodate the APA berm stabilization and also 

not adversely impact the overall stability of the Old TDF.  Design of closure cover was not yet in 

process at the time of this report. 

 

Amec Foster Wheeler understands that the outer toe drain is considered essential to the long-

term performance of the Old TDF.   Based on the information provided in 1999 seismic berm 

design report (Klohn-Crippen, 1999), it appears that survival of the outer toe drain intact and fully 

functional was not a design criteria when considering the maximum design earthquake ground 

motions.  Remedial measures could be required to maintain the integrity of the outer toe drain 

after the design earthquake. 
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4.0 GEOLOGICAL MODELS 

Geological models were developed for six cross-sections, subsequently referred to as ‘planes’, 

for use in slope stability analyses.  The geological models were developed using stratigraphy 

based on borehole logs from historical (Knight Piesold,1982,1996; Klohn-Crippen, 1998, 1999, 

2003b) and more recent subsurface investigations (Amec Foster Wheeler, 2015b, 2016a ) and, 

on drawings that show the configuration of the Old TDF at 100-meter interval stationing along the 

toe of the Old TDF (AMEC, 2011).  The drawings were based on construction as-built drawings 

as well as other information available at the time the final as-built report and drawings were 

prepared. 

 

Discussions of the foundation soils stratigraphy, geotechnical material properties and the pore 

pressure regime are provided in Sections 4.2 through 0.  The Planes 1 through 6 are located at 

approximately at Stations 1+040, 1+170, 1+340, 1+600, 1+1800 and 1+900, respectively, as 

shown in Figure 1-3.  The geological models for the six planes are shown in Figure 4-1 through 

Figure 4-6. 

 

4.1 APA Berm Configuration 

The surface elevation of the APA berm was based on the design considerations for final crest 

elevation, width and slope as well as the as-built drawings. The bottom elevation was determined 

based on data from boreholes advanced through the APA berm (Amec Foster Wheeler, 2015). 

 

The information and descriptions of observations contained in the construction reports suggest 

that significant settlement and/or intrusion into the underlying tailings occurred during construction 

of the APA Berm.  As well, up to 1 m of tailings were deposited between the APA berm and the 

OEB suggesting that the bottom of the APA berm should not be modelled as a horizontal surface 

at the elevation of the tailings between the APA berm and the OEB, especially in Area II where 

additional tailings were added between the APA berm and the OEB to improve drainage towards 

the western decant (Klohn-Crippen, 2005). 

 

4.2 Foundation Soils Stratigraphy 

The same unit designations for the foundation soils that were used in previous descriptions of the 

stratigraphy have been adopted for consistency.  Brief descriptions of the foundation soils from 

original ground surface down are as follows: 

 

 Unit 2b: Colluvial silty sand and gravel. 

 Unit 2a: Glacial fluvial soils consisting of sand and gravel with cobbles and boulders. 

 Unit 3: Silty sand considered to be a ‘transition’ zone between the glaciolacustrine soils 

and the overlying glaciofluvial soil. 

 Unit 4: Highly laminated fine sand and nonplastic to low plasticity silt and clay of 

glaciolacustrine origin. 

 Bedrock and/or glacial till. 
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4.3 Geotechnical Material Parameters 

The geotechnical material properties used in the current slope stability analyses are summarized 

in Table 4-1.  Further discussions of the geotechnical material properties of the foundation 

materials and tailings are provided in Appendices C and D. 

 

Table 4-1: Geotechnical Material Properties 

Material type 
Unit Weight 

γ (kN/m3) 

Static Strength 

Φ, Su 

Post-seismic 
Residual Strength 

Φ, Sr 

Seismic Berm 22 38° 38° 

Embankment Raises 22 34° 34° 

Tailings 22.5 28°, Su=0.20 σ’v0 Su=0.14σ’v0 

Starter Embankment 22 36° 36° 

Dense Glaciofluvial 
Sand and Gravel with 
loose layers (Unit 2a) 

24 34° 34° 

Medium Dense Sand 
and Gravel (densified) 

24 36° 36° 

Colluvial Silty Sand and 
Gravel (Unit 2b) 

24 34° Su=0.28σ’v0 

Transitional Silty Sand 
(Unit 3) 

22 32° Su=0.35σ’v0 

Glaciolacustrine Silt 
and Clay (Unit 4) 

20 Su=0.22σ’v0 Su=0.13σ’v0 

 

 

4.4 Pore Pressure Regime 

The pore pressure regime within and beneath the Old TDF is strongly and favourably influenced 

by the presence of the coarse granular soils present at the original ground surface and the system 

of drains installed within the coarse granular soils at the time of initial construction and also during 

the seismic upgrade, as well as the overall balance between net annual precipitation and 

drainage. The pore pressure at the original ground surface was assumed to be essentially zero.  

This assumption is supported by the results of pore pressure dissipation (PPD) tests conducted 
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at the base of the tailings deposit during the 2015 APA berm investigation (Amec Foster Wheeler, 

2015b) and in the foundation soils during the 2015 glaciolacustrine field investigation (Amec 

Foster Wheeler, 2016b) as well as data from the numerous hydrogeological wells that have been 

installed at the site (Robertson, 2014).  Data from the hydrogeological wells also indicates that 

the pore pressure in the foundation soils is essentially hydrostatic, possibly with a very slight 

upward gradient. 

 

The PPD tests and piezometers within the tailings deposit indicate that the pore pressures were 

zero near the surface, increased to a maximum around mid-deposit and then decreased to zero 

at the base of the tailings (original ground surface).  The maximum, mid-deposit pore pressures 

ranged between 1.0 m and 9.2 m with an average of around 3.5 m.  Pore pressures within the 

tailings should be expected to vary with the seasons.  Rapid increases have been observed at 

the start of the wet season, generally late October or early. 
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5.0 LIMIT EQUILIBRIUM SLOPE STABILITY ANALYSIS 

5.1 Methodology 

Two dimensional limit equilibrium slope stability analyses were completed at six planes using the 

proprietary software Slope/W (2012) by GeoSlope International.  The Morgenstern-Price half-sine 

function was used to resolve interslice forces.  

 

Six failure modes generally consistent with previous analyses were evaluated at each of the six 

planes described in Section 4.0.  The modes are briefly described as follows and shown 

graphically, using Plane 5 as an example, in  

Figure 5-1: 

 

 Mode A:  Failure surfaces entirely within the seismic upgrade berm. 

 Mode B:  Failure surfaces beginning in the 6(H):1(V) slope of the seismic upgrade berm 

and exiting at or near the toe of the seismic upgrade berm. 

 Mode C:  Failure surfaces beginning at the near the crest of the seismic upgrade berm 

and exiting at or near the toe of the seismic upgrade berm. 

 Mode D:  Failure surface beginning near the Outer Edge Berm (OEB), extending into the 

foundation soils, and exiting at or near the toe of the seismic upgrade berm. 

 Mode E:  Failure surfaces beginning within the crest of the seismic upgrade berm, 

extending into the foundation soils, and exiting at or near the toe of the seismic upgrade 

berm. 

 Mode F:  Failure surfaces beginning behind or within the crest of the APA berm and exiting 

at or near the toe of the seismic berm. 

 Mode G:  Failure surfaces beginning behind or within the crest of the APA berm, extending 

into the foundation soils and exiting at or near the toe of the APA berm. 

 

Modes A through F do not apply to Plane 1 because of the presence of the surge pond, shown in 

Figure 1-3.  The APA berm in this area was stabilized by the addition of the surge pond east slope 

buttress (Amec Foster Wheeler, 2016d). 

 

Static and post-seismic stability of the APA Berm initially were evaluated at a crest elevation of 

3392 m and a crest width of six meters as per the design criteria discussed in Section 3.0.  The 

design crest width was achieved at each plane by extending the APA berm over the existing 

tailings, essentially an upstream raise.  Achieving the design crest elevation and width by 

extending the APA berm over the existing tailings reduced the required volume of material and 

eliminated the need for benching the downstream slope.  Benching is normally recommended in 

order to avoid placement of ‘sliver’ fills and to provide a horizontal work surface for compaction 

equipment.  However, benching requires excavation and replacement of existing berm material 

and, where only a relatively minor thickness of fill is required, benching could extend a meter or 

more into the existing APA berm depending on the width of compaction equipment and safety 
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concerns for equipment working adjacent to slopes.   Some settlement of the ground surface 

should be expected where the fill has been placed over the existing tailings.  

 

The existing toe berm at each plane was then raised and/or widened as required to achieve the 

static and post-seismic target factors of safety for all modes of failure.  The results of the analyses 

were then assessed and a toe berm elevation and width were selected such that when applied to 

all planes, the target factors of safety were achieved and/or exceeded.  This process resulted in 

a uniform toe berm elevation of 3386 m and a minimum width of 15 m for the length of the APA 

berm.   

 

Preliminary limit equilibrium slope stability analyses were also completed on Plane 5 to assess 

the possible impact that closure cover might have on the stability of the Old TDF.  Three closure 

cover scenarios were assessed – the conceptual cover that provides a smooth transition between 

the crest of the APA berm and the crest of the OEB as per the conceptual cover configuration 

(RGC, 2015), a conformal cover with a thickness of 2.5 m that extends to the crest of the seismic 

berm and, a 2.5-m-thick conformal cover that only extends to the crest of the OEB. 

 

5.2 Limit Equilibrium Analysis Results 

A summary of computed factors of safety as compared to all three targets – long-term, short-term 

and post seismic is provided in Table 5-1.  The graphical results of the limit equilibrium slope 

stability analyses for the short-term and post-seismic analyses for the APA berm stabilization are 

provided in Appendix E.  Appendix E and Table 5-1 do not include the preliminary analyses for 

closure cover. 

 

The results of the preliminary analyses of the closure cover scenarios indicate that the closure 

cover could impact the overall stability of the Old TDF depending on details.   The conceptual 

cover design indicates a 9% slope from the crest of the APA berm generally to the crest of the 

OEB and then a conformal cover from the OEB to the crest of the seismic berm.  If the cover only 

extends to the crest of the OEB, the post-seismic target factor of safety of 1.2 is achieved.  If a 

conformal cover extends from the OEB crest to the seismic berm crest, the post seismic factor of 

safety for the Mode D failure is somewhat less than target.  The static short-term and long-term 

factors of safety are all greater than the targets. 
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Table 5-1: Summary of Factors of Safety 

Plane Failure Surface 

Long-term Static 
Factor of Safety, 
Target Factor of 

Safety = 1.5 

Short-term Static 

Factor of Safety, 
Target Factor of 

Safety = 1.3 

Post Seismic 

Factor of Safety; 
Target Factor of 

Safety = 1.2 

1 

A n/a n/a n/a 

B n/a n/a n/a 

C n/a n/a n/a 

D n/a n/a n/a 

E n/a n/a n/a 

F n/a n/a n/a 

G 3.8 1.9 1.2 

2 

A 1.5 1.5 1.5 

B 3.7 2.1 1.7 

C 1.7 1.7 1.6 

D 2.5 1.9 1.4 

E 2.4 2.2 1.7 

F 2.6 2.3 1.6 

G 3.1 1.7 1.3 

3 

A 1.7 1.7 1.7 

B 4.7 2.9 2.4 

C 1.8 1.8 1.8 

D 2.7 2.2 1.4 

E 2.2 2.0 1.8 

F 2.7 2.5 1.8 

G 3.0 1.7 1.3 

4 

A 1.5 1.8 1.8 

B 4.4 2.6 2.1 

C 1.7 1.5 1.5 

D 2.2 2.0 1.5 

E 2.1 2.1 1.6 

F 2.3 2.2 1.5 

G 3.4 1.5 1.4 

5 

A 1.5 1.5 1.5 

B 4.9 2.7 2.2 

C 1.7 1.7 1.6 

D 2.0 1.4 1.2 

E 1.8 1.7 1.3 

F 2.3 1.7 1.4 

G 3.8 2.0 1.5 

6 

A 4.5 2.5 2.1 

B 5.2 3.4 2.8 

C 5.1 5.1 3.6 

D 4.6 2.7 2.3 

E 4.9 3.7 2.3 

F 5.6 2.7 2.1 

G 2.2 1.7 1.2 
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6.0 DYNAMIC DEFORMATION MODELING 

6.1 Introduction 

A two dimensional (2D), nonlinear, dynamic finite element (FE) model using the proprietary 

software LSDYNA v.978 by Livermore Software Technology was developed to estimate potential 

static and seismic deformations of the Old TDF.  The cross-section considered in the model was 

based on Plane 5.  Plane 5 was chosen for more detailed dynamic analysis because the tailings 

and GLU are thickest at this location compared to other planes as well as the lowest static and 

post-seismic factors of safety which were for Mode D.  The Plane 5 cross-section and soil 

stratigraphy is shown in Figure 4-5. 

 

Geotechnical material properties are provided Table 4-1.  Additional properties used in the 

dynamic deformation modeling are provided in Table 6-1 and discussed in Appendix F. 

 

6.2 One Dimensional Seismic Wave Propagation Analysis 

One dimensional (1-D), seismic wave propagation analysis was completed in order to perform 

initial calibrations and checks required for the 2-D LSDYNA modeling. The computer program 

DESRA-2C and a later version of the program referred to as DESRAMOD (Lee and Finn, 1978) 

were used for this purpose.  A summary of the 1-D analyses is provided in the following 

paragraphs and also is discussed in detail in Appendix F. 

 

Two 1-D soil columns referred to as Soil Profile 1 and Soil Profile 2 on Plane 5 were considered 

in the 1-D analyses.  The locations are shown in Figure 4-5.  The DESRAMOD analysis was run 

for both soil profiles using the four earthquake records discussed in 3.3.  The LSDYNA analysis 

was run for only one soil profile and two of the earthquake records. 

 

Computed peak cyclic stress ratios (CSR) versus depth from both models are shown in  

Figure 6-1.  There is a relatively tight band of computed peak CSR for all input ground motions 

with values in the range of 0.15 to 0.2, indicating a close agreement between the two models.  

Computed peak CSRs in the range of 70 to 100% of the peak undrained strengths of the tailings 

and GLU develop during shaking.    

 

Peak shear strains versus depth are shown Figure 6-2. Both models indicate similar trends of 

shear strain versus depth.  The largest computed shear strains (in the range of 0.5 to 1.5%) were 

in the tailings and GLU, suggesting that largest contributions to downslope lateral movements of 

the Old TDF will occur due to cyclic straining in these materials.  Smaller strains and lateral 

movements are computed within the higher strength glaciofluvial materials. 

 

A comparison of lateral displacement versus time relative to the input base displacement between 

the DESRAMOD and LSDYNA models is shown in Figure 6-3.  Agreement is excellent between 

the two models in terms of peak displacement amplitudes, in frequency content of the 

displacement time history, and in residual displacements at the end of shaking.   

 

Figure 6-1 through Figure 6-3 indicate close agreement between the two 1-D models. 
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Figure 6-1: Comparison of Computed Peak CSR’s Versus 

Depth from 1-D DESRAMOD and LSDYNA 

Models 

 

 

Figure 6-2: Comparison of Computed Peak Shear Strains 

Versus Depth from 1-D DESRAMOD and 

LSDYNA Models 
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Figure 6-3: Comparison of Computed Relative Lateral Displacement Versus Time at 

Ground Surface for Soil Profile 1 Considering Earthquake Record 1 Input 

from 1-D DESRAMOD and LSDYNA Models 
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Table 6-1: Summary of Geotechnical Properties Used in Dynamic Modeling 

Material Type 

Total Unit 

Weight, γ 

(kN/m3) 

Stress Normalized 

Seismic Shear 

Wave Velocity, Vs1 

(m/sec) 

Seismic Shear 

Wave Velocity, Vs 

(m/sec) 

Small Strain 

Shear Modulus, 

Gmax 

(MPa) 

K0 

Elastic Bulk 

Modulus, 

Belas 

(MPa ) 

Static Cyclic 

Peak Friction 

Angle, Φ’ 

(deg.) 

Su/σ’vo 

Equivalent 

Peak Friction 

Angle, Φequiv 

(deg.) 

Su/σ’vo R 

Seismic Berm 22 270 221-291 110-190 0.38 71-123 38 n/a 38(5) n/a 2(5) 

Embankment Raises 22 270 244-336 133-253 0.44 87-143 34 n/a 34(5) n/a 2(5) 

Tailings 22.5 195 160-330(2) 60-250(2) 0.75 600-2500 13.2 0.20 11.9 0.18 150 

Starter Embankment 22 280 383 329 0.41 183 36 n/a 36(5) n/a 2(5) 

Dense Glaciofluvial Sand and Gravel with loose 

layers (Unit 2a) 
24 210 350-370 300-330 0.44 3000-3300 34 n/a 34(5) n/a 150 

Transitional Silty Sand (Unit 3) 22 203 359(3) 290 (3) 0.47 2900 32 n/a 29 0.35 150 

Glaciolacustrine Silt and Clay (Unit 4) 20 175 285-335(2) 165-230(2) 0.75 1650-2300 14.5 0.22 14.5(5) 0.22(5) 150 

Dense Glacial Till 24 ≈230-240 450 495 0.75 4950 35(1) n/a 35(1) n/a 2(5) 

 
Φequiv = equivalent peak friction angle designed to match target shear strength ratio 

 

(1) Shear strength calculated assuming pore water cavitation 
(2) Vs (and Gmax) depends on stress level according to relationship with Vs1 

(3) Average Vs, Gmax and Belas properties across all zones were selected for the Unit 3 transitional glaciofluvial materials which were assumed to have a 2m thickness across the model. 
(4) Average Vs, Gmax and Belas properties across all zones were selected for the Unit 2A glaciofluvial materials which was assumed to have a thickness of 18 m across the model except at the far RHS of the model where the thickness increased by approximately 7 m.  Depth dependence of these material 
parameters was considered. 
(5) No change from initial static properties 
n/a = not applicable 
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6.3 Two Dimensional Seismic Wave Propagation Analysis 

A two dimensional (2-D) finite element model of the Plane 5 cross-section was developed using 

LSDYNA.  The 2-D model is shown in Figure 6-4.   A summary of the 2-D analyses is provided in 

the following paragraphs.  A detailed technical discussion is provided in Appendix F. 

 

The model was divided into seven zones to account for differing overburden stress conditions and 

to permit stress level variations in small strain shear modulus, Gmax and elastic bulk modulus, Belas 

to be considered.  Soil zone numbering increased from left to right across the model with Zone 1 

on the left and Zone 7 on the right of the model.  The boundaries of each zone are indicated by 

the vertical lines shown in Figure 6-4.  Also indicated in Figure 6-4 are five nodes.  The nodes are 

located at critical points on the model where estimates of horizontal displacement are desired.  

From left to right, the nodes represent the crest of the APA berm (4718), the toe of the APA berm 

(4656), the crest of the seismic upgrade berm (4823) and the toe of the seismic upgrade berm 

(2965). 

 

 

Figure 6-4: 2-D LSDYNA Model of Plane 5 Cross-Section, Showing Locations of Nodal 

Output 

 

The left hand and right hand side of the model has a height of 90 m and 58 m, respectively. The 

width of the model is 550 m.  Elastic elements are placed on the left hand, right hand and bottom 

boundaries of the model. 

 

6.3.1 Nonlinear Stress-Strain Response Using Geologic Cap Model 

 

The various soil zones were assumed to have nonlinear, hysteretic response during cyclic 

shearing with limiting shear strength calculated using a Mohr-Coulomb failure criterion.   Nonlinear 

material response for both static and cyclic loading was modelled using a nonlinear “geologic cap 

model” or GCM (Livermore Software Technology, 2001).  For small changes in shear stress, 

response is linear elastic and elastic strains occur.  For larger changes in shear stress, plastic 

strains occur resulting in nonlinear shear stress – shear strain response.  Shear stresses are 

limited according to the Mohr-Coulomb failure criterion.   

 

6.3.2 Stages of 2-D Modeling 

 

The 2-D modeling was completed in three stages.  Brief descriptions of the three stages are as 

follows: 
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 Stage 1:  Initial self-weight gravity loading of the dam (seismic berm, APA berm and 

embankment fills) and its foundations to calculate pre-earthquake effective stresses 

throughout the model.  

 

 Stage 2:  Dynamic modeling of dam response with no cyclic strain accumulation 

considered from cyclic pore pressure generation.  

 

 Stage 3:  Post-seismic stability analysis of dam response assuming cyclic shaking results 

in strength reduction relative to pre-earthquake strengths within the tailings, GLU and Unit 

3 glaciofluvial soils.  

 

6.3.3 Two Dimensional Dynamic Deformation Modeling Results 

 

The following results are presented: 

 

 Contours of pre-earthquake vertical effective stresses (Stage 1) throughout the model are 

shown in Figure 6-5. 

 

 Contours of maximum shear strain at the end of seismic shaking using input Earthquake 

Record 1 with no consideration of cyclic degradation (Stage 2) in the GLU, tailings and 

Unit 3 materials, i.e. based on the pre-earthquake “static” soil properties are shown in 

Figure 6-6. Examination of this figure indicates a critical slip surface (zone of highest shear 

strains) extending from upstream of the seismic berm and exiting near the toe of the 

seismic berm.  This mode of deformation is similar to the critical potential failure surface 

identified by Surface D from SLOPE-W modeling which indicated a post-seismic factor of 

safety of 1.2 for this mode of potential failure.  The shear strains output from LSDYNA 

(termed “Green’s strains”) are ½ of engineering shear strains used in normal engineering 

practice.   

 

 Contours of maximum shear strain at the end of seismic shaking using input Earthquake 

Record 1 with consideration of cyclic degradation (Stage 3) in the GLU, tailings and Unit 

3 materials, i.e. based on the “cyclic” soil properties are provided in Figure 6-7. The 

broadening of the zones of maximum shear strain are apparent using the cyclic soil 

properties when comparing Figure 6-6 and Figure 6-7. 

 

 Plots of peak cyclic shear stress ratio versus depth are provided in Figure 6-8 within 

various soil zones (Zones 2, 4, 5 and 6) considering input Earthquake Records 1 through 

4. The CSR’s show a reasonably tight band versus depth considering the various input 

earthquake records.  A reasonable average peak CSR within the GLU, Unit 3 glaciofluvial 

and tailings is 0.2 with values as high as 0.25 due to locally higher K0 values during 

shaking. The peak CSR’s indicate that the maximum undrained shear strengths within the 

tailings and GLU are reached during shaking. 

 

 A summary of computed permanent lateral displacements at the end of shaking 

considering five input ground motions is given in Table 6-2.  The model was run with and 

without the effects of cyclic degradation. As expected, including the effects of cyclic 

degradation increased post-seismic displacements by up to 35%. Maximum 
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displacements were computed using input Earthquake Record 1 which has the highest 

Arias Intensity of all records considered. Maximum lateral displacements at the crest 

of the seismic berm of 0.96 m were computed which is considered to be within 

acceptable limits. The relatively limited lateral displacements computed are considered 

to be the result of the relatively flat slopes and buttressing effect of the seismic berm, as 

well as the large amount of damping considered in the model due to cyclic hysteresis 

within the tailings and GLU. 

 

 

Figure 6-5: Contours of Pre-Earthquake Vertical Effective Stress 

 

Figure 6-6: Contours of Post-Earthquake Maximum Shearing Strains with No Effects of 

Cyclic Degradation 
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Figure 6-7: Contours of Post-Earthquake Maximum Shearing Strains with Effects of 

Cyclic Degradation 
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Figure 6-8: CSR for Earthquake Records 1 through 4 
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6.3.4 Approximate Methods to Estimate Seismic Displacements 

 

Approximate methods were used to estimate post-seismic dam displacements to provide a check 

against the LSDYNA model results using the following approaches: 

 

 Bray and Travasarou (2007). The Bray and Travasarou (B&T) model is based on a 

statistical analysis of a simplified 1-D nonlinear slope model considering a variety of 

seismic input motions over a range of earthquake magnitudes.  The B&T displacements 

are sensitive to yield acceleration coefficient (ky) and effective horizontal acceleration time 

history at the centroid of the slide mass. The latter is indirectly related to the input ground 

motion spectral acceleration characteristics which need to be specified at a structural 

period equal to 1.5 times the small strain fundamental period of the dam.  The latter has 

been previously estimated to be approximately 0.9 seconds under the crest of the seismic 

berm.  Using the B&T empirical equations and using a critical yield acceleration coefficient 

of 0.10 g determined from SLOPE-W analyses for Profile 5, the mean post-seismic 

displacements at the crest of the seismic berm for a M9 design earthquake are computed 

to be 1.0 m. 

 

 Newmark (1965) subjected to an input base acceleration time history. An in house 

computer program was used to compute cumulative displacements of the rigid block which 

occur progressively whenever the base acceleration exceeds the yield acceleration of the 

soil mass above a critical slip surface. The horizontal acceleration time history computed 

by LSDYNA at node 3709 using input Earthquake Record 1 with no consideration of cyclic 

degradation effects was used in the Newmark analysis. Node 3709 is located at the 

approximate centroid of the soil mass above a critical slip surface determined from 

SLOPE-W analysis (Surface D). A ky of 0.10 also was used in the modeling.  The Newmark 

model predicted a post-seismic lateral displacement of 1.09 m. 

 

 Idriss and Boulanger (2008) which involves estimating post-seismic shear strains at 

different depths in a 1-D soil profile and integrating these strains versus depth to compute 

X-displacements at the soil surface. Considering a 1-D soil profile under the crest of the 

seismic berm (Zone 6), shear strain potentials were estimated within the tailings and GLU 

based on effective CSR’s of 0.10 in these layers and using available cyclic lab test data. 

Maximum strain potentials of 5% and 1% were used in the tailings and GLU, respectively 

Shear strain potentials in the Unit 3 glaciofluvial were estimated to be equal to 2% as 

described in Section 5.2.1 (c). The shear strain profile assumed is shown in Figure 6-9. 

Integration of this strain potential predicted a horizontal ground displacement at the crest 

of the seismic berm equal to 0.91 m. The horizontal shear strains computed using the 2D 

LSDYNA for this soil profile and considering input Record (1), which predicted maximum 

post-seismic X-displacement at the crest of the seismic berm, are also shown in Figure 

5.15. The latter indicate lower strain development in the tailings due to the buttressing 

effect of the adjacent seismic berm, and larger strain development in the deeper GLU than 

estimated using the strain potential method. 

 

The above simplified estimates of post-seismic lateral displacement at the crest of the seismic 

berm are in close agreement with the 2D finite element model results. 
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Figure 6-9: Comparison of Post-Seismic Shear Strain from LSDYNA and Strain 

Potential Method 
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6.3.5 Post-Seismic Stability Assessment 

 

Cyclic straining under design levels of seismic shaking is considered to result in post-seismic 

strength reduction in the tailings, GLU and Unit 3 transitional glaciofluvial materials.  The following 

post-seismic residual strength ratios were considered: 

 

 Tailings Sr/σ’v0= 0.14 

 GLU Sr/σ’v0= 0.13 

 Unit 3 glaciofluvial (silty sand) Sr/σ’v0= 0.35 

 

K0 values of 1.0 were assigned to the tailings and GLU, considered representative of post 

transient liquefaction conditions, giving equivalent friction angles of 8° and 7.5°, respectively. A 

K0 value of 0.47 was assigned to the Unit 3 transitional glaciofluvial since transient liquefaction is 

not expected within these materials under design levels of shaking. An equivalent friction angle 

of 29° was assigned to the Unit 3 materials. 

 

It was also assumed that following seismic shaking drained deformations would occur in the Unit 

2A glaciofluvial and Unit 3 transitional glaciofluvial deposits.  Because of the low permeability and 

long drainage path lengths in the tailings and GLU, it was assumed that deformations following 

seismic shaking would be essentially undrained.  

 

The 2D model was then re-run following the end of seismic shaking considering input Earthquake 

Record 1, which predicted the maximum seismic lateral displacements of all the records 

considered.  Computed post-seismic lateral and vertical displacements are presented in Table 

6-2 and Table 6-3, respectively.  Using the reduced post-seismic strengths, the Old TDF is 

predicted to be stable and no additional lateral and vertical displacement results following the end 

of seismic shaking at the ground surface points output.  Excess pore pressures are expected to 

be induced in the tailings and GLU which will dissipate slowly years following a major seismic 

event.  This will lead to additional long term settlements of the dam which have not been 

considered in the present evaluation. 
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Table 6-2: Summary of Computed Post-Seismic Horizontal Displacements 

Earthquake 

Record 
Comments 

Lateral Displacement (m) 

Crest of APA 

Berm 

(Node 4718) 

Toe of APA 

Berm 

(Node 4656) 

Crest of 

Seismic Berm 

(Node 4823) 

Toe of 

Seismic Berm 

(Node 2965) 

1 
No cyclic 

degradation 
0.65 0.69 0.73 0.60 

2 
No cyclic 

degradation 
0.60 0.65 0.71 0.56 

3 
No cyclic 

degradation 
0.39 0.44 0.50 0.40 

4 
No cyclic 

degradation 
0.53 0.56 0.66 0.52 

1 
With cyclic 

degradation 
0.85 0.95 0.96 0.79 

2 
With cyclic 

degradation 
0.85 0.94 0.94 0.76 

3 
With cyclic 

degradation 
0.48 0.56 0.63 0.50 

4 
With cyclic 

degradation 
0.62 0.71 0.79 0.65 

6 
With cyclic 

degradation 
0.58 0.65 0.68 0.53 

1 
Post-seismic 

residual strengths 
0.85 0.95 0.96 0.79 

 

 

Table 6-3: Summary of Computed Post-Seismic Vertical Displacements 

Earthquake 

Record 
Comments 

Vertical Displacements (m) 

Crest of APA 

Berm 

(Node 4718) 

Toe of APA 

Berm 

(Node 4656) 

Crest of 

Seismic Berm 

(Node 4823) 

Toe of 

Seismic Berm 

(Node 2965) 

1 
Post-seismic 

residual strengths 
0.21 0.28 0.09 -0.06 
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7.0 CONCLUSIONS AND RECOMMENDATIONS 

The current post-seismic instability of the APA berm can be mitigated by raising the elevation of 

the toe berm to a uniform elevation of 3386 m with a uniform width of 15 m.  Post-seismic factors 

of safety are equal to or exceed the target of 1.2 for all modes of failure assessed using limit 

equilibrium methods.   The lowest computed post-seismic factor of safety was for the Mode D 

failure on Plane 5.  Limit equilibrium modelling indicates that the relatively minor amount of 

additional fill required to improve the post-seismic stability of the APA berm does not adversely 

impact the overall stability of the Old TDF including the Mode D failure.   This is in line with the 

conclusion made during the design of the APA berm that it would not have an adverse impact 

because it was sufficiently distant from the seismic upgrade berm (Klohn-Crippen, 2001).  Permit-

level drawings for the APA berm stabilization are provided in Appendix G. 

 

The models used in the static and dynamic deformation modeling included the additional APA 

berm stabilization fill.  The estimated deformation of the crest of the seismic upgrade berm and at 

the crest of the stabilized APA berm are on the order of one meter.  Checks using three 

approximate methods also indicated post-seismic deformations at the crest of the seismic berm 

of similar magnitudes.  Deformations of this magnitude are generally considered within tolerable 

limits for facilities such as the Old TDF.  In fact, the estimated post-seismic deformations are 

significantly less than those estimated during the design of the seismic upgrade berm.  The limited 

post-seismic lateral deformations are considered to be the result of the relatively flat slopes and 

buttressing effect of the seismic berm as well as the large amount of damping considered in the 

LSDYNA model resulting from cyclic hysteresis within the tailings and GLU. 

 

As discussed in Section 5.0, preliminary limit equilibrium slope stability analysis were conducted 

on Plane 5 to assess the impact that closure cover might have on the stability of the Old TDF.  

The results of the preliminary analyses suggest that the closure cover cannot extend over the 6:1 

slope to the crest of the seismic berm.  Approximately 1.5 m of clean fill was placed over the 6:1 

slope and the seismic berm during the final stages of construction and, depending on the specific 

requirements for closure cover, these areas could be considered essentially covered.  If extension 

of the cover over the seismic berm is required, the 6:1 slope and seismic berm can be subcut to 

the thickness of closure cover such that there is no net increase in elevation when closure cover 

is placed.  The stability also can be improved by the addition of a toe berm by raising the elevation 

of the road currently located near the toe of the seismic berm or, by flattening the 6:1 slope as 

discussed in the draft closure plan (NMF, 2011). 

 

The analyses were only conducted for Plane 5.  Planes 1 through 4 and 6 will need to be assessed 

during the design of the closure cover.   It is also important to note that all closure cover scenarios 

generally improve the stability of the APA berm. 

 

The conceptual closure cover involves placing fill between the APA berm and the OEB to provide 

a smooth transition between the two berms.  This could involve placing a significant thickness of 

fill.  The fill essentially is an additional load at the top of the Old TDF and there is no off-setting 

load added to the toe.  A conformal closure cover will minimize the amount of fill to be placed 

between the APA berm and the OEB. 
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It is important to note that the closure cover briefly described in the seismic upgrade design report 

does not extend over the seismic berm (Klohn-Crippen, 1999).  This would suggest that additional 

loading caused by extending closure cover the 6:1 slope and the crest of the seismic berm might 

not have been considered in the design of the seismic berm. 

 

Post-seismic deformations at the toe of the seismic upgrade berm are on the order of 0.8 m at 

Plane 5 which would suggest that post-seismic deformation of the outer perimeter drain might be 

of similar magnitude. This magnitude is significantly less than that estimated during design of the 

seismic upgrade berm.  Design-phase estimates of deformations at the toe of the seismic upgrade 

berm during a major seismic event the design phase were around 2.5 m (Klohn-Crippen, 1999, 

2005b).  The design report was silent on the allowable deformations of the outer perimeter drain 

during a major seismic event or maximum design earthquake; however, the design criteria for 

maximum horizontal displacement during an operational basis earthquake was 0.3 m (Klohn-

Crippen, 1999, 2005b). This would suggest that the outer perimeter drain might not survive the 

current design earthquake ground motions for Closure – Passive Care. 
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8.0 LIMITATIONS AND CLOSURE  

This report has been prepared for the exclusive use of Nyrstar Myra Falls Ltd. for specific 

application to the area within this report.  Any use which a third party makes of this report, or any 

reliance on or decisions made based on it, are the responsibility of such third parties.  Amec 

Foster Wheeler accepts no responsibility for damages, if any, suffered by any third party as a 

result of decisions made or actions based on this report.  It has been prepared in accordance with 

generally accepted soil and foundation engineering practices.  No other warranty, express or 

implied, is made. 

Respectfully submitted, 

Amec Foster Wheeler Environment & Infrastructure, 
a Division of Amec Foster Wheeler Americas Limited 

 Reviewed by: 

Original paper copies signed and sealed by 

Dixie Ann Simon, P.Eng. 

Original paper copies signed by 

Ed McRoberts, PhD, P.Eng. 

Dixie Ann Simon, P.Eng. 
Senior Associate Geotechnical Engineer 

Ed McRoberts, PhD, P.Eng. 
Principal Geotechnical Engineer 

Original paper copies signed and sealed by 

Blair Gohl, PhD, P.Eng. 

 

Blair Gohl, PhD, P.Eng. 
Senior Associate Geotechnical Engineer 
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Design Drawings and Yearly Construction Record Drawings 
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APPENDIX B  

Acceleration, Velocity and Displacement Time Histories 

 
 
Figure B1: Record 1 MYGH09 EW2 Spectrum before and after Spectral Matching 

Compared to Target Spectrum for Passive – Closure Case 
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Figure B2: Record 2 IWT011 EW Spectrum before and after Spectral Matching Compared 

to Target Spectrum for Passive – Closure Case 
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Figure B3: Record 3 MYG009 EW Spectrum before and after Spectral Matching 

Compared to Target Spectrum for Passive – Closure Case 
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Figure B4: Record 4 MYG009 NS Spectrum before and after Spectral Matching Compared 

to Target Spectrum for Passive – Closure Case 
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Figure B5: Record 1 MYGH09 EW2 Horizontal Acceleration, Velocity and Displacement 

Time Histories after Spectral Matching 
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Figure B6: Record 2 IWT011 EW Horizontal Acceleration, Velocity and Displacement 

Time Histories after Spectral Matching 
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Figure B7: Record 3 MYG009 EW Horizontal Acceleration, Velocity and Displacement 
Time Histories after Spectral Matching 
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Figure B8: Record 4 MYG009 NS Horizontal Acceleration, Velocity and Displacement 

Time Histories after Spectral Matching 

 



 

 

APPENDIX C 

 

Nyrstar Myra Falls Old TDF Foundation Materials Properties1 

 

                                                
1 Amec Foster Wheeler, 2016. “Myra Falls Old Tailings Disposal Facility Glaciolacustrine Evaluation Report - 

Appendix A”, GLU Evaluation Report, March 2016. 
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The purpose of this memorandum is to summarize the geotechnical material propert ies used inthe historical and current Old TDF stability analyses. The generalized stratigraphy of thefoundation soils is described brief ly and a corresponding table of the material propert ies ispresented. The same unit designat ions used in previous descript ions of the stratigraphy havebeen adopted for consistency. Background information and detailed descriptions of the fieldprograms, the laboratory data, the stratigraphy and the process used to select the materialpropert ies are provided in the attachments to this memorandum and in the glaciolacustrine datareport1. Geotechnical material propert ies for the tailings are provided under separate cover.Brief descript ions of the foundation soils are as follows:Unit 2b: Colluvial silty sand and gravel.Unit 2a: Glacial f luvial soils consisting of sand and gravel with cobbles and boulders.Unit 3: Silty sand considered to be a ‘transit ion’ zone between the glaciolacustrine soilsand the overlying glaciofluvial soils.Unit 4: Highly laminated f ine sand and nonplast ic to low plasticity silt and clay oflacustrine origin.The geotechnical material properties for the Old TDF foundation soils selected for use in theassessment of the impact of the presence of the glaciolacustrine soils on the stability of the OldTDF are provided in Table 1.

To: FileFrom: Dixie Ann Simon (AmecFW)Tel: 1 (250) 847�8783 File No: NX14001F.4Date: 31 March 2016 Cc: Ed McRoberts (AmecFW)Subject: Old TDF Foundation SoilsGeotechnical Material Properties
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Table 1: Geotechnical Strength Parameters for Lim it Equilibrium Slope Stability AnalysesSoilUnit Soil Description Static Parameters Post�seismic Parameters(kN/m3) , Su (kN/m3) , Sr2a Dense Sand and Gravelwith Loose Layers 24 34 ° to 36° 24 34°2b Medium Dense Silty Sandand Gravel A Colluvium 22 34° 22 0.28 v́03 Unit 3 ( Silty Sand) 22 32° 22 0.35 v́04 Unit 4 (Glaciolacustrine) 20 0.22 v́0 20 0.13 v́0Bedrock AA AA AA AAIn the data presentations and plots, depth or depth below original ground surface has generallybeen used instead of elevat ion because of the general slope of the Myra Creek topography downthe thalweg. In some design applicat ions, such as considerat ion of the contact between thegranular foundations soils (Units 2a, 2b, and 3) and the glaciolacustrine soils (Unit 4), elevat ion isconsidered more appropriate because of the nature of deposit ion of the soils in the glacial lakerather than along and down a high energy stream.In some of the historical reports made available to Amec Foster Wheeler, Unit 4 was not includedin strat igraphic summaries. This appears to be the result of assumption that the stat ic and postvseismic strength of the glaciolacustrine soils was higher than the overlying granular materials.This assumption is not supported by the geological history of the site or by the revevaluat ion of thehistorical f ield and laboratory data.The ongoing analysis could result in the conclusion that the granular foundation materials, Units2a and 3, are dilatant when sheared instead of contractant. If this is the case, the postvseismicparameters provided in Table 1 will be revised. Use of these parameters in the assessment of theimpact of the glaciolacustrine soils on the stability of the Old TDF is considered prudent.A. SUBSURFACE EXPLORAT ION PROGRAMSNumerous subsurface explorat ion programs have been conducted at the site of the Old TDF. Thesubsurface explorat ion programs included borehole drilling, sampling and laboratory test ing.Programs were completed by Knight Piesold Limited, Klohn Crippen Consultants Limited (KCL)and Amec Foster Wheeler. Each of the subsurface exploration programs are described brief ly insections 1.1 through 1.3. The borehole locat ions with the exception of the 2003 KCL boreholesare shown in Figure Av1. Most of the boreholes are relatively shallow with only a few extendingthrough the glaciolacustrine materials and into the underlying t ill and/or bedrock.F1 Nyrstar Myra Falls Old Tailings Disposal Facility Glaciolacustrine Investigation Data Report , Amec Foster Wheeler ,NX14001F, February 2016
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Knight Piesold LimitedA preliminary subsurface explorat ion program was conducted in 1981 by Knight Piesold Limited(KPL). The subsurface explorat ion consisted of five shallow test pits, ten shallow hydrogeologicalboreholes with piezometers, two deep hydrogeological boreholes advanced using a cable toolsystem and three pumping test wells. The preliminary subsurface explorat ion program report wasnot available for review. Amec Foster Wheeler understands that a copy of the report could not befound in NMF’s f iles.A detailed subsurface exploration program was conducted in 1982 also by KPL. The report alsowas not available for review; however, copies of the borehole logs and laboratory test ing wereincluded in a subsequent report issued by KPL. The detailed subsurface exploration programconsisted of 14 boreholes advanced using the mud rotary method of drilling. Penetrat ion testingwas conducted at 1.5 m to 3.0 m intervals. ThinJwalled (Shelby) tube samples of the materialsencountered in the boreholes also were obtained. Laboratory testing consisted of the following:10 unit weight measurements63 water content measurements6 specif ic gravity measurements7 index propert ies (Atterberg limits)7 laboratory vane shear tests (4 with residual strength)48 grain size analyses( 7 with hydrometer)2 consolidated undrained multiJstage Triaxial shear tests with pore pressuremeasurements on glaciolacustrine materials.KPL conducted a third subsurface explorat ion program (12 boreholes) in 1984 to further exploreareas where bedrock was encountered at relatively shallow depths in the detailed subsurfaceexploration program. The report was not available for review.A final threeJphase subsurface exploration program was completed in 1995 to further explore thenature and extent of sandy tailings present near the existing pipe bridge. The first phase consistedof cone penetrat ion testing (CPT) at seven locat ions, seismic cone penetration test ing (SCPT) attwo locat ions and two boreholes advanced using hollow stem augers. Standard Penetrat ion Tests(SPT) were conducted in the boreholes. Five thinJwalled tube samples were obtained of thetailings encountered in the boreholes. Seven piezometers of various types also were installed.The second phase consisted of CPTs at 14 locat ions, SCPT at one location, two boreholesadvanced using hollow stem augers and installat ion of 12 piezometers. Eight thinJwalled tubesamples were obtained from the tailings encountered in the boreholes. One thinJwalled tube
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sample was obtained of the near surface materials. Laboratory testing on the tailings samplesconsisted of the following:12 cyclic, constant volume, simple shear tests10 bulk density measurements11 grain size distribution (three with hydrometer)3 specif ic gravity measurements12 water content measurementsKlohn Crippen Consultants LimitedKlohn Crippen Consultants Limited (KCL) conducted two concurrent subsurface explorat ionprograms in 1998 in support of the design of the Old TDF seismic upgrade and preliminary designof the foundation densif icat ion program. The subsurface exploration programs consisted ofclosedJended and openJended Becker penetration test ing (BPT) at 15 locat ions, closedJendedonly BPT at 10 locations, and two boreholes advanced using the mud rotary method of drilling.Downhole shear wave velocity measurements were made in casings installed in two of the BPTboreholes. SPT was conducted in the mud rotary boreholes at 1.5 m to 3.0 m intervals in the mudrotary boreholes. Laboratory testing consisted of the following:14 index properties (Atterberg limits)76 grain size analyses (3 with hydrometer)57 water content measurementsA second subsurface explorat ion program was conducted in 2003 in support of the design of thedensif ication program. At that time, closedJended and openJended BPT was conducted at 15locat ions and closedJended BPT at 5 locat ions. Large diameter penetration test ing was conductedat selected intervals in six of the openJended BPT boreholes. Eighteen piezometers and/ormonitoring wells were installed in 12 of the openJended BPT boreholes. Laboratory test ingconsisted of the following:27 water content measurements10 index properties (Atterberg limits)28 grain size analyses (6 with hydrometers)
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Amec Foster WheelerAmec Foster Wheeler conducted a subsurface explorat ion program in 2015, targeting theglaciolacustrine (GL) materials. The program consisted of ten boreholes advanced using the sonicmethod of drilling, four boreholes advanced using the mud rotary method of drilling, CPT in the GLat four locations and SCPT in the GL at two locations. SPT was conducted at 1.5 m or 10 mintervals in the mud rotary boreholes. Downhole shear and compression wave velocit ies weremeasured in casings installed in three of the sonic boreholes. Grab samples were obtained fromthe sonic core. ThinJwalled tube samples were obtained of the GL materials and also of the tailings.Field and laboratory test ing consisted of the following:10 vane shear tests31 index properties (Atterberg limits) on GLU materials52 water content measurements9 grain size analyses (5 with hydrometer)10 static, constant volume, direct simple shear tests11 cyclic, constant volume, direct simple shear tests6 postJcyclic static, constant volume, direct simple shear tests6 specif ic gravity measurementsB. DESCRIPTIONS OF OLD TDF FOUNDATION STRATIGRAPHYThe strat igraphy beneath the Old TDF has been historically has been divided in to four units. Theupper three units consist of glaciofluvial and colluvial deposits of primarily sand and gravel. Thelowest unit consists of glaciolacustrine silt and clay. General descript ions are provided in thefollowing subsections. Detailed descript ions can be found in the borehole logs provided in theGlaciolacustrine Investigat ion Data Report.Granular Foundation UnitsUnit 2b – Colluvium (Silty Sand and Gravel)The colluvial soils consisted of gravel with some sand and trace silt and clay to gravelly sand withsome to trace cobble, silt and clay. The colluvial soils were generally encountered within the samedepth range as the glaciofluvial gravels and sands but in thinner and possibly discontinuous layers.Particles of colluvial material were found to be a litt le more angular as well, ranging fromsubangular to angular in particle shape. Color was generally brown to grey with none of the bluish
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color observed in the other gravels and sands. The density of the colluvial gravels and sands wasalso quite variable across site ranging from loose to very dense. Colluvial gravel and sand layers,when encountered, ranged in thickness from less than 1m to 7.5m.Unit 2a – Glaciofluvial Sand and GravelUnit 2a consisted of sandy gravel to sand with some gravel and trace f ines. Relat ively thin zonesof silt also were encountered in some of the boreholes; however, a continuous layer could not beidentif ied. Boulders were also encountered based on drilling act ion. Particles were generallysubrounded to subangular. Density was quite variable over this unit, generally ranging fromcompact to very dense; however, looser zones were also observed. The glaciofluvial gravel andsands were most commonly a bluish grey but grey and brown colors also were noted. Observedmoisture condit ions ranged between wet and saturated. Thickness of these gravels and sandswas also quite variable, ranging from 17m near the east end of the TDF to 45m near the west endof the TDF.Unit 3 – Sand/Interbedded Sand and SiltUnit 3 consisted of interbedded sand and silt . Fine to medium sand with some silt was interbeddedwith low plasticity silt with trace clay. The interbedded layers generally ranged in thicknessbetween a few centimeters and about 30 cm.The unit appears to be a transit ional unit between the glaciof luvial sand and gravel and theunderlying glaciolacustrine unit (Unit 4). The thickness of the transit ional unit ranges between onemeter and eight meters; however, unit descriptions contained in reports of previous subsurfaceexploration programs indicated thickness up to 10 m. This could be the result of the method ofdrilling. Amec Foster Wheeler’s boreholes were drilled using the sonic method of drilling whichprovides a continuous core. Open(ended BPT with SPT only provides representative samples atdiscrete intervals.Testing completed on samples of Units 2b, 2a and 3 soils consists primarily of grain size analysesand index propert ies. The variation of percentage of particles smaller than 0.075 mm (finescontent) with depth for the three granular foundation units is shown graphically in Figure B(1. Thefines content for Unit 2b (colluvium) was generally greater than about 15%. For Unit 3, f inescontent was generally greater than 35%. The fines content of Unit 2a was generally between 5%and 10%; however, isolated zones of higher f ines content soils were encountered within the unit.
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Figure Br1: Variation in Fines Content with Depth below Original Ground

Fine Grained Foundation UnitUnit 4 – Glaciolacustrine Silt and ClayUnit 4 consisted of highly laminated, nonplast ic to low plasticity, clayey silt or clay with trace tosome silt . Laminat ions consisted of f ine sand and were observed to be generally less than abouttwo millimetres in thickness. Trace organics were observed throughout the glaciolacustrine unit .Water contents ranged between 3% and 36% but were generally in the range of 20% to 30% withan average of 23%.Amec Foster Wheeler determined the index properties (Atterberg limits) of 31 samples of theglaciolacustrine soils. Liquid limits ranged between 9% and 36% with an average of 24%. Plast iclimits ranged between 12% and 20%with an average of 17%. The corresponding plasticity indicesranged between 0% and 16% with an average of 8%. The glaciolacustrine soils generallyclassif ied as MLÇCL, CL and CI when classif ied in accordance with the Modif ied Unified SoilClassif icat ion System as shown in Figure BÇ2.
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Figure BF2: Modified Unified Soil Classification – Glaciolacustrine Soils

KCL determined the index propert ies of f ive samples of the glaciolacustrine soils. The results alsoare provided in Figure B(2. KPL determined the index propert ies of five samples of theglaciolacustrine soils; however, the results cannot be shown in the figure because only theplast icity index was provided in the historical reports available to Amec Foster Wheeler. Theplast icity index ranged between four and 15.Amec Foster Wheeler conducted grain size analyses on seven samples of the glaciolacustrinesoils. KCL conducted grain size analyses on five samples of the glaciolacustrine soils; KPL on sixsamples. The percent of part icles by weight smaller than 0.075mm ranged between 80% and100%. The average was about 95%.KPL conducted mult i(stage, consolidated undrained Triaxial compression tests with pore pressuremeasurements on two samples of the glaciolacustrine soils. The undrained shear strength ratios,su/ ´v0 were 0.44 and 0.45. The calculated angles of internal friction, ´, were 33° and 37°.Amec Foster Wheeler conducted stat ic, cyclic and post cyclic direct simple shear tests underconstant volume condit ions on samples of the glaciolacustrine materials. Gamma ray scans ofthe tubes were uses to select samples for test ing; however, the samples were found to be highlylaminated. On extrusion it was found that some laminat ionswere at signif icant angles from verticalmaking sample selection extremely diff icult . The results are provided in Table B(1.
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C . BECKER PENETRATION TEST DATAKCL completed eight deep closed(ended Becker penetrat ion tests in 1998 and 20 additional in2003. The data was used in the liquefact ion analyses completed by KCL and in the design of theOld TDF seismic upgrade. The data was also used for evaluat ion and design of groundimprovement.KCL calculated the equivalent N1(60) values using the Sy (1997) method. The corrected equivalentN1(60) values were presented in the available reports as plots. Amec Foster Wheeler digit ized theavailable plots and obtained the N1(60) values. Plots were not available for all closed(ended Beckerpenetration test boreholes. The corresponding units are based on the KCL logs and strat igraphicprof iles. The values are provided in Figure C(1.Figure CF1: Equivalent N1(60) Values Excluding Values Greater than or Equal to 100

Histograms of the equivalent N1(60) values were developed for Units 2a, 2b and 3. The histogramsshow the uniform variability of Unit 2a when compared to Units 2b and 3. The histograms areshown in Figure C(1.
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Figure CF2: Histograms of Equivalent N1(60) values for Units 2b, 2a and 3
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D. STANDARD PENETRATION TEST DATAStandard penetrat ion testing was conducted in the 14 mud rotary boreholes advanced by KPL,the two mud rotary boreholes advanced by KCL and the mud rotary boreholes advanced by AmecFoster Wheeler. The values were energy corrected (hammer energy, Em = 0.6, borehole diameterfactor, CB = 1.0, sampling method factor, Cs = 1.0 and rod length correct ion, CR based on thesampling depth). The values were also overburden stress normalized to one atmosphere. Theenergy corrected, overburden stress normalized N1(60) values as well as the average and 20thpercentile for each unit are shown in Figure D(1. SPT N�values greater than 100 – about 25percent of the total number of values � have been excluded.Figure DF1: SPT N1(60) vs Depth below Original Ground

Unit 2 has been further divided into two subunits – Unit 2a consisting of f luvial sand and graveland Unit 2b consisting of loose silty sand and gravel (colluvium). Unit 2b is present generallybetween Stations 0+00 and 4+00 (western Old TDF); however, colluvium could be present in theunexplored areas of the Old TDF foundation. The SPT N1(60) values, averages and 20 percentilevalues for Units 2a and 2b are shown in Figure D(2.
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Figure DF2: N1(60) vs Depth for Unit 2a and 2b

The average and 20th percentile values for BPT and SPT N1(60)values are provided in Table G(1for comparison.Table DF1: Average and 20th Percentile BPT and SPT N1(60) ValuesUnit Average 20th PercentileBPT SPT BPT SPT2b 27 24 10 82a 51 37 29 163 32 18 11 134 25 14 5 7
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E. INFS ITU TESTING – CONE PENETRATION TESTING ANDVANESHEARTESTSCone penetration test ing (CPT) was conducted in the glaciolacustrine (Unit 4) soils to furtherassess the undrained shear strength as well as evaluate the potent ial for cyclic mobility. In(situvane shear test ing was conducted to ‘calibrate’ the undrained shear strength from CPT. All of theCPT and vane shear data is provided in the data report1.The calculated undrained shear strength from the CPT and results of the vane shear tests areprovided in Figure E(1.Figure EF1: Undrained Shear Strength from CPT and InFsituVane Shear Testing
051015202530354045

0 200 400 600 800 1,000 1,200 1,400Undrained Shear Strength (kPa)Nkt = variable, based on Bq
CPT15�27CPT15�30CPT15�32CPT15�33CPT15�35CPT15�36Vane Shear



Nyrstar Myra Falls Ltd . Amec FosterWhee lerGeotechnical Material Propert ies Env ironment & Inf rast ructureMyra Falls , BC30 March 2016

AppendixA_FINAL.docx Page A=16

F. DOWNHOLESHEARWAVEVELOC ITY MEASUREMENTSDownhole shear wave velocity measurements were made in casings installed in three of theboreholes. The measurement interval varied between one meter and four meters. The values areshown in Figure F(1.Figure FF1: Downhole ShearWave Velocity Measurements
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G . STATIC AND POSTrSEISMIC MATERIAL PROPERTIES FOR FOUNDATIONSO ILSThe stat ic and postÇseismic materials propert ies were estimated from the field and laboratory dataAssessment of Static Strength Parameters for Granular FoundationSoils (Units 2b,2a and 3)The stat ic strength parameterswere estimated using common correlationsii between average N1(60)and angle of internal friction as shown in Figure GÇ1. The correlation proposed by Peck Hansenand Thornburn (PHT 1974) was selected. The values proposed for use in slope stability analysesare provided in Table 1.Figure Gr1: Correlations between Granular Soil Frict ionAngle and N1(60)

Assessment of Static Strength Parameters for Glac iolacustrine SoilsThe results of the static DSS tests indicate that the glaciolacustrine soils will behave in acontractant manner during shear; therefore, the static stability of the Old TDF is best assessedusing undrained strength parameters for the glaciolacustrine soils, specif ically an undrained shearstrength rat io, su/ ’v0. The undrained shear strength rat io for the glaciolacustrine soils wasestimated from CPT data. The results of the analyses are shown in Figure GÇ9. Based on analysisof the CPT data, an undrained shear strength of 0.22 was selected for use in stability analyses.This value is consistent with the magnitude of the undrained shear strength rat io estimated fromDSS test data and the vane shear data.
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Figure Gr2: Undrained ShearStrength Ratio, su/ ’v0 fromCPT vs Depth below Original Ground

Assessment of Postrseism ic Residual Shear Strength Parameters from StandardPenetration Testing and Laboratory TestingThe postÇseismic residual shear strength parameters for Units 2b, 2a and 3 were estimated usingN1(60) values and several correlat ions and relat ionships available in the literature. The correlat ionsrely heavily on back analysis of a small number of case histories of failures. Failures are relat ivelyrare occurrences and the preÇfailure condit ions are generally not well documented. There isuncertainty associated with the available correlations and relat ionships; therefore, a level ofconservat ism should be incorporated in the assessment of postÇseismic residual shear strengthparameters.
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The correlations are generally for granular soils such as sands and silty sands with limited datafor gravels. The index properties of the glaciolacustrine soils (Unit 4) were plotted against theliquefact ion criteria proposed by Bray and Sancioiii as shown in Figure G(3 . The criteria suggeststhat the glaciolacustrine soils are susceptible to liquefact ion. As such, the post(seismic strengthof Unit 4 can be evaluated in a similar manner as the granular materials of Units 2b, 2a and 3.Figure GF3: Liquefaction Suscept iblity of the Glaciolacustrine Materials

Energy corrected, stress normalized N1(60) values discussed in Section D were further correctedto account for the effect of f ines content in evaluation of post(seismic residual strength. FigureG(4 which was excerpted from Idriss & Boulangeriv. Based on fines content, the average N1(60)values for Units 2b and 3were increased by 3; the average N1(60) for Unit 4 by 5.Figure GF4: Variation of N1(60) w ith fines Content Used in Evaluation of PostFSeismicResidual Strength
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A summary of the average and 20th percentile N1(60) and N1(60òCS values are provided in Table G(1.Table GF1: Average and 20th Percentile N1(60) and N1(60) õCS ValuesUnit N1(60) N1(60)þCSAverage 20th Percentile Average 20th PercentileSPT BPT SPT BPT SPT BPT SPT BPT2b 24 27 7 10 27 30 11 132a 37 51 16 29 37 51 16 293 18 32 13 11 23 37 18 164 14 25 7 5 19 30 12 10Evaluat ion of the post(seismic residual shear strength ratios for Units 2, 3 and 4 were completedas follows:For average N1(60) values (not adjusted for f ines content) that were less than or equalto 15, the liquefied shear strength rat io was estimated using the relat ionship proposedby Olsen & Starkv.For average N1(60) values greater than 15 but less than 25, a linear variat ion of liquefiedshear strength rat io was used.For average N1(60) values greater than 25, the drained strength was used.Checks were made using other methods of evaluat ion as discussed in this section.Based on average N1(60) values provided in Table G(1, Olsen & Stark only applies to Units 2b, 3and 4. The average N1(60) value for Unit 2a is greater than 25 and the drained shear strengthparameters were used in the analyses. The average N1(60) values for Units 2b, 3 and 4 are 24,18and 14, respect ively, and the liquefied shear strength ratio should be used in the analyses.The residual shear strength rat io can also be assessed using average N1(60) values that are notcorrected for fines content and the correlat ion proposed by Olsen & Stark.Use of this relationship is limited to for values less than or equal to 12 but was linearly extrapolatedfor values up to 25.Based relationship, the residual shear strength rat ios for Unit 2b and Unit 3 are 0.21 and 0.17,respect ively. For Unit 4, the residual shear strength ratio is 0.13. This value is consistent with thevalue obtained from the results of lower of the three post(cyclic, monotonic direct simple sheartests.
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The design relationships proposed by Robertsonvi was used to further assess residual shearstrength ratios for use in postNseismic slope stability analyses. This relationship applies to soilswith 20th percentile N1(60)NCS values that are less than about 12 based on Figure GN5. OnlyUnits 2b and4 have 20th percentile N1(60)sCSvalues less than 12. For a 20th percentile N1(60)sCS value of 10, the corresponding residual shear strength rat io is about 0.21; for a value of 12,the corresponding residual shear strength ratio is 0.35.Figure G�5: Design Relationships � Robertson

Assessment of Post�seismic Residual Shear Strength Ratios from Cone PenetrationTesting DataThe residual shear strength rat io also can be assessed using tip resistance, qc1, calculated fromcone penetration data and the correlation proposed by Olsen & Stark.Cone penetrat ion testing was conducted in the glaciolacustrine soils as discussed inAttachment E. This correlat ion is appropriate for qc1 less than or equal to 6.5MPa.
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The normalized t ip resistance is provided in Figure Gò6. The residual shear strength rat ios withdepth are provided in Figure Gò7. The residual shear strength ratios calculated using thecorrelat ion proposed by Olsen & Stark are unrealistically low and inconsistent with that est imatedusing other methods. Olsen & Stark suggest that the qc1values should not be corrected for f inescontent ; however, it is common practice to do so. The residual shear strength rat ios calculatedusing f ines corrected are shown in Figure Gò7 using the open symbols. The lower bound is around0.12, also as shown in Figure Gò7.Figure G
6: Tip Resistance, qc1, vs Depth below Original Ground
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Figure G�7: Residual Shear Strength Ratio vs Depth below Original Ground

Assessment of Post�seismic Residual Shear Strength Ratios from Shear WaveVelocityThe residual shear strength rat io of liquef ied soils can also be assessed using normalized shearwave velocity, Vs1, and the correlation proposed by Özenervii.
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Shear wave velocit ies were measured from the exist ing ground surface through the tailings andfoundation soils as discussed inAttachment 0. Soilswith normalized shearwavevelocit ies greaterthan 250 m/s are considered unlikely to be subject to transient liquefaction according to Özener.Limit ing normalized shear wave velocit ies for liquefaction have also been proposed by Andrus &Stokoeviii as 215 m/s for clean sands and 200 m/s for soils with greater than 35% fines. Themeasured and normalized shear wave velocit ies with limiting values are shown in Figure G78.Figure G
8: Measured, Normalized and Lim it ing ShearWave Velocities with Depth belowCurrent Ground Surface

Based on Figure G78, the tailings and glaciolacustrine soils (Unit 4) are potentially subject totransient liquefact ion and there are potentially liquef iable layers in the granular foundation soils(Units 2a, 2b and 3). The calculated residual shear strength ratios are provided in Figure G79.Median values for each unit also are shown in Figure G79.
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Figure G
9: ResidualShearStrength Ratios from Vs1
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Comparison of Estimated Post�Seismic Residual Shear Strength and ProposedValuesA comparison of the est imated postsseismic residual shear strength rat ios is prov ided inTable Gs2. The values proposed for use in slope stability analyses also are shown.Table G�2: Comparison of Post�seismic Residual Shear Strength RatiosUnit Olsen &Stark basedonAverageN1(60) Olsen &Stark basedon qc1Nwithfinescorrections Robertson,based on20thPercentileN1(60)ÌCS Medianbased onÖzenerVs1 Laboratory Proposed2b 0.21 ÜÜ 0.28 0.31 ÜÜ 0.282a NA ÜÜ NA 0.27 ÜÜ ÜÜ3 0.17 ÜÜ 0.35 0.21 ÜÜ 0.354 0.13 0.12 0.29 0.17 0.13 0.13The residual shear strength ratio, su/ ’v) = 0.13, proposed for use in postsseismic stability analysesfor assessing the impact of the presence of glaciolacustrine soils on the stability of the Old TDF isconsidered conservative. Cyclic simple direct shear tests were conducted on six samples of theglaciolacustrine soils (Unit 4). Cyclic mobility was triggered in three of the six samples. Postscyclic monotonic direct shear tests were conducted on these samples. In addit ion, one sample inwhich cyclic mobility was not triggered was also tested. The postsseismic residual shear strengthratios ranged between 0.13 and 0.21. Excluding the low value of 0.13, the average of theremaining three values was 0.20, essentially equal to the stat ic undrained shear strength ratio.This finding suggests that the glaciolacustrine soils might not experience signif icant strength lossafter a seismic event and that the postsseismic residual strength ratio could be closer to 0.2 thanto 0.13.Addit ionally, the residual shear strength rat io based on Olsen & Stark prov ided in Table Gs2 isbased on the average N1(60) as discussed in SectionG.2. Though Olsen & Stark suggest that N1(60)values should not be corrected for fines content, it is common practice to do so. If the averageN1(60) value for Unit 4 is corrected for fines content, the corresponding residual shear strength rat iowould be about 0.17. This value is equal to that using the relationship proposed by Özenerwhichis based on shear wave velocity.The assessment of the CPT data using the relat ionship proposed by Olsen & Stark resulted in apostsseismic residual shear strength ratio of about 0.05 for Unit 4. CPT was not conducted in Units2a, 2b or 3. Again, Olsen & Stark suggest that the qc1 values should not be corrected for finescontent. If these values are corrected for fines content, the corresponding residual shear strengthratio the lower bound is around 0.12. W ithout the fines content correct ion, the residual shearstrength value appears to be unrealist ically low when compared with that est imated using othermethods and from laboratory test ing. W ith the f ines content correction, the lower bound residual
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shear strength value of 0.12 is consistent with the other estimates. Based on the foregoing, aresidual shear strength rat io, su/ ’v0) = 0.13, for the glaciolacustrine soils (Unit 4) is considered alower bound.For Units 2a, 2b and 3, Amec Foster Wheeler has based the proposed residual shear strengthratios on analysis of SPT data. If a similar analyses were completed using the BPT data, thecorresponding residual shear strength ratios for all units would be higher.ii LRFD Design and Construction of Shallow Foundations for Highway Bridge Structures (NCRP Report 651) ,Transportation Research Board, 2010iii Liquefaction Susceptibility of Fine�Grained Soils , Bray, J .D., Sancio, R.B, Journal of Geotechnical Engineering , Vol .132 , No . 9, 2006iv Soil Liquefaction During Earthquakes , Idriss , I.M ., Boulanger, R.W ., Earthquake Engineering Research Institute,MNO�12 , 2008v Liquefied Strength Ratio from Liquefaction Flow Failure Case Histories , Olson , S .M ., Stark ,T.D., CanadianGeotechnical Journal , Vol . 39, May 2002vivii Estimation of Residual Shear Strength Ratios of Liquefied Soil Deposits from Shear Wave Velocity, Ozener, P.,Earthquake Engineering and Engineering Vibrations , Vol . 11, No . 4 , December 2012viii Liquefaction of Soils from Shear Wave Velocity, Andrus , R.D., Stokoe, K.H., Journal of Geotechnical andGeoenvironmental Engineering , Vol . 126 , No . 11, November 2000.
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APPENDIX D 

 

Nyrstar Myra Falls Old TDF Tailings Properties2 

                                                
2 Amec Foster Wheeler, 2016. “Myra Falls Old Tailings Disposal Facility Glaciolacustrine Evaluation Report - 

Appendix B”, GLU Evaluation Report, March 2016. 
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A. INTRODUCTIONAND BACKGROUNDThe purpose of this memorandum is to summarize the geotechnical material properties of thetailings that have been used in historical OldTailings Disposal Facility (OldTDF) stability analysesand the data that are basis for the values used in the current Old TDF stability analyses aswell aspublished technical papers. Not all historical test results were made available to Amec FosterWheeler. Only the results contained in reports that were provided to Amec Foster Wheeler orpublically available are discussed herein.The Old TDFwas designed by Knight Piesold Ltd. (KPL) in 1982. The original design report wasnot made available to Amec Foster Wheeler; however, the tailings propert ies used in the designof the Old TDF were summarized in a paper authored by the designers of the Old TDF1. Thesummary of the tailings propert ies, excerpted from the paper, is provided in Table A�1.KPL conducted cyclic Triaxial tests on 12 reconst ituted samples of the tailings in 1982 as part oftheir study of the seismic stability of the Old TDF. The purpose of the test ing was to determinethe residual shear strength rat io, su/ ’v0, for use in post�seismic slope stability analyses. Thesamples were tested at the University of Brit ish Columbia’s Soil Mechanics Library by Dr. Y.P.Vaid. Detailed descript ions of the sample preparat ion and test ing procedures are provided inKPL’s 1982 report2. The summary of the results, excerpted from the report, is provided inTable A�2.1 Design and Operation of the Myra Falls Tailings Disposal Facility, Haile, J.P. and Kerr, T.F., 19892 Myra Falls Tailings Disposal Facility, Report on Seismic Stability Considerations, Knight and Piesold Ltd.,07 July 1982.

To: FileFrom: Dixie Ann Simon (AmecFW)Tel: 1 (250) 847�8783 File No: NX14001F.4Date: 31 March 2016 Cc: Ed McRoberts (AmecFW)Subject: Old TDF TailingsGeotechnical Material Properties
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Table A,1: Tailings Properties Used In Design of Old TDFTailingsType Gs LL% PI% Dry Densityt/m3 Coefficient of Vertical Permeabilitycm/s Coefficient ofConsolidationm2/year Shear StrengthAfter Full Drainage After Consolidation toAverage Incsitu stress Friction Angle(remolded)degrees Friction Angle(undisturbed)degrees EffectiveCohesionkPa Shear Strength Ratio at2% StrainMyranLynx 2.95 45 8 1.2 2.5x10z5 1x10z6 14 to 153 27.2 32.8 0 0.35HW 3.95 23 NP 2.0 3.5x10z5 3x10z6 78 to 147 30.0 34.5 0 0.32Table A,2: Summary of KPL Cyclic Triaxial Testing on Reconstituted Tailings SamplesSample No. Initial VoidRatio% InitialSaturationRatio EffectiveConfining StresskPa OverConsolidationRatio Void Ratio afterConsolidation% Saturation Ratioafter Consolidation CyclicStress Ratio Number ofCycles for2.5%AxialStrain Post CyclicDeviatorStress at 8%Axial StrainkPa Comments1 2.01 0.89 50 1 1.86 0.88 0.13 19 192 2.05 0.89 50 1 1.80 0.89 0.13 >100 26 Did not liquefy in 100 cycles;load attenuated3 1.84 0.94 100 1 1.44 0.92 0.12 50 614 1.80 0.92 100 1 1.43 0.92 0.12 48 70 Cyclic load was non symmetric5 1.56 0.87 40 4.5 1.45 0.87 0.37 11 806 1.49 0.90 40 4.5 1.32 0.89 0.35 18 100 Did not develop strain in 76cycles at stress ratio = 0.16 andadditional 76 cycles of stressratio 0.247 1.56 1,00 40 4.5 1.16 1.00 0.40 14 658 1,54 1.00 40 4.5 1.20 1.00 0.32 30 609 1.06 0.95 40 2 0.95 0.96 0.27 14 50 Did not liquefy under 76 cyclesof stress ration=0.2010 1.08 0.87 40 2 1.02 0.92 0.29 6 3511 0.91 1.00 320 1 1,000.74 1.00 0.14 30 7612 0.90 0.99 320 1 0.76 0.98 0.18 7 42
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KPL analyzed the results of the test ing and selected a postøseismic residual shear strength rat io,Sur/ ’v0, of 0.2 for use in the design of the OldTDF. KPL selected the shear strength at an arbit rarystrain level of 8% to calculate the residual strength ratio. The arbit rary strain level was selectedbecause KPL observed ‘strain hardening’ in all of the postøcyclic, monotonic undrained shear tests.They concluded the strain hardening was the result of ‘consistent dilative response’ duringundrained shear.Knight Piesold conducted cyclic direct simple shear tests on thinøwalled tube samples obtainedduring three investigat ions in 1995. The samples were obtained from an area of sandy tailingslocated approx imately in the v icinity of the ex ist ing pipe bridge. The sandy tailings reportedly werethe result of deposit ion of ‘raw ’ tailings. KPL suspected that the sandier tailings might ‘exhibitmuch poorer postøliquefaction behav iour than the silt tailings’. Samples were obtained prior andafter completion of a trial densif ication program. Samples numbers 5 through 9 were obtainedafter the complet ion of the trial densif ication program.The samples were also tested at UBC by Dr. Vaid. Detailed descript ions of the f ield program andtest ing procedures are prov ided in KPL’s 1996 report3. A summary of the results, excerpted fromthe appended report prepared by Dr. Vaid, is prov ided in Table Aø3. A summary of the indexproperty and static direct simple shear test ing of the tailings samples conducted by KPL is prov idedin Table Aø4. The order that the samples are listed in Table Aø3 and Table Aø4 is not the same.The order for both tables is as prov ided in the referenced reports.3 Myra Falls Operations, Tailings Storage Facility, Report on 1995 Site Investigations and TrialDrainage/Densification Program (REF. NO. 1288D/2A), Knight Piesold Ltd., 13 March 1996
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Table A,3: Summary of KPL Cyclic and Post Cyclic Direct Simple Shear TestsTest No. Bore Hole ID Depth(ft) Init ial WaterContent Over ConsolidationRatio Vertical EffectiveConsolidation StresskPa Cyclic Tests Post Cyclic TestsCyclic StressRatio Number ofCycles Maximum Shear Strainduring Cyclic Loading% Peak ShearStrengthkPa Peak Strain%1 SPT95n1 25 0.162 1 159 0.105 10 0.2 159 190.116 10 0.30.134 15 3.82 SPT95n2 53 0.361 1 357 0.130 18 3.8 156 153 SPT95n2 51 0.189 1 357 0.100 10 0.5 134 190.111 20 4.61 SPT95n3 25 0.189 1 157 0.115 14 6.3 97 252 SPT95n3 31 0.352 1 198 0.117 15 0.9 35 200.128 10 4.23 SPT95n4 56 0.163 1 366 0.130 6 6.5 70 204 CPT95n23 55.5 0.183 1 396 0.121 17 4.6 170 2051 SPT95n5 19.5 0.192 1 115 0.125 13 4.4 123 1861 SPT95n5 29 0.378 1 183 0.128 9 5.4 62 2271 SPT95n5 47.5 0.162 1 314 0.129 17 3.8 165 2281 SPT95n6 45 0.323 1 295 0.137 9 3.9 60 2091 SPT95n5 38 0.368 1 236 0.137 11 5.0 40 18Notes : 1. Samples obt ained afte r dens if icat ion Table A,4: Summary of KPL Index Properties and Static Direct Simple Shear TestingPenetration No. Soil Type Phase Depth ofSamplem Vertical EffectiveConsolidation StresskPa Shear StrengthRatio Gs Init ial WaterContent Unit Weightg/cm2 Init ial Void Ratio Void Ratio afterConsolidation % Sand % SiltSPT95n2 silt I 15.5 357 0.17 3.56 36.1 1.51 1.361 1.045 0.6 99.4SPT95n3 silt II 9.5 198 0.18 3.65 35.2 1.42 1.570 1.209 0.0 100SPT95n51 silt III 8.8 183 0.34 4.17 37.8 2.11 0.976 0.890 0.0 100SPT95n51 silt III 11.6 236 0.17 3.78 36.8 1.39 1.719 1.432 0.0 100SPT95n61 silt III 13.7 295 0.21 3.57 32.3 1.50 1.380 1.107 3.3 96.7SPT95n1 sand I 7.6 159 1.00 3.62 16.2 2.05 0.765 0.672 39.9 60.1SPT95n2 sand I 15.5 357 0.39 3.85 18.9 2.32 0.751 0.662 40.3 59.7SPT95n3 sand II 7.6 157 0.62 3.72 18.9 2.12 0.869 0.757 62.0 38.0SPT95n4 sand II 17.1 366 0.19 4.01 16.3 2.29 0.919 0.752 62.6 37.4CPT95n23 sand II 16.9 396 0.44 3.76 18.3 2.33 0.733 0.614 51.4 48.6SPT95n51 sand III 5.9 115 1.07 3.75 19.2 2.12 0.904 0.770 9.3 90.7SPT95n51 sand III 14.5 314 0.52 4.00 16.2 2.41 0.732 0.658 5.3 94.7Notes : 1. Samples obt ained afte r dens if icat ion
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The seismic upgrade berm was designed in 1998 by Klohn Crippen Ltd (KCL). KCL did notconduct any independent test ing of the tailings materials, relying on their interpretat ion of postøcyclic shear strength test ing conducted at the University of Brit ish Columbia, case histories andtheir experience. KCL selected a drained effective friction angle of 28° and a postøseismic residualshear strength ratio, Sur/ ’v0, of 0.14.The cyclic shear response of fineøgrained mine tailings was studied by W ijew ickreme et al4. Thedatabase used in the study consisted of the results of constant volume cyclic direct simple sheartests conducted at geotechnical research laboratory at the University of Brit ish Columbia. Six outof the 20 cyclic DSS tests in the data base of tests conducted on copperøgoldøzinc (CGZ) tailingsare samples that were tested by KPL during their 1995 invest igations. Two of the six tests wereon samples obtained after densif ication. Nonetheless, the database prov ides a range of valuesfor residual shear strength rat ios for comparison w ith historical and current values used inanalyses. Excluding four values for CGZ tailings that seem to be unrealistically high, the averagepostøcyclic residual shear, Sur/ ’v0, strength ratio is 0.21. The minimum is 0.13.B. 2015 AMALGAMATED PASTE AREA BERM INVESTIGATIONAmec FosterWheeler completed the field programfor the requiredAPA berm stabilizat ion in 2015.The investigation consisted of borehole drilling using the sonic method of drilling, SPT and thinøwalled tube sampling, inøsitu vane shear test ing and cone penetration test ing w ith pore pressuremeasurements (CPTu). Seismic CPTu and pore pressure dissipation tests were also completed.The mobilized or peak shear strength, su, and the shear strength ratio, su/ ’v0, as interpreted fromCPT data are shown in Figure Bø1 and Figure Bø2. The vane shear data also is shown in thef igures.
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Figure B�1: Undrained Shear Strength from CPT and Vane Shear Tests
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Figure B�2: Undrained Shear Strength Ratio
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The vane shear data is shown graphically in Figure Bø3. The results of the static direct simpleshear tests, discussed in Section C, are shown for comparison. The detailed descript ions and allof the results of the investigat ion are prov ided in the 2015 APA berm data report5.Figure B�3: Summary of Vane Shear Testing

Selected grab samples were tested for index propert ies. In total, 57 samples were tested todetermine water content and 52 samples were tested to determine the percentage of clay and siltsize particles. Water content ranged between 11% and 42% w ith the majority between 24% and37%. The percentage of clay and silt sized part icles in samples of the tailings was generallygreater than 90%.Three selected thin walled tube samples were selected for index test ing. A summary of the indexproperty test ing of thinøwalled tube samples is prov ided in Table Bø1. Analysis of the CPTu datais in process.
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Table B�1: Summary of Tailings Index PropertiesBoreholeNumber SampleID Depthm AtterbergLimits USC SpecificGravity Grain SizeDistribution TotalUnitWeightkN/m3 WaterContent%LL% PL% PI% %Sand %Silt %ClayBH15GA05 SH02 17.9 25 19 6 CLGML 3.54 1 74 25 20.5 26.4BH15GA17 SH02 24.1 21 17 4 CL 3.52 97.21 21.3 31.2BH15GA25 SH02 17.9 28 18 10 CL 3.53 93.81 21.3 28.1Notes : 1. Result f romgrab sample .Additional thin walled tube samples were obtained of the tailings encountered in the mudørotarybore holes that were advanced during the 2015 glaciolacustrine field program. The samples wereobtained specif ically for stat ic and cyclic direct simple shear test ing as discussed in Section C.C. STATIC AND CYCLIC DIRECT SIMPLE SHEAR TESTINGA ll thinøwalled tube samples obtained of the tailings encountered in the mud rotary boreholesweresubmitted to MEGTechnical Serv ices (MTS) laboratory in Richmond, BC for gamma ray scanning.Three tubes were selected for subsequent testing. The tubes were selected based on depth w ithinthe tailings deposit , recovery, and v isual ev idence of uniformity based on the gamma ray scans.The selected samples were tested for index propert ies also by MTS including Atterberg Limits,grain size distribution and specif ic grav ity. Sample disturbance was assessed by making shearwave velocity measurements. Field shear wave velocity measurements were not available at thelocat ion of the samples because of the borehole from which these thinøwalled tube samples wereobtained was abandoned prior to installing the required casing in the borehole as discussed in thedata report . The results are prov ided in Table Cø1.Laboratory shear wave velocity measurements prov ide an indication of sample disturbance whencompared w ith f ield shear wave velocity measurements; however, shear wave velocitymeasurements were not available for the borehole from which the tube samples were obtained.The borehole from which these samples were obtained was abandoned prior to installation of thecasing required for downhole shear wave velocity measurements. The borehole was abandonedbecause a thinøwalled tube sampler was lost during a sampling attempt in the foundation soils.The range of field shear wave velocit ies (downhole and SCPTu) measured in the tailings depositis prov ided in the table.
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Table C�1: Summary of Index PropertiesBoreholeNumber SampleID Depthm AtterbergLimits USCS SpecificGravity Grain SizeDistribution LaboratoryShear WaveVelocity m/s Range ofDownholeShear WaveVelocitym/sLL% PL% PI% %Sand %Silt %ClayBH15G3 SH1 6.35 28 15 13 CL 3.34 3 66 31 196 112to459SH2 12.52 32 15 17 CL 3.44 1 69 30 282SH3 19.33 25 17 8 CL 3.62 1 71 28 325The selected tube samples were also tested for stat ic and postøcyclic residual shear strength indirect simple shear under constant volume condit ions. The testingwas completed by MTS. Staticdirect simple shear tests were conducted w ith consolidat ion pressures equal to the estimatedeffective overburden stress and again at tw ice the estimated overburden stress. The purpose ofthe second test at tw ice the est imated effected over burden stress was to assess whether or notthe tailings were under (unlikely), normally or over (unlikely) consolidated. The results generallyindicate that the tailings are normally consolidated.Cyclic direct simple shear (DSS) tests were conducted on samples consolidated to the est imatedeffective overburden stress. Cyclic stress ratios, number of cycles and frequency were specif iedby Amec FosterWheeler. Postøcyclic, monotonic DSSwere completed on samples that developedtransient liquefact ion (cyclic mobility) or experience more than 3.5% strain during cyclic testing.The results of the static, cyclic and postøcyclic testing are summarized inTable Cø2. The laboratorytest results are prov ided in Attachment B.4 Cyclic Shear Response of Fineggrained Mine Tailings, Wijewickreme, D, Sanin, M.V ., Greenaway, G .R.,NRC Research Press Website at HTTP ://CG I.nrc.ca. October 20055 2015 Geotechnical Site Investigation Data Report, Amalgamated Paste Area (APA) Berm, Amec FosterWheeler, Project NO. NX1400D.6.200, June 2015
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D. TAILINGS MATERIAL PROPERTIES USED IN HISTORICAL SLOPE STABILITYANALYSESA summary of the tailings strength propert ies used in historical slope stability analyses areprov ided in Table Dø1.Table D�1: Summary of Historical and Tailings Strength PropertiesUsed in Design of the O ld TDFConsultant Total UnitWeightkN/m3 Static Strength Parameters Post9seismicResidual ShearStrength RatioSur/ ’v0Angle of InternalFrictionDegrees Shear StrengthRatioSur/ ’v0Knight Piesold Not provided 331 0 .35 0 .20Klohn Crippen 22.5 28 gg 0 .14AMEC (2010)6 22 28 gg 0 .14Notes: 1. Undisturbed angle of internal friction from Table AG1.6 Myra Falls Mine Tailings Disposal Facility, Slope Stability Results for TDF/APA Closure, AMEC Earthand Environmental, Project No. NX10011.2010 .2, 07 September 2010 .
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Limit Equilibrium Slope Stability Results 
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APPENDIX F 

Dynamic Deformation Analyses 

Detailed Technical Discussion 

 

F1.0 INTRODUCTION 

A two dimensional (2-D), nonlinear, dynamic finite element (FE) model using the proprietary 

software LSDYNA v.978 by Livermore Software Technology was developed to estimate potential 

static and seismic deformations of the Old TDF.  The cross-section considered in the model was 

based on Plane 5.  Plane 5 was chosen for more detailed dynamic analysis because the tailings 

and glaciolacustrine deposits are thickest at this location compared to other planes as well as the 

lowest static and post-seismic factors of safety which were for Mode D.  The Plane 5 cross-section 

and soil stratigraphy is shown in Figure 4-5 in Section 4.0. 

 

The limit equilibrium slope stability analyses assessed potential downstream modes of failure and 

used post seismic residual strengths in those materials considered susceptible to initial transient 

liquefaction under design levels of earthquake shaking. The following materials, presented in 

order of increasing depth, were considered to undergo transient pore pressure build-up and cyclic 

strain accumulation (“cyclic mobility”) for purposes of the Plane 5 dynamic deformation modeling: 

 

• Tailings consisting predominantly of silt to clayey silt tailings containing thin silt 

laminations. The tailings has a low to moderate plasticity index, typically in the range of 4 

to 17 percent. There was no evidence of significant sand or silty sand layers within the 

tailings in the vicinity of the cross-section being modeled based on available electronic 

cone penetration test data. 

 

• Looser interlayers of transitional glaciofluvial (Unit 3) layers. 

 

• Glaciolacustrine deposits (GLU) consisting predominantly of clay/silt mixtures with thin 

laminations of fine sand and silty sand. The GLU has a plasticity index typically in the 

range of 0 to 16 percent. 

 

The glaciofluvial deposits (Unit 2a) consisting of sand and gravel with cobbles and boulders were 

assumed to have a compact to very dense state of compaction although locally looser layers were 

also present.  Review of available Becker Density Test data and equivalent Standard Penetration 

Test N1,60 discussed in Appendix C indicates mean and 20th percentile N1,60 values of 51 and 29, 

respectively.  Based on correlations between cyclic liquefaction resistance, stress level and N1,60 

values, the factor of safety against initial liquefaction triggering (FSL) in these materials using the 

20th percentile N1,60 value is about 1.3 to 1.4 at the stress levels being considered in the soil 

profile (Idriss and Boulanger, 2008, 2014). On this basis, correlations between cyclic pore 

pressure generation and FSL indicate excess pore pressure ratios (excess pore pressures 

developed at the end of shaking divided by the pre-earthquake mean effective confining stress) 

would be less than about 0.20 (Tokimatsu and Seed, 1987).  Correlations using mean N1,60 values 

suggest that excess pore pressure ratios are essentially zero (Tokimatsu and Seed, 1987).   
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On this basis, it was considered reasonable to neglect cyclic pore pressure generation in the Unit 

2a materials in the dynamic modeling. 

 

Geotechnical material properties (unit weights, static strength, post seismic strength) of the 

various soil units used in limit equilibrium analyses summarized in Table 4-1 in Section 4.0.  

Detailed discussions of the geotechnical material properties are provided in Appendices C and D 

and are based on review of available site investigation and laboratory test data.  Additional 

properties used in dynamic deformation modeling are discussed in the Sections F2.0 and F3.0 

 

F2.0 ONE DIMENSIONAL SEISMIC WAVE PROPAGATION ANALYSIS 

One dimensional (1-D), seismic wave propagation analysis was completed to provide initial 

calculations of cyclic shear stress levels developed within the Plane 5 soil profile under design 

levels of earthquake shaking.  The peak cyclic shear stress levels, normalized with respect to 

effective vertical overburden stresses at the depth under consideration, are termed cyclic shear 

stress ratios (CSRs) and were used to estimate the potential for initial liquefaction triggering in 

the tailings, transitional glaciofluvial (Unit 3), and deeper GLU (Unit 4) deposits. 

 

1-D analysis only models vertical propagation of earthquake-induced shear waves through a soil 

column.  The computer program DESRA-2C and a later version of the program referred to as 

DESRAMOD (Lee and Finn, 1978) were used for this purpose.  The DESRAMOD output was 

compared against predictions made using a I-D model developed using the LSDYNA, in order to 

perform initial calibrations and checks required for the 2-D LSDYNA modeling. 

 

Two 1-D soil columns were considered at the locations shown in Figure 4-5. These soil columns 

are referred to as Soil Profile 1 and Soil Profile 2.  

 

The program DESRAMOD models the nonlinear, shear stress – shear strain response of the 

various soil layers.  Cyclic hysteretic response of each soil layer is simulated assuming Masing-

type load-unload behavior.  The program requires as input the peak shear strength (τmax) and 

small strain shear stiffness (Gmax) for each soil layer. The latter were derived from downhole 

borehole and seismic CPT measurements of shear wave velocity (Vs) carried out within the 

tailings, glaciofluvial sediments, and GLU (Amec Foster Wheeler, 2015a, 2016a, 2016b).  Gmax is 

related to Vs using isotropic elasticity theory given by the equation Gmax = (ɣt/g) Vs
2 where ɣt is the 

total mass density of the soil at a particular depth and g is the gravitational constant. 

 

A plot of overburden stress normalized shear wave velocity (Vs1) versus depth within the tailings, 

glaciofluvial and GLU deposits based on downhole measurements in boreholes and CPT’s 

located in close proximity to Plane 5 is shown in Figure F-1. Here Vs1 is defined as Vs1= Vs 

(Patm/σ’v0)0.25 where Patm is atmospheric pressure and σ’v0 is the vertical effective overburden 

stress at the depth under consideration. 
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Figure F-1: Overburden Stress Normalized Vs1 with Depth 

 

The dynamic material properties used in one and two dimensional, total stress site response 

analyses (DESRAMOD and LSDYNA) for Soil Profile 1 and Soil Profile 2 are provided in  

Table F-1 and Table F-2, respectively. 

 

Shear strengths for the upper layers of embankment fill, tailings, glaciofluvial deposits, and lower 

GLU deposits were calculated using Mohr-Coulomb strength theory using the following equation: 

 

τ��� = c’ cos φ’ + 0.5 (σ’vo+ σ’ho) sin φ’ 

 

where σ’ho= K0 σ’vo and K0 is the coefficient of earth pressure at rest. Effective stresses σ’vo and 

σ’ho are assumed to be major principle stresses in the ground. It is seen that shear strength is 
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dependent on the Mohr-Coulomb effective cohesion c’ and effective friction angle φ’, vertical 

effective stress σ’vo and the coefficient of earth pressure at rest K0. Drained shear strength 

properties were assumed in the embankment fill, Unit 2a glaciofluvial and Unit 3 transitional 

glaciofluvial deposits based on a peak φ’ value. Undrained shear strengths were assumed during 

dynamic shaking in the tailings and GLU based on undrained strength ratios (Su/σ’vo) of 0.2 and 

0.22, respectively. Dynamic rate effects on undrained strengths were neglected which was 

considered reasonable based on the relatively low plasticity indices of these materials. It is noted 

that LSDYNA calculates shear strengths based on application of Mohr-Coulomb strength criterion.  

Therefore the peak shear strength will depend not only on c’, φ’, and σ’vo but also on K0. The latter 

was selected equal to 0.75 and 0.60 for the tailings and GLU soil layers based on examination of 

FE model stress output in the LSDYNA model. An equivalent φ’ with zero c’ was then selected 

for the tailings and GLU to match the target Su/σ’vo ratio. 

 

The following initial pore pressure (U0) conditions were assumed in order to calculate pre-

earthquake effective stresses within those materials assumed to be saturated: 

 

• Pore pressures in the native foundation soils (glaciofluvial, GLU and glacial till soils) 

calculated using a hydrostatic pore pressure distribution with zero pore pressure at the top 

of the foundation soils (base of tailings). 

 

• Pore pressures within the tailings assumed to be zero at the top and bottom of the tailings, 

increasing to a maximum value of 80 kPa at the mid-depth of the deposit. 

 

The underlying dense glacial till was assumed to be strongly dilative and respond in an undrained 

manner during dynamic shaking.  Undrained shear strengths were calculated assuming pore 

water cavitation to -1 atmosphere.  Shear strengths (����) were calculated using the following 

equation for cohesionless soils (Seed and Lee, 1967):  

���� = 
��,����′ + �� + ����� � sin ���
1 − sin ���

  
where,  

σ3,init’  =  initial minor principal effective stress at the depth under 

consideration = K0 σ’vo; 

U0   =  static water pressure at the depth under consideration; 

Patm  = atmospheric pressure (= 101.3 kPa); 

φcv  = constant volume friction angle (assumed equal to 35°) deg 

 

Excess pore water pressures generated by seismic shaking were neglected in both the 

DESRAMOD and LSDYNA analyses.  This is referred to as a “total stress” dynamic analysis and 

would be expected to lead to upper bound predictions of cyclic shear stresses within those soil 

materials considered to be subject to transient liquefaction (e.g. tailings, transitional glaciofluvial, 

and GLU deposits present within the Plane 5 cross-section). Cyclic strain development would also 

be correspondingly reduced using this assumption. 
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Table F-1: Dynamic Material Properties – Soil Profile 1 

Model 

Layer 

No. 

Soil  

Type 

Layer 

Thickness 

(m) 

Total 

Unit 

Weight, 

ɣt 

(kN/m3) 

Stress 

Normalized Shear 

Wave Velocity, 

Vs1 

(m/sec) 

Shear Wave 

Velocity, Vs 

(m/sec) 

K0 

1 
Embankment 

Raises 
3.5 22 261 195 0.44 

2 - 8 Tailings 28 22.5 195 202-309 0.75 

9 - 13 

Dense 

Glaciofluvial 

Sand and Gravel 

with loose layers 

(Unit 2a) 

18 24 210 344-364 0.44 

14 
Transitional Silty 

Sand (Unit 3) 
2 22 203 358 0.47 

15 - 17 

Glaciolacustrine 

Silt and Clay 

(Unit 4) 

21 20 175 311-320 0.6 

18 - 19 Glacial Till 10 24 240 450 0.75 

 

Table F-2: Dynamic Material Properties – Soil Profile 2 

Model 

Layer 

No. 

Soil  

Type 

Layer 

Thickness 

(m) 

Total Unit 

Weight, ɣt 

(kN/m3) 

Stress 

Normalized 

Shear Wave 

Velocity, Vs1 

(m/sec) 

Shear Wave 

Velocity, Vs 

(m/sec) 

K0 

1 - 3 Seismic Berm 12 22 314 234-367 0.38 

4 
Embankment 

Raises 
3 22 261 346 0.44 

5 - 7 Tailings 14 22.5 195 268-299 0.75 

8 - 12 

Dense 

Glaciofluvial Sand 

and Gravel with 

loose layers  

(Unit 2a) 

14 24 210 338-358 0.44 

13 
Transitional Silty 

Sand (Unit 3) 
2 22 203 349 0.47 

14 - 17 

Glaciolacustrine 

Silt and Clay  

(Unit 4) 

27.5 20 175 303-319 0.6 

18 - 19 Glacial Till 10 24 240 450 0.75 
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A 1-D model for Soil Profile 1 was developed using LSDYNA using the same number of soil layers 

and dynamic soil properties as used in DESRAMOD.  The model is shown in Figure F-2 and 

incorporates linear elastic elements along the lateral boundaries of the model and a layer of elastic 

elements for the bottom layer (Layer 19) of the model.  These elastic lateral and bottom 

boundaries permit the transmission of seismic wave energy beyond the boundaries of the model 

and prevent seismic wave reflections back into the model.  The elastic element moduli were 

calculated using small strain Gmax values for a given layer depth and the following Poisson’s ratios 

(µ): (a) µ= 0.49 in all native foundation materials and within the tailings assuming nearly complete 

saturation of these materials; (b) µ= 0.35 for all granular fill materials above the water table. 

 

 

Figure F-2: One Dimensional LSDYNA Model Developed for Soil Profile 1 from the Plane 

5 Cross-Section 

 

Nonlinear soil elements are present within the interior of the 1-D LSDYNA model, i.e. those 

elements excluding the elastic elements along the boundary of the model.  Descriptions of the 

nonlinear, cyclic stress-strain models used in LSDYNA are provided in Section F3.1.  A nonlinear 

“geologic cap model” incorporating cyclic hysteresis was used in the 1-D modeling (Chen and 

Baladi, 1985: Weidlinger Associates,1978). 

 

Stages of the LSDYNA modeling included: 

 

• Stage 1 – Application of vertical gravity load with the base of the model constrained against 

vertical Y displacement and “at rest” lateral earth pressures applied to the lateral 

boundaries of the 1-D soil column. The “at rest” earth pressures were computed using the 

K0 values given in Table 5.1.The lateral boundaries were free to settle in the Y direction 
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during application of gravitational loading.  Total unit weights were used in the 

embankment fill (assumed to have no perched water) and buoyant unit weights were used 

in foundation soil units below the base of the tailings.  Within the tailings, effective unit 

weights were used to match vertical effective stresses calculated using an Excel 

spreadsheet based on a total unit weight of 22.5 kN/ m3 (to calculate total vertical stresses) 

and then subtracting off the initial pore pressure U0 distribution described earlier for the 

tailings.  

 

• Stage 2 – The same as Stage 1 above except using total unit weights for all soil layers as 

a precursor to the start of lateral shaking of the model using an input base motion. Since 

change in unit weights of the soil layers results in a change in initial vertical effective stress 

under vertical gravity loading prior to the start of earthquake shaking, it was necessary to 

adjust the vertical gravitational constant to achieve similar vertical effective stresses at 

different depths in the model as calculated during Stage 1. 

 

• Stage 3 – The dynamic phase of analysis incorporating an energy absorbing bottom 

(glacial till) boundary. Earthquake shear wave motion input was applied using dynamic 

shear stresses (lateral nodal forces) applied along the rock base. The dynamic shear 

stress time history (τdyn) was computed using the following equation (Lysmer and 

Kuhlemeyer, 1969) 

 

τdyn = (ɣt/g) Vs voc (t) 

 

where ɣt is the total unit weight of the glacial till, Vs is the till shear wave velocity (= 450 

m/sec) and voc(t) is the horizontal velocity time history of the Site Class C (glacial till) 

outcrop motions.  

 

The shear stresses were multiplied by the finite element width along the base of the model 

to give lateral nodal forces. Checks were made that the computed lateral X-displacement 

time histories at the base of the model matched closely the input base displacement 

computed after filtering and baseline correction using RSPMATCH09. An example of this 

comparison is shown in Figure F-3. 

 

Boundary conditions during dynamic shaking included: (a) base of model constrained 

against vertical Y-displacement but free to move laterally in the X-direction, (b) lateral 

boundaries constrained against vertical Y movement and free to move only in the X-

direction, (c) K0 lateral boundary stresses were applied to the lateral boundaries of the 

model, (d) all interior nodes of the model were constrained to undergo only lateral X-

displacement during shaking, (e) a bottom boundary was used permitting shear wave 

energy transmission. The above boundary conditions are identical to those used in the 

DESRAMOD model to permit direct comparison of output from the two models.  
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Figure F-3: Comparison of Computed Lateral X-Displacements Versus Time at the Base 

of the 1-D LSDYNA Model and Comparison of Input Base X-displacements 

from RSPMATCH09 Analysis Considering Input Earthquake Records 1 and 2 
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The following contributions to soil damping were considered in both the DESRAMOD and 

LSDYNA analyses: 

 

a) internal hysteretic energy losses within the soil mass. 

b) elastic wave energy transmitted below the bottom boundary of the soil layer model based 

on a shear wave velocity of 450 m/sec. 

c) Stiffness proportional Rayleigh damping using a damping ratio of 2% was considered at a 

frequency of 5 Hz and higher damping levels for higher frequencies.  This was found to 

attenuate higher frequency (short period) vibration energy. 

 

Computed cyclic shear stress – shear strain response from the LSDYNA model for Soil Profile 1 

considering Earthquake Record 1 input within an element of tailings is shown in Figure F-4.  This 

illustrates the nonlinear cyclic stress-strain response and that considerable hysteretic damping is 

simulated within each soil element. 

 

 

Figure F-4: Computed Cyclic Shear Stress – Shear Strain Response from the LSDYNA 

Model within an Element of Tailings for Soil Profile 1 Considering 

Earthquake Record 1 Input 

 

Plots of peak CSR versus depth computed using DESRAMOD for the 4 input ground motions 

applied at the base of the 1-D model are shown in Figure F-5 for both Soil Profiles 1 and 2.  There 

is a relatively tight band of computed peak CSR for all input ground motions with values in the 

range of 0.15 to 0.2.  This indicates that peak cyclic shear stresses in the range of 70 to 100% of 

the peak undrained strengths of the tailings and GLU develop during shaking. Peak CSR’s 
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computed using the LSDYNA model for Soil Profile 1 are also compared with the DESRAMOD 

output in Figure F-5 considering earthquake records 1 and 2.  This comparison indicates close 

agreement between the 2 models. Peak CSR output from LSDYNA was found to be sensitive to 

the equivalent friction angle and K0 value used in the tailings and GLU in order to have close 

agreement between shear strengths used in the 2 models. 

 

Peak shear strains versus depth are shown in Figure F-6 for both Soil Profiles 1 and 2 from the 

DESRAMOD output and for Soil Profile 1 from the LSDYNA output. Both models indicate similar 

trends of shear strain versus depth.  Largest shear strains (in the range of 0.5 to 1.5%) are 

computed in the tailings and GLU, suggesting that largest contributions to downslope lateral 

movements of the Old TDF will occur due to cyclic straining in these materials.  Smaller strains 

and lateral movements are computed within the higher strength glaciofluvial materials. 

 

A comparison of lateral displacement versus time relative to the input base displacement Soil 

Profile 1 and considering input record (1) between the DESRAMOD and LSDYNA models is 

shown in Figure F-7. The calculated relative lateral X-displacement results from integration of the 

shear strain time histories versus depth computed from both models.  Agreement is excellent 

between the two models in terms of peak displacement amplitudes, in frequency content of the 

displacement time history, and in residual displacements at the end of shaking. 

 

The above comparisons indicate satisfactory agreement between the two 1-D models.  
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Figure F-5: Comparison of Computed Peak CSR’s Versus Depth from 1-D DESRAMOD 

and LSDYNA Models 
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Figure F-6: Comparison of Computed Peak Shear Strains Versus Depth from 1-D 

DESRAMOD and LSDYNA Models 

  



Nyrstar Myra Falls 

Old Tailings Disposal Facility 

APA Paste Berm Stability  Report 

15 August 2016 

Amec Foster Wheeler

Environment & Infrastructure

 

 

Appendix F - Dynamic Deformation Analyses.docx 
 Page F-13

 

 

Figure F-7: Comparison of Computed Relative Lateral X-Displacement Versus Time at 

Ground Surface for Soil Profile 1 Considering Earthquake Record 1 Input 

from 1-D DESRAMOD and LSDYNA Models 

 

F3.0 TWO DIMENSIONAL SEISMIC WAVE PROPAGATION ANALYSIS 

A two dimensional (2-D) finite element model of the Plane 5 cross-section subjected to vertical 

propagating seismic shear waves was next developed using LSDYNA incorporating the following 

soil layers in order of increasing elevation: dense glacial till, GLU, Unit 3 transitional glaciofluvial, 

Unit 2A glaciofluvial, tailings and granular embankment fills comprising the seismic berm, 

embankment raises and the starter embankment. The 2-D model is shown in Figure F-8.  The 

model was zoned laterally to account for differing overburden stress conditions and to permit 

stress level variations in small strain shear modulus Gmax and elastic bulk modulus Belas to be 

considered. Stress level dependent variations in shear strength were considered based on the 

use of a Mohr-Coulomb strength criterion. Soil zones 1 to 7 were considered with Zone 1 located 

at the left hand side of the model. Soil zone numbering increased from left to right across the 

model.  The boundaries of each zone are indicated by the vertical lines shown in Figure F-8.  

Within each of these zones different material “parts” were included, necessitating definition of 

nonlinear stress – strain model parameters for each part.  Elastic boundaries were included along 

the left and right edges of the 2-D model and along the base of the model to permit seismic wave 

energy to be transmitted beyond the lateral and bottom boundaries and to prevent seismic waves 

being reflected back into the model during dynamic shaking. 
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Figure F-8: Two Dimension LSDYNA Model of “Plane 5” Cross-Section, Showing 
Locations of Nodal Output 

 

The left hand and right hand side of the model has a height of 90 m and 58 m, respectively. The 

width of the model is 550 m. The 7 soil zones are demarcated by the vertical lines in the model 

with Zone 1 at the left hand side and Zone 7 at the right hand side. Elastic elements are placed 

on the left hand, right hand and bottom boundaries of the model. 

 

F3.1 Nonlinear Stress-Strain Response Using Geologic Cap Model 

LSDYNA can consider a variety of nonlinear soil stress-strain models and can incorporate large 

strain soil deformations (Chen and Baladi, 1985: Weidlinger Associates,1978). It also uses very 

sophisticated convergence criteria, important for analysing deformations due to strong seismic 

shaking. The various soil zones have been assumed to have nonlinear, hysteretic response 

during cyclic shearing with limiting shear strength calculated using a Mohr-Coulomb failure 

criterion. Nonlinear material response for both static and cyclic loading was modelled using a 

nonlinear “geologic cap model” or GCM (Livermore Software Technology, 2001).  For small 

changes in shear stress, response is linear elastic and elastic strains occur.  For larger changes 

in shear stress, plastic strains occur resulting in nonlinear shear stress – shear strain response.  

Shear stresses are limited according to the Mohr-Coulomb failure criterion.   

 

(a) Static Stress-Strain Response  

 

For static gravitational loading prior to earthquake shaking, granular soils (Unit 2A glaciofluvial, 

Unit 3 transitional glaciofluvial, various embankment dam materials) were assumed to undergo 

fully drained response and drained shear strengths were calculated in terms of peak friction 

angles φ’. The very dense glacial till was assumed undrained in response and to develop high 

undrained shear strengths based on the assumption of pore water cavitation, discussed 

previously in Section F1.0. The tailings and GLU layers were assumed to be undrained in their 

static response and equivalent friction angles were used to calculate stress-level dependent 

undrained strengths and undrained strength ratios (undrained strength divided by vertical effective 

stress) based on average K0 values in these materials. The strength ratios will therefore depend 

on K0 which can vary somewhat throughout the model from the average K0= 0.75 assumed.  

Higher K0 values will lead to higher undrained strength ratios using Mohr-Coulomb strength theory 

and an equivalent friction angle. For both drained and undrained static response, stress-strain 

behaviour was simulated using the  elastic-plastic GCM model characterized by an elastic shear 
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(Gmax) and elastic bulk modulus (Belas) for stress states below the Mohr-Coulomb failure envelope, 

or the moving plastic hardening surface (“cap”) defined in terms of stress invariants. An 

associative flow rule is presumed for stress states on the failure envelope or cap, and plastic 

strains are computed at failure using this flow rule.   

 

A summary of key parameters used in assessment of initial stresses within the 2-D model under 

static gravitational loading conditions is provided in Table 6-1. It is noted that Belas was set equal 

to 10Gmax for all saturated native foundation materials below the groundwater table (glacial till, 

GLU, glaciofluvial materials) as well as for the tailings.  This relationship assures nearly zero 

volume change conditions during dynamic shaking and was also assumed for initial static 

analysis. For unsaturated materials (seismic berm fill, embankment raise fill, starter embankment) 

the bulk modulus was estimated based on published relationships between Belas and mean 

effective confining stress for various types of coarse grained granular materials. 

 

(b) Cyclic Stress – Strain Response 

 

Under cyclic (earthquake) loading conditions, the geologic cap model is also able to simulate 

cyclic hysteretic response (which results in internal hysteretic damping within the soil mass) and 

permanent strain accumulation resulting from cyclic shearing. This cyclic hysteretic response was 

demonstrated previously in the 1-D site response model and shown in Figure F-4. The primary 

limitation of LSDYNA is that cyclic pore pressure development (pore pressures in excess of pre-

earthquake initial pore pressures in the ground) during seismic shaking cannot be explicitly 

considered using soil stress-strain models currently implemented in the computer code. For 

saturated soil zones considered to be subject to significant cyclic pore pressure generation during 

seismic shaking (the GLU and tailings and, to a lesser extent, the Unit 3 transitional glaciofluvial 

soils), the present modeling used a “total stress” approach to describe the cyclic shear stress-

shear strain response. The cyclic pore pressure build-up and resultant strain accumulation is 

termed cyclic mobility in the engineering literature. Where cyclic pore pressures approach the pre-

earthquake vertical effective stress within a particular soil element, transient liquefaction is said 

to occur, accompanied by relatively large shear strains. It does not necessarily result in permanent 

loss of soil shear strength (relative to pre-earthquake conditions) since after the end of cyclic 

earthquake loading, compact to dense granular soils may dilate during shear loading (imposed 

by the weight of the dam) and regain most of the shear strength temporarily lost during shaking. 

Looser granular soils and normally consolidated, low plasticity cohesive soils (e.g. the tailings and 

GLU) may lose significant shear strength during and following seismic shaking due to sustained 

positive pore pressure build-up. 

 

The geologic cap model was used in single element calibrations to simulate cyclic shear strain 

accumulation at a specified cyclic resistance ratio (or CRR) for 25 to 30 constant amplitude shear 

stress cycles. The number of effective cycles used in the calibrations was considered 

representative of the number of effective shaking cycles in a large M9 subduction event for 

granular soils (Idriss and Boulanger, 2008).  Here a CRR is defined as a constant amplitude shear 

stress divided by the vertical effective overburden stress. The model can also simulate 

development of a large strain (post transient liquefaction) residual strength where deemed 

appropriate. 
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Unsaturated soil zones and the saturated, dense to very dense glaciofluvial units were assumed 

to not generate any significant excess pore pressures during seismic shaking.  The same soil 

parameters used in initial static modeling were used during analysis of seismic shaking. The latter 

parameters also include the effects of cyclic hysteresis. 

 

In order to carry out the single element calibrations for the GLU and tailings materials, cyclic direct 

simple shear test data provided in Appendix C and D was reviewed.  Plots were made of number 

of CRR cycles versus cumulative cyclic shear strain measured in the laboratory tests. These are 

shown in Figure F-9 and Figure F-10 for the GLU and tailings, respectively. Data points are shown 

for various CRR levels. While there is considerable scatter in the data, the data show that 

cumulative shear strains increase with number of cyclic stress cycles and increasing CRR levels. 

 

 
 

Figure F-9: Cumulative Cyclic Shear Strain Versus Number of Constant Amplitude 
Shear Stress Cycles for Various CSR Levels Based on Cyclic Lab Testing 
in the GLU 
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Figure F-10: Cumulative Cyclic Shear Strain versus Number of Constant Amplitude 
Shear Stress Cycles for Various CSR Levels in Tailings 

 

 

The 1-D site response analysis (SRA) indicates that peak CSR levels are typically in the range of 

0.15 to 0.22 with an average of about 0.2 in both the tailings and GLU. These peak CSR values 

were also confirmed by the results of 2-D seismic site response analysis, discussed subsequently. 

The cyclic shear stress (and CSR) time histories in the tailings and GLU computed from the SRA 

are not uniform over time but exhibit peaks and lows.  The “effective” constant amplitude CSR 

has been found to be about 0.5 times the peak based on calculations of the Root Mean Square 

(RMS) of the random CSR time history compared to a constant amplitude, sinusoidal CSR 

variation with time considering 30 stress cycles.  The RMS of a particular CSR time history is a 

measure of the amplitude and duration of cyclic stressing and therefore the intensity of shaking 

to cause cyclic pore pressure build-up and strain accumulation. The correlation between peak 

and effective CSR was found from analysis of both 1-D and 2-D site response analyses 

considering earthquake input records (1) and (2). 

 

 



Nyrstar Myra Falls 

Old Tailings Disposal Facility 

APA Paste Berm Stability  Report 

15 August 2016 

Amec Foster Wheeler

Environment & Infrastructure

 

 

Appendix F - Dynamic Deformation Analyses.docx 
 Page F-18

 

Examining Figure F-9 for the GLU, the data suggest that a cumulative shear strain of about 1% 

after about 30 stress cycles should be expected for an effective CSR = 0.1 (= 0.5 times the peak  

CSR of 0.2).  For higher CSR levels in the range of 0.17 to 0.21 (just slightly below the undrained 

static shear strength ratio for the GLU) cumulative shear strains in the range of 6 to 8% after 10 

constant amplitude cycles should be expected. Examining Figure F-10 for the tailings indicates 

that a cumulative shear strain of about 5% after about 20 to 30 cycles should be expected for the 

tailings for a CRR in the range of 0.10 to 0.13. 

 

The above cyclic lab test data was used to calibrate single element models for the GLU and 

tailings to give cumulative shear strains after N cycles of constant amplitude CSR loading in 

reasonable agreement with the cyclic lab test data. It is noted that cumulative shear strains 

developed in the single element calibrations within the tailings and GLU may not be fully 

developed in the full 2-D model due to constraints imposed by the buttressing effect of the seismic 

berm or other adjacent soil regions. 

 

For the single element calibrations carried out for the Unit 3 transitional glaciofluvial soils a design 

N1,60 value of 18 was adopted for these materials (approximately the 33rd percentile of N1,60 values 

measured in these materials). The cyclic resistance ratio (CRR) for these materials was estimated 

using approaches given by Idriss and Boulanger (2008, 2014). Here a CRR is defined as the 

constant amplitude, cyclic shear stress after N cycles of shaking required to trigger transient 

liquefaction and excessive cyclic shear strain development.  A CRR value of 0.13 was estimated 

based on the following parameters: 

 

• Pre-earthquake vertical effective stress levels in the range of 400 to 1000 kPa within Zones 

5 to 7 where cyclic shear strains are expected to be most significant in the Unit 3 materials. 

• Fines content of 35% resulting in an equivalent clean sand N1,60,cs= 24. 

• Magnitude 9 design seismic event. 

 

Since effective CSR values of 0.10 under the design levels of earthquake shaking are expected 

in the Unit 3 materials based on the 1-D and 2-D SRA results, there is a factor of safety against 

transient liquefaction triggering of about 1.3.  For these factors of safety, cumulative shear strains 

after N = 30 cycles of shaking at an effective CSR = 0.10 are likely to be in the range of 1 to 2%. 

(Wu, 2003; Ishihara and Yoshimine, 1992) A target cumulative strain level of 2% after 30 cycles 

at a CSR = 0.10 was used in single element calibrations. 

 

Single element, cyclic simple shear models were developed using LSDYNA for various soil zones 

with each element subjected to an initial vertical effective and K0 lateral effective stress prior to 

the start of cyclic loading. The peak shear stress amplitude was calculated as CRR x the initial 

vertical effective stress. Cyclic sinusoidal shear loading was applied as horizontal nodal forces to 

the top of the element using a 1 Hz loading frequency. Average shear strains in the element were 

computed as the average lateral X-displacement at the top of the element divided by the element 

height (2.0 m). The geologic cap model was used to simulate cyclic strain accumulation within the 

element through judicious selection of the following key parameters:  
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• Equivalent friction angle Φequiv designed to simulate a specified undrained shear strength 

ratio Su/σ’vo based on a pre-earthquake K0 value for the GLU, tailings or Unit 3 glaciofluvial 

(silty sand) materials. The strength ratio lies between the peak strength ratio used for static 

loading analysis and the post-seismic residual strength ratio for a particular material type. 

Equivalent friction angles for other materials were set equal to peak drained friction angles. 

• Shear modulus G = Gmax. 

• Bulk modulus B = 10 times Gmax to achieve approximately zero volume change during 

cyclic undrained loading. 

• Cyclic strain accumulation factor R used in the geologic cap model formulation (Weidlinger 

Associates, 1978). 

 

Achieving the required degree of cyclic shear strain accumulation was sensitive to Φequiv, Gmax 

and R. 

 

A summary of key cyclic loading parameters used in the seismic modeling for various soil zones 

is provided in Figure F-3.
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Table F-3: Summary of Geotechnical Properties Used in 2-D Modeling 

Material Type 

Total Unit 

Weight, γ 

(kN/m3) 

Stress Normalized 

Seismic Shear 

Wave Velocity, Vs1 

(m/sec) 

Seismic Shear 

Wave Velocity, Vs 

(m/sec) 

Small Strain 

Shear Modulus, 

Gmax 

(MPa) 

K0 

Elastic Bulk 

Modulus, 

Belas 

(MPa ) 

Static Cyclic 

Peak Friction 

Angle, Φ’ 

(deg.) 

Su/σ’vo 

Equivalent 

Peak Friction 

Angle, Φequiv 

(deg.) 

Su/σ’vo R 

Seismic Berm 22 270 221-291 110-190 0.38 71-123 38 n/a 38(5) n/a 2(5) 

Embankment Raises 22 270 244-336 133-253 0.44 87-143 34 n/a 34(5) n/a 2(5) 

Tailings 22.5 195 160-330(2) 60-250(2) 0.75 600-2500 13.2 0.20 11.9 0.18 150 

Starter Embankment 22 280 383 329 0.41 183 36 n/a 36(5) n/a 2(5) 

Dense Glaciofluvial Sand and Gravel with loose 

layers (Unit 2a) 
24 210 350-370 300-330 0.44 3000-3300 34 n/a 34(5) n/a 150 

Transitional Silty Sand (Unit 3) 22 203 359(3) 290 (3) 0.47 2900 32 n/a 29 0.35 150 

Glaciolacustrine Silt and Clay (Unit 4) 20 175 285-335(2) 165-230(2) 0.75 1650-2300 14.5 0.22 14.5(5) 0.22(5) 150 

Dense Glacial Till 24 ≈230-240 450 495 0.75 4950 35(1) n/a 35(1) n/a 2(5) 

 
Φequiv = equivalent peak friction angle designed to match target shear strength ratio 

 

(1) Shear strength calculated assuming pore water cavitation 
(2) Vs (and Gmax) depends on stress level according to relationship with Vs1 

(3) Average Vs, Gmax and Belas properties across all zones were selected for the Unit 3 transitional glaciofluvial materials which were assumed to have a 2m thickness across the model. 
(4) Average Vs, Gmax and Belas properties across all zones were selected for the Unit 2A glaciofluvial materials which was assumed to have a thickness of 18 m across the model except at the far RHS of the model where the thickness increased by approximately 7 m.  Depth dependence of these material 
parameters was considered. 
(5) No change from initial static properties 
n/a = not applicable 
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(c) System Damping 

 

Relatively low degrees of additional Rayleigh-type stiffness and mass-proportional damping were 

used for all dynamic analyses, corresponding to 2 to 5% critical damping levels over the 0.5 to 2 

second period range and up to 8% damping in the period range of 0.05 to 0.5 seconds. Note that 

the small strain fundamental period of the seismic berm and underlying foundation soils is 

calculated equal to 4H/Vs,avg where H is the thickness of the overburden soils above the dense till 

and Vs,avg is the average shear wave velocity of the soil profile above the till. Using an average 

soil profile for Soil Zone 6 under the crest of the seismic berm, an average shear wave velocity of 

308 m/sec is calculated with H = 68 m.  This results in a small strain fundamental period of 0.88 

seconds.  Under design levels of seismic shaking this fundamental period would be expected to 

lengthen to at least 1.5 times the small strain value.  Thus, Rayleigh damping is expected to result 

in up to 5% critical damping over the above period range. 

 

The dominant damping in the 2-D model is expected to result from internal damping generated 

by cyclic shearing.  Radiation damping is also permitted in the model corresponding to the use of 

energy transmitting lateral and bottom boundaries. 

 

F3.2 Stages of Modeling 

The various stages of 2-D finite element modeling are analogous to the stages used in the 1-D 

site response modeling. To iterate, these included: 

 

• Stage 1 – Initial self-weight gravity loading of the dam (seismic berm, APA berm and 

embankment fills) and its foundations to calculate pre-earthquake effective stresses 

throughout the model. Initial pore pressures in the native foundation soils (glaciofluvial, 

GLU and glacial till soils) were calculated using a hydrostatic pore pressure distribution 

with zero pore pressure at the top of the foundation soils (base of tailings).  Pore pressures 

within the tailings were assumed to be zero at the top and bottom of the tailings, increasing 

to a maximum value of 80 kPa at the mid-depth of the deposit. Simulation of initial pore 

pressure distributions required calculation of equivalent unit weights within the various soil 

regions (or “parts” using LSDYNA terminology) to give the correct vertical effective 

stresses.  Gravitational loading was simulated by applying equivalent vertical nodal loads 

within a particular soil part.  These were calculated as the area of the soil part times the 

equivalent unit weight and divided by the number of nodes in the part. This approach was 

found to give excellent agreement with vertical effective stresses calculated using the 

“gravity turn on” command within LSDYNA and specifying the equivalent unit weights for 

each soil part. The advantage of the equivalent nodal force approach is that one can 

specify the “real” total unit weights (comprised of the soil mass and water mass) for each 

soil part necessary for calculation of seismic horizontal inertial loads during seismic 

shaking. 

 

• Stage 2 – Dynamic modeling of dam response with no cyclic strain accumulation 

considered from cyclic pore pressure generation. This was done to check on cyclic shear 

stress levels in the tailings, GLU and Unit 3 glaciofluvial soils. The model also provided 
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lower bound estimates of dam deformations. Pre-earthquake static soil properties were 

used as presented in Table 6-1. Cyclic hysteresis in the stress-strain models was 

considered. Four input records were considered (Records (1) to (4)) as presented in 
Section 4.2). A shear stress time history was applied at the base of the model computed 

for a particular input record to simulate earthquake excitation of the model, as described 

in Section 5.1. 
 

Dynamic modeling of dam response with cyclic strain accumulation resulting from pore 

pressure generation using the methods described previously and the soil stress-strain 
parameters presented in Table 5.4.  Earthquake records 1 through 4 and 6 were used in 

this evaluation to assess the effect of the earthquake record on computed dam 

displacements. 

 

• Stage 3 – Post-seismic stability analysis of dam response assuming cyclic shaking results 

in strength reduction relative to pre-earthquake strengths within the tailings, GLU and Unit 

3 glaciofluvial soils. A static analysis using self-weight gravitational loading (based on the 
equivalent vertical nodal load approach) was used after completion of the Record 1 input 

motion to check whether the dam was stable following mobilization of these reduced post-

seismic strengths. 
 
F3.3 Model Boundary Conditions 

During initial self-weight gravity loading, the following boundary conditions were used: 

 

• Base of model fixed in the lateral (X) and vertical (Y) directions. 

 

• Lateral elastic boundaries free to move in X and Y directions but lateral K0 stresses were 

applied to the boundaries. 

 
During dynamic shaking, the following boundary conditions were used: 

 

• Base of model free in the X direction but constrained against vertical motion. 
 

• Lateral elastic boundaries free to move in X and Y directions but lateral K0 stresses were 

applied to the boundaries. 

 

• Because of the imbalance of lateral forces applied to the lateral boundaries (forces on left 

hand side of boundary was greater than those on the right hand side) and that the base 

of the model was free to move in the X direction, it was necessary to apply a corrective 

shear load on the bottom boundary to prevent lateral drift of the model.  This corrective 
shear load was calculated as the difference in the lateral loads applied to the left hand and 

right hand boundaries. 

 

• Seismic wave energy was permitted to be transmitted through the lateral and bottom 

boundaries using a “non-reflecting boundary” command. 
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 Results of 2-D Modeling 

The following results are presented: 

 

• Contours of pre-earthquake vertical effective stresses throughout the model are shown in 

Figure F-11. 
 

• Contours of maximum shear strain at the end of seismic shaking using input Record (1) 

with no consideration of cyclic degradation in the GLU, tailings and Unit 3 materials, i.e. 
based on the pre-earthquake “static” soil properties are shown in Figure F-12. Examination 

of this figure indicates a critical slip surface (zone of highest shear strains) extending from 

upstream of the seismic berm and exiting near the toe of the seismic berm.  This mode of 
deformation is similar to the critical potential failure surface identified by Surface D from 

SLOPE-W modeling which indicated a post-seismic factor of safety of 1.2 for this mode of 

potential failure.  The shear strains output from LSDYNA (termed “Green’s strains”) 
are ½ of engineering shear strains used in normal engineering practice.   

 

• Contours of maximum shear strain at the end of seismic shaking using input Earthquake 

Record 1 with consideration of cyclic degradation in the GLU, tailings and Unit 3 materials, 
i.e. based on the “cyclic” soil properties are provided in Figure F-13. The broadening of 

the zones of maximum shear strain are apparent using the cyclic soil properties when 

comparing Figure F-12 and Figure F-13. 
 

• Plots of peak cyclic shear stress ratio versus depth are provided in Figure F-14 within 

various soil zones (Zones 2, 4, 5 and 6) considering input Earthquake Records 1 through 

4. The CSR’s show a reasonably tight band versus depth considering the various input 
earthquake records.  A reasonable average peak CSR within the GLU, Unit 3 glaciofluvial 

and tailings is 0.2 with values as high as 0.25 due to locally higher K0 values during 

shaking. The peak CSR’s indicate that the maximum undrained shear strengths within the 
tailings and GLU are reached during shaking. 

 

• A summary of computed permanent lateral displacements at the end of shaking 

considering five input ground motions is given in Table F-4.  The model was run with and 
without the effects of cyclic degradation. As expected, including the effects of cyclic 

degradation increased post-seismic displacements by up to 35%. Maximum 

displacements were computed using input Earthquake Record 1 which has the highest 
Arias Intensity of all records considered. Maximum lateral displacements at the crest 

of the seismic berm of 0.96 m were computed which is considered to be within 

acceptable limits. The relatively limited lateral displacements computed are considered 
to be the result of the relatively flat slopes and buttressing effect of the seismic berm, as 

well as the large amount of damping considered in the model due to cyclic hysteresis 

within the tailings and GLU. 
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Figure F-11: Contours of Pre-Earthquake Vertical Effective Stress 

 

Figure F-12: Contours of Post-Earthquake Maximum Shearing Strains with No Effects of 
Cyclic Degradation 
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Figure F-13: Contours of Post-earthquake Maximum Shearing Strains with Effects of 
Cyclic Degradation
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Figure F-14: CSR for Earthquake Records 1 through 4 

 



Nyrstar Myra Falls 

Old Tailings Disposal Facility 

APA Paste Berm Stability  Report 

15 August 2016 

Amec Foster Wheeler

Environment & Infrastructure

 

 

Appendix F - Dynamic Deformation Analyses.docx 
 Page F-27

 

 Approximate Methods to Estimate Seismic Displacements 

Approximate methods were used to estimate post-seismic dam displacements to provide a check 

against the FE model results using the following approaches: 

 

• Bray and Travasarou (2007). The Bray and Travasarou (B&T) model is based on a 

statistical analysis of a simplified 1-D nonlinear slope model considering a variety of 

seismic input motions over a range of earthquake magnitudes.  The B&T displacements 

are sensitive to yield acceleration coefficient (ky) and effective horizontal acceleration time 
history at the centroid of the slide mass. The latter is indirectly related to the input ground 

motion spectral acceleration characteristics which need to be specified at a structural 

period equal to 1.5 times the small strain fundamental period of the dam.  The latter has 
been previously estimated to be approximately 0.9 seconds under the crest of the seismic 

berm.  Using the B&T empirical equations and using a critical yield acceleration coefficient 

of 0.10 g determined from SLOPE-W analyses for Plane 5, the mean post-seismic 
displacements at the crest of the seismic berm for a M9 design earthquake are computed 

to be 1.0 m. 

 

• Newmark (1965) subjected to an input base acceleration time history. An in house 

computer program was used to compute cumulative displacements of the rigid block which 

occur progressively whenever the base acceleration exceeds the yield acceleration of the 

soil mass above a critical slip surface. The horizontal acceleration time history computed 
by LSDYNA at node 3709 using input Record (1) with no consideration of cyclic 

degradation effects was used in the Newmark analysis. Node 3709 is located at the 

approximate centroid of the soil mass above a critical slip surface determined from 
SLOPE-W analysis (Surface D). A ky of 0.10 also was used in the modeling.  The Newmark 

model predicted a post-seismic lateral displacement of 1.09 m. 

 

• Idriss and Boulanger (2008) which involves estimating post-seismic shear strains at 

different depths in a 1-D soil profile and integrating these strains versus depth to compute 

X-displacements at the soil surface. Considering a 1-D soil profile under the crest of the 

seismic berm (Zone 6), shear strain potentials were estimated within the tailings and GLU 
based on effective CSR’s of 0.10 in these layers and using available cyclic lab test data. 

Maximum strain potentials of 5% and 1% were used in the tailings and GLU, respectively 

Shear strain potentials in the Unit 3 glaciofluvial were estimated to be equal to 2% as 
described in Section 5.2.1 (c). The shear strain profile assumed is shown in Figure F-15. 

Integration of this strain potential predicted a horizontal ground displacement at the crest 

of the seismic berm equal to 0.91 m. The horizontal shear strains computed using the 2-
D LSDYNA for this soil profile and considering earthquake record 1, which predicted 

maximum post-seismic X-displacement at the crest of the seismic berm, are also shown 

in Figure F-15. The latter indicate lower strain development in the tailings due to the 
buttressing effect of the adjacent seismic berm, and larger strain development in the 

deeper GLU than estimated using the strain potential method. 

 
The above simplified estimates of post-seismic lateral displacement at the crest of the seismic 

berm are in close agreement with the 2-D finite element model results. 
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Figure F-15: Post-Seismic Shear Strains Versus Depth under Crest of Seismic Berm 
within Zone 6 Computed from LSDYNA for Input Record (1) and Estimated 
using Strain Potential Method 
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 Post-Seismic Stability Assessment 

Cyclic straining under design levels of seismic shaking is considered to result in post-seismic 

strength reduction in the tailings, GLU and Unit 3 transitional glaciofluvial materials.  The following 

post-seismic residual strength ratios were considered: 

 

• Tailings Sr/σ’v0= 0.14 

• GLU Sr/σ’v0= 0.13 

• Unit 3 glaciofluvial (silty sand) Sr/σ’v0= 0.35 

 

K0 values of 1.0 were assigned to the tailings and GLU, considered representative of post 

transient liquefaction conditions, giving equivalent friction angles of 8° and 7.5°, respectively. A 

K0 value of 0.47 was assigned to the Unit 3 transitional glaciofluvial since transient liquefaction is 

not expected within these materials under design levels of shaking. An equivalent friction angle 

of 29° was assigned to the Unit 3 materials. 

 

It was also assumed that following seismic shaking drained deformations would occur in the Unit 

2A glaciofluvial and Unit 3 transitional glaciofluvial deposits.  Because of the low permeability and 

long drainage path lengths in the tailings and GLU, it was assumed that deformations following 

seismic shaking would be essentially undrained.  

 

The 2-D model was then re-run following the end of seismic shaking considering input Earthquake 

Record 1, which predicted the maximum seismic lateral displacements of all the records 

considered.  Computed post-seismic lateral and vertical displacements are presented in  

Table F-4 and Table F-5, respectively.  Using the reduced post-seismic strengths, the Old TDF is 

predicted to be stable and no additional lateral and vertical displacement results following the end 

of seismic shaking at the ground surface points output.  Excess pore pressures are expected to 

be induced in the tailings and GLU which will dissipate slowly years following a major seismic 

event.  This will lead to additional long term settlements of the dam which have not been 

considered in the present evaluation. 
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Table F-4: Summary of Computed Post-Seismic Horizontal Displacements 

Earthquake 

Record 
Comments 

Lateral Displacement (m) 

Crest of APA 

Berm 

(Node 4718) 

Toe of APA 

Berm 

(Node 4656) 

Crest of 

Seismic Berm 

(Node 4823) 

Toe of 

Seismic Berm 

(Node 2965) 

1 
No cyclic 

degradation 
0.65 0.69 0.73 0.60 

2 
No cyclic 

degradation 
0.60 0.65 0.71 0.56 

3 
No cyclic 

degradation 
0.39 0.44 0.50 0.40 

4 
No cyclic 

degradation 
0.53 0.56 0.66 0.52 

1 
With cyclic 

degradation 
0.85 0.95 0.96 0.79 

2 
With cyclic 

degradation 
0.85 0.94 0.94 0.76 

3 
With cyclic 

degradation 
0.48 0.56 0.63 0.50 

4 
With cyclic 

degradation 
0.62 0.71 0.79 0.65 

6 
With cyclic 

degradation 
0.58 0.65 0.68 0.53 

1 
Post-seismic 

residual strengths 
0.85 0.95 0.96 0.79 

 

 

Table F-5: Summary of Computed Post-Seismic Vertical Displacements 

Earthquake 

Record 
Comments 

Vertical Displacements (m) 

Crest of APA 

Berm 

(Node 4718) 

Toe of APA 

Berm 

(Node 4656) 

Crest of 

Seismic Berm 

(Node 4823) 

Toe of 

Seismic Berm 

(Node 2965) 

1 
Post-seismic 

residual strengths 
0.21 0.28 0.09 -0.06 
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