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[bookmark: _Toc449618568]Introduction
[bookmark: _Toc449618569]Overview of 2016 Seismic Studies
Analyses were conducted by CH2M HILL Canada Limited (CH2M) to evaluate seismic stability of two existing dams within the Rose Creek Tailings Area (RCTA) of the Faro Mine Complex (FMC). These analyses were conducted to meet requirements within Canadian Dam Association (CDA) Safety Guidelines (CDA, 2007, as revised in 2013) and the requests by the Government of Yukon (YG). 
The analyses involved two-dimensional (2-D), nonlinear effective stress modelling of the dams to determine the potential for embankment slope movement, and included the potential effects of pore-water pressure build-up and liquefaction on these movements. Earthquake time histories developed by Atkinson and Assatourians (April 2013) were used as a basis for the analyses. Results from the analyses were used to evaluate the magnitude of ground deformation that could occur during a 1-in-10,000-year seismic event.
These seismic stability analyses were conducted in accordance with YG Task Authorization TA020‑2015‑010. 
[bookmark: _Toc449618570]Background
This section provides background for the project, including a description of the overall facility, the background for seismic stability concerns, and a brief summary of previous seismic analyses. Additional discussions of the previous seismic stability analyses are provided in Section 1.4 of this report. 
[bookmark: _Toc449618571]Overall Facility Description
The RCTA is located within the Rose Creek Valley of the FMC, as shown on Figure 1-1. The RCTA contains approximately 28.6 million cubic metres of flotation-derived process tailings deposited between 1969 and 1998. The tailings are contained by engineered earthfill dams, which include (beginning from downstream) the Intermediate Dam (ID), Secondary Dam, and the Original Dam. The Secondary Dam has two sections: the West Limb that separates the secondary and intermediate tailings areas, and the East Limb (the ELSD) that runs parallel to the Rose Creek Diversion.
In addition to the tailings dam, the Cross Valley Dam (CVD), located downgradient of the ID, retains a polishing pond that has been used to settle out solids contained in the water treatment plant discharges and achieve water quality requirements, before discharge to Rose Creek. 
An aerial photo of the dams is shown on Figure 1-2.
[bookmark: _Toc449618572]2002 Dam Safety Review
In 2002, KCC performed dam safety reviews for several dams in the Faro Mine Complex, including the CVD. Under the 1999 Canadian Dam Associations (CDA) guidelines, the CVD was assigned a very high hazard classification, based upon the consequences of breaching. This was the highest classification that a dam could receive, requiring a dam to be evaluated for the Probable Maximum Flood (PMF) and Maximum Credible Earthquake (MCE) scenario, which is considered the 1-in-10,000 year event in the CDA guidelines. 
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[bookmark: _Toc449526214]Figure 1-1. Site Plan of the Faro Mine Complex and the Rose Creek Tailings Area
Faro Mine Remediation Project
Section 1 – Introduction 
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[bookmark: _Toc449526215]Figure 1-2. Aerial Photos of Dams in the Rose Creeks Tailings Area
Faro Mine Remediation Project
[bookmark: _Toc449618573]Seismic Stability Concerns
Following the dam safety review (KCC, 2002), seismic stability studies were performed by Golder (June 2004) and KCC (March 2006; June 2006), in which the ID, Secondary Dam, and the CVD were evaluated for seismic loading associated with the 1-in-10,000-year earthquake event. The results of these assessments indicated that the dams are generally stable under the seismic design loading conditions (1‑in-10,000-year earthquake), except for the CVD and the ELSD. In both cases, the dams were identified as potentially susceptible to slope failure and breaching because of liquefaction within the foundation soils under the design ground motions identified by Atkinson (May 2004). To reduce the potential of foundation failure from liquefaction, KCC (June 2006) suggested mitigation measures for both the CVD and ELSD.
The ID was not identified by KCC as having liquefiable soils within the foundation, and it was concluded that a breach because of seismic loading was unlikely. The West Limb of the Secondary dam was identified by KCC (March 2006) as having about 7 metres (m) of liquefiable soil within the foundation, but would be unstable only if the downstream tailings were removed as a part of the closure process. KCC found that the eastern section of the ELSD required remediation. 
The Original Dam was not included in the seismic stability assessment as it is nearly buried with tailings, with an approximate 1.5 m tailings surface differential between the original and secondary tailings area (Golder, June 2004). 
[bookmark: _Toc449618574]Geometry and Site Conditions for CVD and ELSD
The CVD was constructed as part of the Down Valley Project in the early 1980s, a project to expand the tailings disposal capacity in the Rose Creek Valley. The height of the dam is about 18 m above the original grade. The dam section contains a central, nearly impervious core, supported by upstream and downstream granular shells at slopes of 2 horizontal (H) to 1 vertical (V). The core and downstream shell are separated by a chimney drain that connects to a blanket drain, directing seepage to drain out the downstream toe. 
The ELSD is a relatively low retention dike that was constructed between 1974 and 1975 as part of the Secondary Dam, parallel to the southern Rose Creek Valley. The total height of the ELSD is about 10 m above the original grade. The dam section was constructed of compacted fill at slopes of 2H:1V. A cross section of the dam is presented in Section 3.3.1 in this report. 
The CVD and ELSD are founded on saturated granular alluvial, glacio-alluvial, and Pleistocene sediments. The primary seismic stability concern is that ground shaking within the loose, saturated, granular sediments could lead to liquefaction, potentially triggering a failure within the earth dams, either through the foundation materials or within the embankments. Such failure could lead to a dam breach, resulting in flooding and impacting the water quality to fish, wildlife, and recreation downstream. 
[bookmark: _Toc449618575]Updated Ground Motions and Seismic Hazard Review
Following the 2004 seismic hazard assessment by Atkinson, additional studies were performed to better characterize the Tintina Fault and to better define the level of shaking that this fault is capable of generating. In 2013, Atkinson and Assatourians made an update of the seismic hazard assessment for the FMC in which the ground shaking levels for the FMC were lower than the 2004 values. For the 1-in-10,000-year event, the site-adjusted peak ground acceleration (PGA) from the 2004 study was reported as 0.56g, where g is the acceleration because of gravity (9.81 metres per second squared [m/s2]), whereas the PGA for Site Class C conditions for the FMC is reported to be 0.30 g based upon the more recent study (Atkinson and Assatourians, April 2013). 
The CDA updated their dam safety guidelines in 2007, and added revisions in 2013 (CDA, 2007 as revised in 2013). In 2015, WorleyParsons Canada Services Ltd. (WorleyParsons, March 2015) performed a dam safety review of several dams in the RCTA, including the CVD. In their assessment, they classified the CVD as a high hazard dam under the CDA Guidelines, where high hazard classification was now the midpoint in the hazard classification range with extreme hazard as the highest classification. The high hazard classification requires that the dam be stable under an earthquake design ground motion (EDGM) associated with a 1-in-2,500-year earthquake event. Despite this requirement, the evaluations in this report have been performed for an earthquake with a frequency of exceedance of 1 in 10,000 years, as explained in the next section.
[bookmark: _Toc449618576]Purpose and Scope
Given the change in the design seismic ground motions at the site, a re-evaluation of the seismic stability of both the CVD and ELSD was performed for the final closure using the updated ground motions from Atkinson and Assatourians (April 2013). Other major dams of the RCTA, including the West Limb of the Secondary Dam and the ID, were found to be stable under the higher 2004 ground motions, and therefore were not re-evaluated. Only the CVD and ELSD were identified as requiring mitigation in 2006 and were re-evaluated herein to determine the effects of the lower ground motions.
The CH2M scope of work consisted of the following tasks:
· Reviewing previous seismic studies and original construction drawings at the FMC, previous geotechnical studies of the CVD and ELSD, and existing seismic design criteria for the tailings dams.
· Describing the geotechnical conditions at the site, including geology, seismicity, lithology, and groundwater.
· Developing the subsurface profiles and properties for the foundation of the CVD and the ELSD.
· Using one-dimensional (1-D) site-response analyses and 2-D limit equilibrium stability evaluations to perform a simplified screening analyses, which involved the following:
· Performing an initial liquefaction evaluation for both dams using simplified methods
· Evaluating the dam performance by conducting a dynamic analysis and seismic stability evaluation with unimproved soil
· Evaluating strategies previously identified by KCC (June 2006) to mitigate zones of liquefaction and improve seismic performance
· Performing 2-D site response evaluations using advanced methods of analyses to evaluate the seismic response of the CVD and ELSD in terms of transient and permanent ground motions. The advance methods of analyses involved use of the computer program FLAC [Fast Lagrangian Analysis of Continua] (Itasca, 2012) for both the CVD and ELSD, using the interpreted profiles. These evaluations included developing design criteria, ground motions, and dynamic soil properties required for the 2-D site response analyses of the CVD and the ELSD. These analyses were coupled analyses of site-response, pore-pressure generation and liquefaction, and embankment performance that did not rely on simplified screening analysis results. 
· Summarizing the analyses in this geotechnical report.
The approach in using both the simplified analyses and the more advanced numerical analyses, and how these tools were combined in a comprehensive evaluation process is illustrated in the flowchart in Figure 1-3. In meetings with the YG, Indigenous and Northern Affairs Canada, and the Independent Peer Review Panel, it was agreed that the dams should be designed to pass the Probable Maximum Flood (PMF) and to withstand seismic loading consistent with a Maximum Credible Earthquake (MCE), based on the significant potential for very severe environmental consequences in case of an uncontrolled release of tailings. This corresponds to an extreme hazard classification. Based on revisions to the CDA Guidelines published in 2013, a dam with an extreme hazard classification must be evaluated for an earthquake with a frequency of exceedance of 1 in 10,000 years. 
Based on this understanding, the evaluations in this report have been performed using an earthquake with a frequency of exceedance of 1 in 10,000 years.
[bookmark: _Toc449618577]Review of Previous Analyses
In earlier phases of the FMC closure process, several geotechnical studies and analyses were performed for the ELSD and the CVD. Figures 1-4 and 1-5 present the locations of previous explorations performed at the CVD and the ELSD, respectively, including borings at the ELSD performed by CH2M. Figure 1-6 shows locations of borings performed in the vicinity of the CVD for the CVD seepage interception system (SIS) system. The explorations shown on the figures were used in support of the seismic stability analyses conducted by CH2M. 
 [image: ] 
[bookmark: _Toc449526216]Figure 1-3. Flow Chart Showing Use of Both Simplified and Advanced Deformation Analyses to Evaluate Seismic Stability
Faro Mine Remediation Project
[bookmark: _Toc449448434][bookmark: _Toc449448538][bookmark: _Toc449618578]Golder Associates, 2004
Golder Associates (Golder) performed a site characterization and seismic stability assessment of the RCTA in 2004. Cone penetration test (CPT) soundings were performed to characterize the tailings deposition pattern and to assess liquefaction susceptibility of the tailings material. A total of 36 CPT soundings were advanced through the tailings, with five of the CPT soundings involving seismic CPT (SCPT) profiling to measure in situ shear wave velocity (Vs). A key concern brought up in the study by Golder was the behaviour of the fine tailings slime during an earthquake (Golder, June 2004). These fine tailings were found to be liquefiable under the design ground motions at the time (based on Atkinson, May 2004), with a high potential for subsequent flow slides where located on sloping ground or associated with an unsupported free face. 
 [image: ]
[bookmark: _Toc449526217]Figure 1-4. Previous Explorations at the Cross Valley Dam (adapted from KCC, June 2006)
Faro Mine Remediation Project
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[bookmark: _Toc449526218]Figure 1-5. Explorations at the East Limb of the Secondary Dam (adapted from KCC, June 2006)
Faro Mine Remediation Project
[bookmark: _Toc449618579]Klohn Crippen Consultants, 2006
KCC performed a seismic stability analysis for all the dams within the RCTA, including the ID and Secondary Dam (West Limb and East Limb), and summarized their findings in the Rose Creek Tailings Impoundment Seismic Stability Assessment – Intermediate and Secondary Dams report (KCC, March 2006). As part of their analysis, KCC advanced 14 borings using the Becker Penetration Test (BPT) method to assess the density and sample the sand and gravel material, with four of the borings advanced along the ELSD. 
Both closed- and open-ended BPTs were conducted during the KCC program. A closed end BPT used to assess penetrations is denoted by “BPT” and open-end BPT used for sampling is denoted as “BKS.” KCC would typically advance both BPT and BKS borings adjacent to each other. During this in situ testing, the diesel hammer for the Becker hammer misfired routinely within several borings, leading to uncertainty in the energy measurements and overall results. Further work was recommended to verify the findings at the ELSD. 
Seismic stability analyses were performed for a 1-in-10,000-year seismic event, the design ground motion at the time for a very high hazard dam under CDA (1999). Their analysis identified that ELSD was situated on a layer of loose, saturated sands within the foundation soils that was susceptible to liquefaction. Given the possible strength loss associated with liquefaction, this created a high potential for embankment failure and breaching. KCC proposed a conceptual remediation design in their report for the ELSD that involved in situ densification of the loose sands along the downstream half of the dam, mitigating their high susceptibility to liquefaction (KCC, March 2006). 
In a June 2006 addendum to their earlier report, KCC evaluated the CVD’s seismic stability analysis, and addressed the recommended additional work that was discussed in the previous report for the ELSD. A total of three borings were advanced along the CVD, including BPT and standard penetration test (SPT) methods, and two borings along the ELSD. No investigation was performed along the upstream slope of the CVD. It was assumed in the analysis that the foundation soils within the upstream slope were similar to those observed in the boreholes located along the downstream slope. In their findings, KCC reported that some of the foundation soils of the CVD was susceptible to liquefaction resulting from a 1-in-10,000-year seismic event; this could lead to flow sliding along both the upstream and downstream slopes. Remediation strategies were evaluated, including a toe berm and densification of potentially liquefiable soils. The earlier recommendations for the ELSD were also validated in this study. 
[bookmark: _Toc449618580]CH2M HILL Canada Limited, 2012-2015
Seismic Stability Analysis of the East Limb of Secondary Dam 
CH2M performed a seismic stability analysis for the ELSD in 2013. A summary of the analysis can be found in the Seismic Stability Analysis, Secondary Dam – East Limb, Faro Mine Complex technical memorandum (CH2M, October 2013d). This analysis was completed in conjunction with development of an Interim Works Project Proposal describing closure activities that would provide interim protection at the site until a site-wide closure plan could be developed and approved by regulatory agencies. For the purposes of the interim closure period, the analysis evaluated the liquefaction potential and slope stability of the ELSD based upon an earthquake with return period of 1 in 500 years. 
A simplified liquefaction analysis was carried out following the procedure by Youd et al. (2001), but modified to account for the BPTs, performed by KCC (March 2006; June 2006). The analysis incorporated the updated seismic hazard values presented by Atkinson and Assatourians (April 2013). Results of the simplified analyses showed that for a 1-in-500-year earthquake event, liquefaction is not anticipated within the foundation soils of the ELSD, and that the ELSD embankment would remain stable even with liquefied tailings upstream of the dam. This conclusion was consistent with the 2004 Golder findings. 
Field Investigation for Cross Valley Dam Seepage Interception System 
In 2012 and 2013, CH2M performed site investigations downstream of the CVD for the support of the design of an SIS (CH2M, March 2013g and February 2014q). The CVD SIS is designed to intercept contaminated groundwater flowing through the tailings and both the alluvial and weathered bedrock units. The purpose of the investigation was to collect the geological and hydrological data to support the design of the SIS that will collect groundwater passing through the Rose Creek Alluvial Aquifer. The 2012 field investigation (CH2M, March 2013g) included the installation of six new monitoring wells along the downstream toe of the CVD along the proposed CVD SIS alignment. Two additional monitoring wells were installed and developed within Rose Creek as well. Sonic drilling was performed, equipped with a SPT sampler, for the in situ testing and sampling of the overburden soils. Soil samples were collected in each of the borings for geochemical and geotechnical properties. The borings advanced during the 2012 field investigation are shown in Figure 1-6. 
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[bookmark: _Toc449526219]Figure 1-6. Boring Locations for the Design of the CVD SIS System (CH2M, February 2014q)
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In the 2012 study (CH2M, March 2013f), it was found that alluvium varied in thickness from 30 to 43 m, with overburden thickness increasing from north to south. During the study, groundwater was typically encountered within 1 to 2 m of the surface. Blowcounts from the SPT in situ testing were collected in the upper 26 m of each boring. Generally, blowcounts collected in the upper 20 m of the boring profiles indicated loose to dense alluvium layers, and then becoming dense to very dense when deeper than 20 m. Underlying the alluvium was weathered bedrock, with zones ranging from 2 to 15 m thick, before transitioning to dark green phyllite. 
In 2013, an additional boring and a geophysical survey were performed along the proposed CVD SIS alignment along the downstream toe of the CVD (CH2M, February 2014q). The geophysical survey included short-dipole resistivity, ground penetrating radar, seismic reflection and seismic refraction surveys along a 450-m line to estimate the thickness of weathered bedrock above competent bedrock, distinguish layers of high and low permeability soil and rock, and to estimate the depth and variation in groundwater. The geotechnical boring (CH13-204-MW007) was advanced along the southern half of the CVD where the 2012 field investigation identified a deeper alluvium zone. Collected data indicate that the upper few meters of the soil profile is very loose to loose, then becoming medium dense to very dense with depth. The alluvium layer continues to approximately 51 m below the ground surface then transitions to weathered bedrock. 
The interpreted subsurface profile from the 2012 and 2013 geotechnical borings and the 2013 geophysical survey provided a similar profile to that presented by KCC (June 2006) at the CVD. The CH2M data, including soil type and density, were used to validate the subsurface interpretations made by KCC (June 2006). However, in the absence of soil consistency measurements (i.e., SPT and Becker hammer testing) within the deeper zones of the soil profile, interpretation of subsurface conditions depended more on the KCC (June 2006) data. 
Field Investigation for New Side Channel and Side Channel Dike 
CH2M conducted a geotechnical investigation in 2014 along the Rose Creek Diversion and Rose Creek Diversion dike, as summarized in the Summary of 2014 Field Investigation – Construct New Side Channel and Side Channel Dike technical memorandum (CH2M, March 2015z). The side channel will be situated adjacent the Rose Creek Diversion in the tailings area between the Secondary Dam and ID. Borings and CPT soundings were advanced within the Intermediate Tailings Area and laboratory testing was performed on selected samples. CPT soundings included SCPT profiling and pore-water pressure dissipation tests. This information was obtained to supplement data obtained from the 2004 Golder study.
Additional Field Investigation for East Limb of Secondary Dam 
In 2015, CH2M conducted additional geotechnical exploration work, advancing several additional borings and geophysical surveys along the Rose Creek diversion, located on the downstream berm of the ELSD. Downhole shear wave velocity (Vs) testing was performed in the six borings, extending to a typical depth of 10 m below the ground surface. Geophysical surveys included resistivity, seismic refraction, and surface wave surveys. A full report of the geophysical work is presented by Frontier Geosciences, Inc. (September 2015), with the full exploration program provided in CH2M (March 2016b). Data from the exploration program were used in the analyses presented herein. The location of these borings and seismic survey are shown on Figure 1-4. 
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The design criteria for the seismic analysis are based upon the CDA Dam Safety Guidelines (CDA, 2007 as revised in 2013). The acceptable minimum factors of safety for slope stability in seismic analyses are presented in Table 1-1. Note that these required minimum factors of safety were not updated in the 2013 revisions and are irrespective of dam hazard classification. 
	[bookmark: _Toc449526125]Table 1-1. Factors of Safety for Slope Stability – Seismic Assessment
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	Loading Condition
	Minimum Factor of Safety 

	Pseudo-static
	1.0

	Post-Seismic
	1.2 – 1.3

	Source: CDA, 2007 as revised in 2013


For large dams subjected to seismic loading, CDA (2007, as revised in 2013) states that it is usually more appropriate to use more sophisticated methods of analysis, such as numerical finite-element models to assess stress, strain, and displacements. The simplified seismic stability analyses using the limit-equilibrium method can serve as a screening tool, but the dynamic analyses should be relied upon to better predict the performance of the dam under seismic loading. Following the standard of practice, the CDA recommends that the dynamic analyses should include an assessment of the following failure mechanisms:
· Slope instability leading to overtopping
· Permanent deformation leading to overtopping
· Fissuring or cracking leading to internal erosion failure
· Liquefaction (both triggering and post-liquefaction stability conditions)
For the purpose of this study the following acceptable performance criteria were adopted:
Cross Valley Dam Acceptable Performance Criteria:
1. Vertical crest displacement less than 1.7 m, which for the purposes of this study was assumed to be the applicable freeboard defined as the “minimal vertical distance between the maximum still pool level reservoir level and the crest of the containing structure” by the CDA guidelines (CDA, 2007 as revised in 2013). In this case the dam core is considered to be the containing structure. This is consistent with the CDA guidelines requirement that steady or quasi-steady state water levels (i.e., excluding waves) should not exceed the top of the impervious core including the condition after dam crest settlement because of the design earthquake. The design crest elevation of the CVD is 1,033.5, but the low point from a 2003 survey was 1,032.7 m (nhc, November 2006). For purposes of slope stability computations, the crest elevation is assumed to be 1,034 m, consistent with the value used in the KCC reports (March 2006, June 2006). The top of the core is only about 1,032.5 m (KCB, February 2014), with the spillway crest elevation at about 1,030.8 m (KCB, February 2014) resulting in about 1.7 m of applicable freeboard. Note that the normal maximum operating pond level is 1,030.3 m, which is 2.2 m below the top of the core, so the assumption of an applicable freeboard of 1.7 m for a full reservoir elevation is considered to be conservative.
2. Horizontal displacement less than half of the thickness of the chimney filter/drain (2 m), such that it can be assumed that the drains will still have a capacity of at least 50 percent of the pre-earthquake drain capacity.
East Limb of Secondary Dam Acceptable Performance Criteria:
1. Vertical crest displacement less than 1.5 m, which is approximately 75 percent of the vertical distance of 2.0 m between the secondary tailings surface elevation and the ELSD dam crest elevation. 
2. Horizontal displacement of less than 2 m, somewhat arbitrarily selected to reduce the likelihood of significant crack formation. In this case there is no internal drainage system, but the potential for internal erosion and piping is also considered to be a lesser concern for the tailings dam given that the water levels in the tailings are a few metres below the tailings surface and it would generally be less vulnerable to excessive seepage through defects as compared to a water-retention structure. 
[bookmark: _Toc449618582]Limitations
This report has been prepared for the exclusive use of YG and the Government of Canada as represented by Indigenous and Northern Affairs Canada, and of CH2M, for specific application to the CVD and ELSD at the FMC, Yukon, Canada. It has been prepared based on generally accepted geotechnical engineering practice. No other warranty, express or implied, is made. 
The analyses and recommendations contained in this report are based on the data obtained from available published literature, and on data obtained from subsurface explorations and laboratory testing. Exploration data indicate soil conditions and water levels only at specific locations at times, and only to the depths penetrated. Subsurface conditions and water levels at other locations may differ from conditions occurring at these explored locations. In addition, the passage of time may result in a change in conditions at these locations. Some of the information provided is based upon interpretation, and reflects the opinion of the engineer for the specific evaluation presented herein. Any use of interpreted information for other purposes could lead to erroneous assumptions and faulty conclusions. 
The methods used to estimate levels of earthquake ground shaking given in this report are based on work conducted by scientists and engineers involved in earthquake studies. The nature of this work is such that uncertainties exist in the predictive methods and results. Whereas an effort has been made during this project to account for these uncertainties in the estimation of ground motions with currently available methods, higher levels of ground shaking could occur. The profession’s understanding of earthquake ground motions continues to evolve and, as a result, the basis of the recommendations given in this report could change in the future. These changes could necessitate reconsideration of the recommendations provided in this report. 
CH2M is not responsible for any claims, damages, or liability associated with the interpretation of recommendations provided in this report without CH2M’s express written authorization. 
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Yukon lies within the northern Canadian Cordillera, a tectonically and seismically active region, extending from a terrane collision zone on the continental margin to an active fold and thrust belt at the eastern mountain front. In Yukon interior, the two major geological components are separated primarily by the northwest trending right-lateral Tintina Fault Zone (circa 60 to 10 Million years ago [Ma]). A regional geology map is provided in Figure 2-1. 
Geophysical data presented by Lowe et al. (1994) show that the Tintina Fault Zone separates two regions with distinct physical properties: a relatively homogeneous region to the northeast and a more heterogeneous region to the southwest. The northeasterly region is composed of a thick, older sequence of sedimentary rocks (Miogeocline) that was deposited on the western margin of the stable paleo-North American continental margin from the Mid-Proterozoic Era until the Early Jurassic Era (Lowe et al., 1994; Wheeler et al., 1991). The region southwest of the Tintina Fault Zone comprises several younger, litho-tectonic terranes of varying rock types that amalgamated and accreted to the stable sedimentary package.
The miogeoclinal assemblage to the northeast were deposited from the mid-Proterozoic through the early Jurassic Era (1,250 to 190 Ma) and are dominantly limestone and sandstone formed on the stable submerged continental shelf off the western edge of the ancient North American continent. Shale, sandstone, and chert accumulated in adjacent basins (e.g., Selwyn Basin deposits). Fringing, parautochthonous terranes (e.g., Cassiar and Kootenay terranes) are also considered to be part of the miogeoclinal assemblage (Colpron et al., 2007).
To the southwest of the Tintina Fault Zone, the geology consists of a mosaic of accreted and fault-separated amalgamated terranes that are different from one other, as well as the rocks of the ancient North America. Geological evidence further suggests that several of these terranes may have amalgamated with each other before their accretion to ancient North America. Major geological terranes south of the Tintina Fault Zone include the late Devonian to mid-Permian (circa 365 to 270 Ma) Yukon-Tanana Terrane (YTT), which comprises a metamorphosed continental arc assemblage, the Stikinia Terrane (a Late Triassic to Mid-Jurassic magmatic arc assemblage), and the Missippian to late Triassic Cache Creek oceanic assemblage (Lowe et al., 1994). These Intermontane terranes are thought to represent one interrelated set of arcs, marginal seas, and continental fragments that once formed a Paleozoic to early Mesozoic fringe to North America (Colpron et al., 2007). 
Regionally, the Tintina Fault Zone can be mapped for over 1,000 kilometres (km), trending northwest from Watson Lake on the Yukon/British Columbia border to its termination into a series of splay faults in the Yukon Flats area of Alaska (Snyder et al., 2005). In the central Yukon area, a bimodal volcanic suite (circa 50 to 60 Ma) occurring within the miogeoclinal assemblage was emplaced as a continuous igneous province and is currently found both north of the Tintina Fault Zone near Ross River and south of the fault zone near Dawson area. The estimated cumulative right-lateral displacement, based on the offset of this assemblage and other terranes (such as the YTT and Cassiar terrane), is approximately 425 km (Snyder et al., 2005). 
Section 2
Section 2 – Introduction 
Section 2 – Site Conditions 

[image: ]
[bookmark: _Toc449526220]Figure 2-1. Regional Geology Map of Yukon
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The region’s physiography is dominated by the northwest trending Tintina Fault Zone (Figure 2-2), which coincides with a linear valley that is structurally a trans-tensional graben. At the latitude of the Anvil Range, the valley is occupied by the northwest flowing Pelly River. A number of rivers cross the Tintina Fault Zone without significant lateral displacement (Snyder et al., 2005). Rose Mountain (elevation 1,985 metres above sea level [masl]) is the highest point of the Rose Mountains, a ridge of resistant basalt, parallel to and immediately northeast of the Tintina Valley. The Anvil Range is a northwest elongate, alpine mountain complex northeast of the Tintina Trench. Mount Mye (elevation 2,061 masl) is the local summit of the Anvil Range in the area of the FMC ore deposits. 
Overburden materials consist of thin, discontinuous deposits of glacial till and glacio-fluvial deposits. Important exceptions are a buried valley filled with up to 70 m of overburden over the subcrop of the Grum deposit and a ridge of highly compacted till up to 40 m thick overlying the Vangorda deposit (RGC, November 1996). Thick till and fluvial deposits also occur in the Rose Creek, the west fork of Vangorda Creek, and in the Blind Creek valleys. 
The bedrock stratigraphy of the Anvil District consists of a structurally thickened sequence of late Precambrian to upper Paleozoic poly-deformed, poly-metamorphosed, metasedimentary and metavolcanic schists and phyllites (Jennings and Jilson, 1986) of the miogeoclinal assemblage. As mentioned, the Anvil Batholith, a major northwest trending Cretaceous granitic body, is the central feature of the district and forms the core of the Anvil Arch. The degree of metamorphism within sedimentary and volcanic strata range from moderate (schist) to low (phyllite). The lower part of the sequence, Silurian aged and earlier, as represented primarily by the Mount Mye and Vangorda Formations, is the most important with respect to the FMC site geology. A higher degree of metamorphism is generally observed near the Anvil Batholith contact. The strata of the metamorphic sequence dip northeast and southwest, away from the Anvil Batholith. The FMC occurs on the southern flank of Anvil Arch and consists of three (Faro, Grum, and Vangorda) of the five stratiform lead/zinc/silver- bearing massive sulphide ore bodies that occur in the Cambrian phyllites or schists of the metamorphic sequence.
Southwest of the Tintina Fault Zone, near Ross River (approximately 60 km southeast of the FMC), sedimentary rocks of the Cassiar Terrane associated with miogeoclinal appear to be present (Snyder et al., 2005). The 2004 report by Smith (WMC, 2004) also indicated that a sedimentary terrane with a continental shelf affinity is present for about 100 km southwest of Faro, before being truncated by the Semenoff Fault. 
[bookmark: _Toc449618587]Subsurface Conditions at the Rose Creek Tailings Area
Within the RCTA, the original terrain was relatively flat before the tailings deposition with terrace sands and gravels that were used as the primary borrow fill source for the construction of the dams. A longitudinal section along the CVD and the ELSD crests indicate the foundation of these dams are underlain by the unconsolidated Rose Creek sediments developed on Pleistocene sand, gravel, glacial till, and bedrock. 
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[bookmark: _Toc449526221]Figure 2-2. Faro Mine Complex Bedrock Geology
Faro Mine Remediation Project
Section 2 – Site Conditions 
Section 2 – Site Conditions 

2-4		ES10201112383RDD
The unconsolidated Rose Creek sediments are Holocene deposits made in flood-plain channels. The Rose Creek sediments has extremely erratic distribution, and composed of wide range of material of different particle sizes with great variation in thickness and horizontal extent. The color of these sediments is usually yellowish-brown. Based on the three BPT explorations drilled at the CVD (BPT05-03, BPT05-04, and BPT05-05), Rose Creek sediments are clearly divided into an upper and lower soil zones. The composition of the two soil zones is very similar and generally composed of sands, gravels, and silt layers; however, the upper zone soil layers are characterized by higher relative density than the soil layers in the lower zone. 
Comparisons between the original boreholes drilled in the late 1970s at the CVD and 2005 boreholes suggest that the upper zone originally contained loose and soft soils which appear to have been removed and replaced with compacted fill or densified during the construction of the dams. The thickness of the upper zone ranges between 2 and 4.5 m, and the depth of the lower zone ranges between 14.5 and 18.5 m below the natural ground surface. Between these zones exists denser alluvium material. Estimates for the amount of gravel in the coarser grained soil of the Rose Creek sediments ranges up to 43 percent, while the amount of fines ranges between 9 and 30 percent. Atterberg limits for the finer grained soil show liquid limit of about 30 percent and plastic limit of about 21 percent. 
Based on the three BPT explorations drilled at the ELSD, BKS04-13, BPT05-06, and BPT05-07, Rose Creek sediments have similar characteristics to those at the CVD; however, the thickness of the upper zone ranges between 3 and 4 m, and the depth of the lower zone ranges between 11 and 14 m below the natural ground surface. Between these two zones the material consists of denser, coarser alluvial deposits. 
[bookmark: _Toc443660868]Typical native soils at the FMC consist of thin discontinuous deposits of glacial till and glaciofluvial deposits overlying phyllitic and schistose bedrock. A geotechnical exploration conducted by CH2M in 2012 at the site of the proposed water treatment plant classified the location as a Class C site (very dense soil and soft rock) (CH2M, September 2012b).
[bookmark: _Toc449618588]Seismicity and Earthquake Hazard
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Figure 2-3 illustrates the relationship between regional tectonics and seismicity recorded between 1899 and 2004. The distribution of seismicity is the most important indicator of the current pattern of crustal deformation. Earthquake mechanisms provide constraints on faulting and stress directions. The most seismically active region is in the region of the collision of the Yakutat Block in the corner of the Gulf of Alaska. The area of the plate margin has experienced many large earthquakes, including a sequence of three earthquakes of magnitude 7.4 to 8.0 in 1899 and a magnitude 7.9 earthquake in 1958. There is a very intense concentration of seismicity in the region of the collision of the Yakutat Block in the corner of the Gulf of Alaska (Figure 2-3).
The seismicity decreases to the east of the collision zone (Figure 2-3). The most significant inland seismicity occurs along segments of the Denali Fault Zone, where the seismicity rate is an order of magnitude lower than that in the coastal region. The Denali Fault is a transpressive right-lateral strike-slip fault. The region between the Denali and Tintina systems is relatively aseismic through the central part of the northern Cordillera, with relatively few and small earthquakes (Hyndman et al., 2005a). 
To the east there is minor seismicity in the central part of the northern Cordillera, including a small concentration along the strike-slip Tintina Fault Zone. There appears to be a small concentration of epicentres aligned along the Tintina Fault Zone; however, these are all very small earthquakes (less than magnitude 5), and most of the activity is at the northern end, close to the Alaskan border (Cassidy et al., 2005). This suggests that this geological fault structure remains a zone of weakness. 
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Farther inland, the earthquake activity increases strongly from 600 to 800 km northeast of the Yakutat collision zone near the Cordilleran eastern mountain front. This fold and thrust belt seismicity is concentrated in two areas: the MacKenzie-Ogilvie Mountains region and the Richardson Mountains region (Hyndman et al., 2005a). The largest earthquake recorded in this area is the December 1985 magnitude 6.9 earthquake in the Mackenzie mountains. Three earthquakes greater than magnitude 6 have occurred in the Richardson Mountains of the YT (magnitude 6.2 and magnitude 6.5 in 1940, and magnitude 6.6 in 1955); a region more than 350 km distant from the FMC.
The active faults (based on an alignment of epicentres and faulting style from focal mechanisms) are concentrated in the offshore region (e.g., Fairweather, Queen Charlotte, Transition Zone, and Pampolona Faults). In the onshore/inland region, the only faults that appear to be seismically active are in Alaska (e.g., the Denali, Totschunda, and Chugach – St. Elias Faults). Through the interior of Yukon, there are only three focal mechanisms from recent moderate (less than magnitude 5) earthquakes in the vicinity of the Tintina Fault system (Cassidy et al., 2005; Leonard et al., 2008). They are a mixture of right lateral strike slip and thrust earthquakes, and do not align with the orientation of the Tintina Fault system. Furthermore, there has been no evidence found for active faulting along the Canadian segments of the Tintina Fault Zone or the Denali Fault system (Cassidy et al., 2005). 
The 2004 WMC report noted a slight concentration of weak earthquakes located to the west of the Tintina Fault Zone (Mazzotti and Hyndman, 2002). It was implied that faults to the west of the Tintina Fault Zone are the active faults or that a systematic error is present in the model used for calculating epicenters.
The most recent seismic event in Yukon was a magnitude 4 event that occurred approximately 158 km north of Keno Hill (65.24°N 134.22°W) on October 24, 2012, within the Richardson Mountains Seismic Zone. This location is approximately 325 km north of the FMC site.
[bookmark: _Toc449618590]Neotectonics 
Earth-shaking events can trigger a variety of natural hazards, including ground vibrations, large landslides and avalanches, liquefaction of saturated sediments, and surface rupture. In May 2004, a limited site-specific seismic hazard assessment was conducted by Dr. Gail Atkinson that identified the possibility of post-glacial movements in the region along the nearby Tintina Valley Fault System (Tintina Fault Zone) which may increase the site-specific seismic hazard within the FMC beyond that given by the 2005 National Building Code of Canada (NBCC) Seismic Hazard Maps (Adams and Halchuck, 2003). 
More recently, CH2M contracted Dr. Atkinson to re-evaluate current seismic/tectonic conditions of the area. The work performed by Dr. Atkinson included review of and discussions with individuals involved in the 2015 update to the Seismic Hazard Maps prepared by the GSC. The intent of the work performed by Dr. Atkinson was to update the 2004 site-specific seismic hazard evaluation of the FMC to include the most current understanding regarding the Tintina Fault Zone directly adjacent to the FMC, as well as other changes that were being made to the national seismic ground motion hazard model, including ground motion predictive equations (GMPEs), being developed by the GSC (CH2M, February 2013d; GSC, 2012). In 2013, Atkinson and Assatourians performed a seismic hazard assessment update for the FMC.
[bookmark: _Toc449618591]2013 Seismic Hazard Study 
Findings from the Atkinson and Assatourians (April 2013) seismic hazard assessment summary showed that there is little documented evidence of recent displacements along the Tintina Fault Zone in this region of Yukon. There appears to be a small concentration of epicentres aligned along the Tintina Fault; however, these were minor earthquakes (less than magnitude 5), and most of the activity is at the northern end, close to the Alaskan border, which suggests that this geological fault structure remains a zone of weakness (Cassidy et al., 2005).
A 2008 global positioning system (GPS) -based deformation study by Leonard et al. (2008) associated the Tintina Fault Zone with low-level seismicity (up to magnitude 5) and calculated a maximum right-lateral strike-slip rate of only 0.5 millimetres per year (mm/year), suggesting that the fault no longer accommodates significant seismic deformation (Leonard et al., 2008). In contrast, the zones with the highest deformation rates are those that most directly represent the North America plate boundaries with the Pacific plate, Yakutat block, or both: the Fairweather Fault Zone (27.3 mm/year) and the southern St. Elias zones (3.6 to 18.3 mm/year), located more than 400 km southwest of the FMC (Leonard et al., 2008). Through the interior of Yukon, there are only three focal mechanisms from recent moderate (less than magnitude 5) earthquakes in the vicinity of the Tintina Fault system (Cassidy et al., 2005; Leonard et al., 2008).
Atkinson and Assatourians report a mixture of right lateral strike slip and thrust earthquakes that do not align with the orientation of the Tintina Fault system. Furthermore, they report that there has been no evidence found for active faulting along the Canadian segments of the Tintina Fault Zone or the Denali Fault system (Cassidy et al., 2005). Atkinson and Assatourians also extracted data on recent earthquakes that occurred within about 250 km of the FMC site (62.2°N 133.2°W) from September 1985 to November 2012 from the Earthquakes Canada/GSC database. No earthquakes of greater than magnitude 5 have occurred within approximately 220 km of the site. Within a 50-km radius of the FMC, Atkinson and Assatourians report that approximately 38 earthquakes have been recorded since 1985. Only one event, a magnitude 4.6 event occurring in November 2002 in the Pelly Mountains, exceeded magnitude 4. The closest documented event, a magnitude 2.2, occurred about 15 km northwest of the FMC on Christmas Day, 1986.
The most relevant conclusion from the 2013 Atkinson and Assatourians study is that evidence for contemporary activity along the Tintina Fault appears weak. The Tintina Fault Zone is a 30-km-wide fault zone that is characterized by a low current slip rate and low activity rates, with the most recent interpretation suggesting that the fault no longer accommodates significant seismic deformation (Leonard et al., 2008), although the evidence for this is not entirely conclusive. Moreover, it exhibits a “flower structure” with the fault zone being wide at the surface and appearing to narrow with depth (Snyder et al., 2005). Based on these findings, it now appears that the Tintina Fault may be better treated as an aerial source zone that may contain fault structures, as opposed to a distinct linear active fault.
[bookmark: _Toc449618592]Updated Probabilistic Seismic Hazard Analysis
A probabilistic seismic hazard analysis (PSHA) was completed by the GSC in association with the 2010 NBCC (GSC, 2012). These analyses predicted a peak ground acceleration hazard for a 2-in-50-year probability of exceedance event, or a 1-in-2,475-year frequency event, to be 0.110 g.
A 2004 study by Atkinson found that for an annual probability of exceedance for a 1-in-10,000-year event, the mean value of PGA at the FMC site is 0.557g for Site Class D soil conditions based on the NBCC soil class descriptions. 
The updated seismic hazard analysis performed for the FMC by Atkinson and Assatourians (April 2013) considered the updated regional seismotectonic data setting and regional geologic interpretation. This seismic hazard analysis was conducted using EqHaz software and considered two options for the Tintina Fault: one in which it is an aerial source zone, and one in which it is a linear fault source. This study found that for an annual probability of exceedance for a 1-in-2,475-year return-period ground motion, the mean-hazard value of PGA at FMC is approximately 0.12g for Site Class B/C soil conditions. For an annual probability of a 1-in-10,000-year return-period ground motion, the mean-hazard value of PGA at FMC is approximately 0.24g for the Site Class B/C soil conditions (average Vs of 760 metres per second [m/s] in upper 30 m). 
The recommended response spectra from Atkinson and Assatourians (April 2013) are summarized in Table 2‑1. The response spectra for the 1-in-10,000-year event is shown in Figure 2-4 for NEHRP B/C conditions. To convert to Site Class C conditions, the B/C values were multiplied by the Site Class Adjustment factor.
	[bookmark: _Toc449526126]Table 2-1. Mean Hazard Uniform Hazard Response Spectra Average Horizontal Component Spectral Accelerations for the Faro Mine Complex
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	Period(s)
	Approximate Earthquake Frequency
	Site Class Adjustment B/C to C

	
	1-in-100-year
	1-in-500-year
	1-in-1,000-year
	1-in-2,500-year
	1-in-10,000-year
	

	0
	0.012
	0.043
	0.068
	0.118
	0.245
	1.210

	0.05
	0.014
	0.054
	0.087
	0.154
	0.332
	1.140

	0.1
	0.022
	0.081
	0.133
	0.237
	0.511
	1.140

	0.2
	0.031
	0.101
	0.155
	0.264
	0.547
	1.180

	0.3
	0.032
	0.090
	0.133
	0.218
	0.433
	1.260

	0.5
	0.026
	0.066
	0.095
	0.152
	0.308
	1.370

	1
	0.017
	0.040
	0.055
	0.082
	0.158
	1.440

	2
	0.009
	0.020
	0.027
	0.039
	0.072
	1.470

	5
	0.003
	0.006
	0.008
	0.012
	0.021
	1.470

	10
	0.001
	0.003
	0.004
	0.005
	0.008
	1.470

	Source: after Atkinson and Assatourians, April 2013
Notes:
Mean hazard uniform hazard response spectra average horizontal component spectral accelerations shown in g
Shown with 5 percent damping for rock (NEHRP B/C) conditions


For comparison purposes the response spectra for the FMC for Site Class C conditions for a 1-in-10,000-year event are shown in Figure 2-5 for the Atkinson (2004) report and the Atkinson and Assatourians (April 2013) report. This plot shows the reduction in spectral acceleration from 2004 to 2013. 
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[bookmark: _Toc449526223]Figure 2-4. Response Spectra for the Faro Mine Complex (after Atkinson and Assatourians, April 2013)
Faro Mine Remediation Project
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[bookmark: _Toc449526224]Figure 2-5. Response Spectra Comparison of Atkinson (2004) and Atkinson and Assatourians (April 2013) for the Faro Mine Complex
Faro Mine Remediation Project
[bookmark: _Toc443660869][bookmark: _Toc449618593]Groundwater
The Rose Creek Alluvial Aquifer system is a fluvial depositional system deposited by Rose Creek and its tributary, the NFRC. The alluvial aquifer is composed of a heterogeneous mixture of silt, sand, gravel, and cobbles. The alluvial deposits are thickest near the centre of the valley, aligned with the ancestral thalweg of Rose Creek, with the thickest deposits around 50 m. 
Before tailings deposition, Rose Creek was flowing in a meandering stream channel that crossed the valley floor and was fed by several smaller streams that drained the hillsides of Rose Creek Valley. The water table of the underlying valley‐fill aquifer was very close to the stream level, indicating a good hydraulic connection between the stream and the groundwater that flowed in the permeable valley sediments (RGC, November 1996). Following the onset of mining operations, tailings were deposited over the alluvial valley‐fill deposits to a maximum thickness of about 25 m. The greatest thicknesses of tailings were deposited in the Original and Secondary impoundments, with thickness diminishing toward the edges of the valley (RGC, November 1996).
Groundwater levels are elevated beneath the ID Pond and CVD Pond (also known as the Polishing Pond) because of vertical leakage from the impoundments. This condition results in the development of significant upward gradients within the alluvial aquifer just downgradient from the CVD and the presence of an associated groundwater discharge area in that location. Groundwater elevation data in the alluvium aquifer downgradient from the CVD indicate groundwater is estimated to be within 5 m of the ground surface. 
KCB (2012) reported historical measurements of the water levels in monitoring wells located at the Secondary Tailings Impoundment; three monitoring wells in the crest of the dam and three wells in the tailings). The measurements indicate groundwater levels in the dam deeper than 6 m below the crest of the dam (KCB, 2012) and water levels in the tailings about 2 to 3 m below the tailings surface.
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[bookmark: _Toc443468110][bookmark: _Toc449618594]Subsurface Profiles and Properties
[bookmark: _Toc443468111][bookmark: _Toc449618595]General
Historically, Rose Creek was observed to meander within the RCTA, distributing alluvial deposits along the creek. Although the material across the site has similar depositional history, these alluvium deposits vary in thickness and composition. In review of the data, the subsurface profiles of each dam generally consists of terraced sands and gravels, and unconsolidated upper layers. The earthfill embankments were mostly constructed from these materials.
For the CVD, no additional explorations have been performed since KCC (June 2006) performed its exploration and seismic analysis. However, in 2012 and 2013, CH2M performed a site investigation downstream of the CVD for the support of the design of an SIS (CH2M, February 2014q). The boring logs provided limited information to the study presented herein as they were advanced mostly with continuous air rotary with samples being collected only within the upper few metres. The geophysical survey identified the contact between the overburden soil and bedrock, and was found to validate the KCC (March 2006; June 2006) data.
At the ELSD, geophysical surveys and geotechnical borings were conducted in 2015 by CH2M and integrated with the existing data for this analysis. 
[bookmark: _Toc449618596]Cross Valley Dam
[bookmark: _Toc449618597]Embankment Configuration
The CVD is the only dam constructed within the RCTA to impound only water rather than tailings. The crest of the dam is reported to be at elevation 1,034 m amsl in the KCC reports (March 2006; June 2006). Previous reports show the crest to be at elevation 1,066 m, but this is based on the Down Valley datum, which is converted to amsl by subtracting 32 m. All elevations presented herein are based on amsl. 
The CVD is a zoned earthfill embankment dam with a nominal height of 18 m, with the downstream toe located at elevation 1,016 m. From previous reports, the reported freeboard from the crest to the polishing pond is 1.7 m. The core of the dam is constructed of low permeability silt material with a width of 4 m at the top, thickening to a maximum of 7 m at the base. The core is extended 3 m into the native materials to provide a seepage barrier. This material is referred to as Class IV material in KCC (2002). 
The core is supported by granular shell material comprised of random fill (Class VII and VIII material) along the downstream and upstream sides, sloped at 2H:1V. A 4-m-thick granular chimney drain comprised of Class IX and X material separates the core from the downstream shell before transitioning to a 2-m-thick blanket drain along the downstream base. A 4-m-thick granular filter zone (Class IX and X) serves as a filter between the upstream shell and the core. This filter zone continues along the upstream base, providing a 1-m-thick filter between the upstream shell and primary blanket. Current drawings show the primary blanket, constructed of similar material as the impervious core, extending as a secondary blanket upstream of the toe for 60 m. The secondary and primary blankets work with the low permeability cutoff core trench to reduce seepage through the foundation soils. 
The dam fill is considered to be well compacted and assumed to not liquefy or undergo excess pore pressure generation during a major earthquake; however, during a large earthquake, the slopes forming the embankments could deform, resulting in loss of freeboard. This potential was investigated during this seismic study. Figure 3-1 provides a typical cross section of the CVD.
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[bookmark: _Toc449526225]Figure 3-1. Typical Cross Section of the Cross Valley Dam
Faro Mine Remediation Project
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[bookmark: _Toc449526226]Figure 3-2. Generalized Subsurface Profile of the Cross Valley Dam (Looking Downstream)
Faro Mine Remediation Project
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[bookmark: _Toc449618598]Subsurface Profile
The interpreted subsurface profile is based upon the boring logs provided in the KCC reports (March 2006; June 2006), CH2M 2014, and information collected by Golder (June 1980; June 2004). The generalized interpreted subsurface profile along the center of the CVD is shown in Figure 3-2. The interpreted subsurface profile is based upon the data from KCC (June 2006) and Golder (June 1980), and is shown along the longitudinal section of the original ground surface, looking downstream. 
The subsurface profile shown in Figure 3-2 is based on a number of exploration programs and exploration methods. Before construction of the CVD, 21 borings were advanced within the foundation soils during the Golder 1979 and 1980 studies, as presented in Golder (June 1980). In 2005, KCC performed three BPTs along the downstream toe of the CVD, to depths of approximately 27 m. No subsurface information was collected along the upstream face of the dam during the 2005 exploration.
Results of the Golder and KCC exploration programs show that the CVD alignment is situated on recent alluvial deposits for Rose Creek, which consist of stratified terrace deposits of gravels, sands, and silts. Although majority of the near-surface deposits along Rose Creek are loose and considered liquefiable (KCC, March 2006), the overall composition of the top 4.5 m of the foundation soils at the CVD are observed to be dense. It is understood that this zone was likely densified during construction of the CVD. 
In addition, during the 1979 and 1980 explorations, Golder (June 1980) identified several zones of soft silt layers and permafrost soils. However, such soils were not encountered in the 2005 KCC investigation, suggesting the soils were likely removed during construction of the CVD. Densification of the top layer of soil could have occurred during this removal because of construction traffic. 
Below the compacted alluvium soils, loose silty sand and gravel was present from 14.5 m thick along the left half of the CVD and increased to approximately 16 m thick along the right half. This material was identified as potentially liquefiable in the KCC study (March 2006) under the 1-in-10,000-year ground motions. In addition, KCC identified a 5-m-thick low plasticity silt zone in Borehole DH05-10. This silt zone was noted to be lacustrine, and included thin interbeddings of sand and gravel. 
Underlying the alluvium are dense sands and gravels, ranging in thickness from 7 to 12 m before transitioning to glacial till. The glacial till was observed to be relatively thin, only a few metres thick, before transitioning to bedrock. Bedrock encountered in the 1979/1980 borings was identified as green to grey schist, and weathered for the top several metres. 
The 14.5- to 16-m thick layer of loose silts, sands, and gravels below the compacted alluvium sols is of primary concern from a seismic loading standpoint. If this layer were to liquefy during a strong seismic event, the loss of strength of the layer from cyclic loading and associated pore-water pressure increases could lead to instability of the embankment dam slopes, depending on the degree of pore-water pressure buildup and loss in soil strength. Volumetric changes in this layer from development of excess pore-water pressures could also result in post-seismic settlement, which would result in reduction in free-board as well as potential for cracking of the embankment core. 
[bookmark: _Toc449618599]Laboratory Testing Data
Laboratory tests from previous investigations (KCC, March 2006) included gradations, moisture contents, and Atterberg Limits for the finer-grained soils. No cyclic tests were conducted on soils from either the embankment or foundation soils to determine performance of the silts and sands during cyclic loading. Strengths of these soils during cyclic loading were estimated based on empirical correlations with SPT and BPT blow counts. 
Results of Index testing indicate that foundation soils are stratified coarse sediment, predominantly consisting of fine to coarse sand with variable amounts of fines and gravel. From the Atterberg Limits tests, the plasticity of the fines ranges from low plasticity silts to lean clays. The sand is angular with an average grain size D50 ranging between 0.3 and 3 millimetres. 
Table 3-1 provides a summary of the index testing performed for the SPT and BKS (open end Becker hammer) samples collected during the KCC investigation (KCC, June 2006). 
	[bookmark: _Toc449526127]Table 3-1. Summary of Index Test Results for the Cross Valley Dam 
Faro Mine Remediation Project

	Boring
	Sample No.
	Depth (m)
	Water Content (%)
	Fines Content (%)
	Liquid Limit
	Plasticity Index
	USCS

	DH05-01
	SPT 1
	1.5
	8.0
	5
	-
	-
	-

	
	SPT 2
	3.0
	7.7
	5
	-
	-
	-

	
	SPT 3
	4.6
	10.1
	7
	-
	-
	-

	
	SPT 4
	4.9
	14.2
	7
	-
	-
	-

	
	SPT 4
	5.0
	19.2
	12
	-
	-
	-

	
	SPT 5
	6.1
	12.6
	8
	-
	-
	-

	
	SPT 6
	7.6
	27.0
	50
	22
	3
	ML

	
	SPT 7
	8.8
	29.7
	84
	24
	3
	ML

	
	SPT 8
	9.7
	25.9
	92
	24
	6
	CL-ML

	
	SPT 9
	10.7
	33.6
	98
	32
	9
	CL

	
	SPT 9
	11.0
	29.9
	89
	-
	-
	-

	
	SPT 10
	12.2
	33.4
	96
	34
	12
	CL

	
	SPT 10
	12.5
	21.7
	53
	-
	-
	-

	
	SPT 11
	13.7
	29.3
	91
	30
	10
	CL

	
	SPT 11
	14.0
	8.4
	10
	-
	-
	-

	
	SPT 12
	15.2
	10.7
	16
	-
	-
	-

	
	SPT 13
	16.8
	-
	14
	-
	-
	-

	
	SPT 14
	18.3
	-
	13
	-
	-
	-

	
	LPT 15
	19.8
	14.4
	15
	-
	-
	-

	
	LPT 16
	21.3
	11.0
	10
	-
	-
	-

	
	LPT 17
	22.9
	15.3
	14
	-
	-
	-

	
	LPT 18
	24.4
	11.7
	12
	23
	3
	ML

	
	LPT 19
	25.9
	8.8
	11
	-
	-
	-

	
	LPT 20
	27.4
	7.3
	8
	-
	-
	-

	BKS05-03
	LPT 1
	7.6
	-
	9
	-
	-
	-

	
	LPT 2
	10.1
	17.0
	16
	-
	-
	-

	
	LPT 3
	14.9
	9.0
	10
	-
	-
	-

	BKS05-04
	SPT 1
	9.4
	16.6
	31
	-
	-
	-

	
	SPT 2
	14.3
	28.0
	95
	30
	9
	CL

	
	SPT 3
	16.8
	-
	53
	-
	-
	-

	Notes:
% = percent
CL = lean clay
LPT = large penetration test
ML = silt
No. = number
USCS = Unified Soil Classification System
Source: KCC, June 2006


[bookmark: _Toc449618600]Shear Wave Velocity Profiles
In situ shear wave velocity (Vs) measurements were not performed by either Golder or KCC at the CVD. Therefore, shear wave velocity profiles were developed by KCC using empirical correlations presented by KCC (March 2006; June 2006) based on SPT blowcounts, overburden pressure, and stress-corrected correct blowcount ([N1]60) values. For consistency with the previous interpretation of the BPT blow counts, the equivalent (N1)60 was estimated from the BPT blowcounts using the Sy (1993) method.
The shear wave velocity was estimated based on the fundamental relationship between low-strain shear modulus (Gmax) and Vs:
 								 [1]
Where  is the total mass density of the soil. 
Empirical correlations were also used by KCC to estimate Gmax. Following the method presented by KCC (March 2006), the correlations used to estimate Gmax for the subsurface profile are summarized in Table 3-2. 
	[bookmark: _Toc449526128]Table 3-2. Empirical Correlations used for Shear Wave Velocity Profiles
Faro Mine Remediation Project

	Subsurface Layer
	Empirical Correlations
	Reference
	Comments

	Foundation Soils
	 
	Seed et al (1986)
	 = mean effective confining stress,  = atmospheric pressure (101.35 kPa),
 = constant assumed equal to 1.0 for sand and silt, and 1.5 for gravel

	Dam Fill
	 
	KCC (March 2006)
	Assumed dam had saturated soil conditions

	Note:
kPa = kilopascal



The interpreted Vs profiles are shown on Figure 3-3 for borings BPT05-03, BPT05-04, and DH05-01 at the CVD. Profiles include both the free field (an assumed horizontal site without the dam) and the centreline of the dam. 
 [image: ]
[bookmark: _Toc449526227]Figure 3-3. Interpreted Shear Wave Velocity Profiles for the Cross Valley Dam (in m/s)
Faro Mine Remediation Project

[bookmark: _Toc449618601]Recommended Soil Strength Properties
Based upon the subsurface data available for the foundation soils at the CVD, estimates of the drained strength of the layers were made based upon measured SPT (N1)60 values or BPT-converted (N1)60 values, following the recommendations from Peck, et al. (1974). Zero cohesion was assumed for all soil layers. 
These strength properties were developed specifically for the static slope stability analysis. Details regarding the strength parameters of the foundation layers for the pseudo-static and post-seismic loading conditions are presented later in Section 5. The strength values for the dam core, filter and shell fill are assumed to be equal, based upon the recommendations from KCC (June 2006). 
The recommended soil properties for the CVD for static loading conditions are summarized in Table 3-3. 
	[bookmark: _Toc449526129]Table 3-3. Recommended Static Soil Strength Properties for the Cross Valley Dam
Faro Mine Remediation Project

	Soil Layer
	Total Unit Weight, γt (kN/m3)
	Effective Friction Angle, φ’ (degrees)
	Effective Cohesion, c’ (kPa)

	Dam Core and Fill
	21
	35
	0

	Layer 1 - Gravel and Sand, dense
	21
	36
	0

	Layer 2 - Gravel, Sand, and Silt, loose
	20
	34
	0

	Layer 3 - Gravel and Sand, medium dense to dense
	21
	38
	0

	Layer 4 - Glacial Till, Dense
	21
	40
	0

	Bedrock (weathered schist)
	24
	Assume infinite strength in the analysis

	Note:
kN/m3= kilonewton per cubic metre


[bookmark: _Toc443468114][bookmark: _Toc449618602]East Limb of the Secondary Dam
[bookmark: _Toc449618603]Embankment Configuration
The ELSD was originally designed by Golder and began construction in 1974. Initially, the ELSD was a small embankment approximately 4.5 m high, constructed of compacted mine tailings. After deposition of tailings behind the dam in 1974, the crest was raised several times. In 1975, the embankment was raised to a crest elevation of 1,055 m, then again in 1979 to elevation 1,059 m. The final raise of the dam brought the crest elevation to 1,064 m. 
The downstream slope is at a 2H:1V before transitioning to a 12-m-wide toe berm. The top of the toe berm slopes downstream from elevation 1,058 to 1,057 m before transitioning to a 2H:1V slope. KCC (June 2006) reported that there is no known seepage barrier for the ELSD. 
Minimal information is known about the ELSD. The dam itself was considered in previous analyses by KCC (March 2006; June 2006) to be well-compacted and dense. From the available literature, there does not appear to be any core or filter within the ELSD. 
The embankment geometry for the ELSD is presented on Figure 3-4. 
[bookmark: _Toc449618604]Subsurface Profile
Several soil profiles were developed for the ELSD based on the following exploration borings:
· 2004 KCC study (June 2006): BPT04-13
· 2005 KCC study (March 2006): BPT05-06, BPT05-07
· 2015 CH2M study (March 2016j): CH15-201-MW005, CH15-201-MW006 
Before construction of the ELSD, Rose Creek flowed in this area, depositing loose, stratified layers of alluvium. For construction of the ELSD, Rose Creek was diverted to the diversion channel parallel to the south boundary of the RCTA, which empties into the original creek channel downstream of the Secondary Dam. Based on the available borings, the cumulative alluvial layers are approximately 12 m thick, and consist of loose to dense layers of silty sand to poorly graded gravel. Less fine-grained material was observed at the ELSD than that observed at the CVD. 
Underlying the more recent alluvium were dense sands and gravels, likely glacio-fluvial deposits, ranging in thickness from 7 to 12 m before transitioning to weathered rock. Weathered schist was encountered in several borings at an approximate elevation of 1,045 m, with the exception of Boring BPT05-06 where top of rock was encountered deeper at approximately elevation 1,042 m.
Figure 3-5 provides a typical profile of the ELSD (KCC, June 2006).
[bookmark: _Toc449618605]Tailings Liquefaction
In 2004, Golder performed a liquefaction study within the tailings area of the RCTA behind the ELSD. Its investigation included 36 CPT soundings and five SCPT soundings to estimate the shear wave velocity. On selected samples, a critical state triaxial testing program was conducted on both loose and dense reconstituted samples. In its analysis, Golder (June 2004) found that the tailings, which consisted of sand and silt, were susceptible to liquefaction triggering, but that only the silts would undergo significant strength loss. 
In a later study by KCC (June 2006), silts and sands within the tailings area were also assumed to undergo liquefaction uniformly. Conservatively, the recommended normalized residual strength ratio provided by Golder (June 2004) for silts was used rather than differentiating between the sand and silt. 
A similar approach as taken by KCC (June 2006) is adopted for this evaluation. 
[bookmark: _Toc449618606]Laboratory Testing Data
The laboratory tests undertaken in the previous KCC and Golder investigations included gradations, moisture contents, and Atterberg Limits for fine-grained soils. Similar to the CVD investigation, no cyclic testing was performed; cyclic strengths were estimated based on empirical correlations to SPT, CPT, and BPT results. 
Results of index testing indicate that the foundation soils are stratified sediments, consisting primarily of fine to coarse sand with variable amounts of fines and gravel. From the recent explorations, the data indicate that the fill within the samples areas consists of sand and gravel, and has very little fines content. 
Table 3-4 provides a summary of the index testing performed for samples collected during the KCC (March 2006; June 2006) and CH2M (March 2016j) investigations.
[bookmark: _Toc449618607]Shear Wave Velocity Profiles
The 2015 CH2M geotechnical exploration program for ELSD included measurement of Vs to a maximum depth of 10 m. In the area of interest within the ELSD, a downhole seismic shear wave velocity survey was performed in Boring CH15-201-MW005 to a depth of 8 m. The boring was terminated within the alluvium and did not reach the rock boundary. Therefore, to supplement the measured data and to fill in the gaps, empirical correlations based upon SPT (N1)60 values as presented earlier for the CVD were used. 
The interpreted Vs profiles are shown on Figure 3-6 for borings BPT04-13, BPT05-06, BPT05-07, and CH15-201-MW005 at the ELSD. 
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[bookmark: _Toc449526228]Figure 3-4. Typical Cross Section of the East Limb of the Secondary Dam
(elevations and dimensions shown in metres)
Faro Mine Remediation Project
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[bookmark: _Toc449526229]Figure 3-5. Generalized Subsurface Profile of the East Limb of the Secondary Dam
Faro Mine Remediation Project

 


	[bookmark: _Toc449526130]Table 3-4. Summary of Index Test Results for the East Limb of the Secondary Dam 
Faro Mine Remediation Project

	Boring
	Sample No.
	Depth (m)
	Water Content (%)
	Fines Content (%)
	Liquid Limit
	Plasticity Index
	USCS

	BPT04-13
	1
	1.5
	1.9
	-
	-
	-
	-

	
	2
	3.7
	11.4
	4
	-
	-
	-

	
	3
	6.1
	11.4
	3
	-
	-
	-

	
	4
	10.4
	9.0
	-
	-
	-
	-

	
	5
	14.3
	5.6
	-
	-
	-
	-

	BPT05-06
	SPT 1
	3.2
	-
	10
	-
	-
	-

	
	SPT 2
	3.4
	-
	14
	-
	-
	-

	
	SPT 3
	5.2
	-
	9
	-
	-
	-

	
	SPT 4
	10.1
	13.1
	7
	-
	-
	-

	
	SPT 5
	12.2
	12.8
	13
	25
	2
	ML

	BPT05-07
	SPT 1
	7.6
	-
	2
	-
	-
	-

	
	SPT 2
	10.1
	13.2
	20
	25
	3
	ML

	CH15-201-MW005
	SPT 1
	0.3
	-
	26
	-
	-
	-

	
	SPT 3
	2.6
	-
	15
	-
	-
	-

	CH15-201-MW006
	SPT 1
	0.3
	-
	15
	-
	-
	-

	
	SPT 2
	1.9
	-
	16
	-
	-
	-

	Sources: KCC, March 2006; KCC, June 2006; CH2M, March 2016j
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[bookmark: _Toc449526230]Figure 3-6. Interpreted Shear Wave Velocity Profiles of the East Limb of the Secondary Dam
Faro Mine Remediation Project
[bookmark: _Toc449618608]Recommended Soil Properties
For the subsurface conditions encountered at the ELSD, estimates of the drained strength of the embankment and foundation layers were estimated based upon measured SPT (N1)60 values and BPT-converted (N1)60 values. The values for the dam fill were selected based upon the recommendations from KCC (March 2006; June 2006). Strength parameters for the foundation layers are interpreted based on recorded data from the KCC (March 2006; June 2006) and CH2M (March 2016j) exploration data. All materials were assumed to be cohesionless.
The strength values for the tailings are based upon the recommendations from Golder (June 2004). The liquefied strength of the tailings material estimated by Golder is expressed by an undrained residual strength ratio, Sur/σ’vo, where Sur is the undrained liquefaction residual soil strength and ’vo is the vertical effective stress before the earthquake. 
The recommended soil properties for the ELSD for static loading conditions are summarized in Table 3-5. Similar to the CVD, the layers were divided into sublayers and specific strengths and material parameters were assigned to each layer. 
	[bookmark: _Toc449526131]Table 3-5. Recommended Static Soil Properties for the East Limb of the Secondary Dam
Faro Mine Remediation Project

	Soil Layer
	Total Unit Weight, γt (kN/m3)
	Effective Friction Angle, φ’ (degrees)
	Effective Cohesion, c’ (kPa)

	Dam Fill
	21.0
	35
	0

	Layer 1 - Sand and Gravel, medium dense
	20.5
	36
	0

	Layer 2 - Sand and Gravel, loose
	20.0
	34
	0

	Layer 3 - Sand and Gravel, dense
	21.0
	38
	0

	Tailings Sand and Silt
	19.5
	30
	0

	Tailings (liquefied)
	24.0
	Sur/σ’vo = 0.05

	Bedrock (weathered schist)
	24.0
	Assume infinite strength in the analysis
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[bookmark: _Toc444169566][bookmark: _Toc449618609]Site Response Analyses
[bookmark: _Toc449618610][bookmark: _Toc444169567]Introduction
1-D site ground response analyses were conducted for the RCTA site to estimate the level of shaking for use in simplified liquefaction triggering evaluations and for limit-equilibrium seismic slope stability evaluations. In addition, the 1-D analyses were used as both input to the base of the advanced 2-D numerical model FLAC and as a check on ground motions in the free field.
[bookmark: _Toc449618611]Dam Hazard Classification
As previously noted, in meetings with YG, Indigenous and Northern Affairs Canada, and the Independent Peer Review Panel, it was agreed that the dams should be designed to pass the PMF and to withstand seismic loading consistent with a MCE, corresponding to an extreme hazard classification based on the CDA guidelines (CDA, 2007 revised in 2013). A dam with an extreme hazard classification must be evaluated for an earthquake with a frequency of exceedance of 1 in 10,000 years. 
[bookmark: _Toc449618612]Target Ground Motions
Ground motions used in the 1-D site ground response analyses were based on an updated probabilistic seismic hazard analysis (PSHA) conducted by Atkinson and Assatourians (April 2013). The updated PSHA accounted for newer ground-motion prediction equations (GMPEs) relative to what was used by Atkinson (2004) and incorporated geologic and seismic data gathered after 2004 regarding the activity of the Tintina Fault, which is the closest fault to the project site. 
The results of the 2013 study provided the mean hazard for a range of recurrence levels, ranging from 0.01 to 0.0001 per year (i.e., 1-in-100- to 1-in-10,000-year probability). All ground motions were developed for the Site Class B/C boundary (760 m/s). Atkinson and Assatourians (April 2013) also provided conversion factors from the B/C boundary to Class C (450 m/s). These values were presented earlier in Table 2-1. As shown in Table 2-1, the more recent PSHA resulted in lower ground motions. 
Results of the studies by Atkinson and Assatourians (April 2013) were used to compute ground shaking levels for Site Class C for comparison with the reference condition being used in the 2015 NBCC. Direct comparison between the computed and the NBCC values is not possible for all probability levels of the target ground motions. However, comparisons with the probability levels for 1-in-100-year, 1-in-1,000-year, and 1-in-2,500-year levels are shown in Figure 4-1. These results show that the Atkinson and Assatourians (April 2013) spectral accelerations are slightly higher than those from the NBCC 2015 for periods less than 1 second and about the same or slightly lower for longer periods. These differences reflect the more detailed nature of the seismic model used by Atkinson and Assatourians (April 2013). 
[bookmark: _Toc449618613]Time History Records
Time history records compatible with the target (Site Class B/C) ground motions were also recommended by Atkinson and Assatourians (April 2013). The records were selected based on the de-aggregation of the hazard, which resulted in records for events of magnitudes 6.0 to 7.3 recorded for Site Class B or C site conditions at distances less than 100 km from the fault and for a range of fault mechanisms. 
The spectrum for each earthquake was taken as the geometric mean of the two horizontal components and scaled to match the target spectrum such that the minimum ratio between the mean spectrum of all of the records and the target spectrum was greater than or equal to 1.0 in every frequency from 0.5 to 20 Hertz (Hz). This scaling procedure was applied to the best three records based on the spectral shape, to obtain the “avg-3” spectrum for the worst-case response, and also to the seven records to obtain the “avg-7” spectrum for the mean response as an alternative choice if all seven records were to be used in the analyses. 
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[bookmark: _Toc449526231]Figure 4-1. Comparison of Site-specific Ground Motions (Site Class C) from Atkinson and Assatourians (April 2013) with NBCC for a Range of Annual Frequencies
Faro Mine Remediation Project
Table 4-1 lists the records selected by Atkinson and Assatourians (April 2013) and the scaling factors to bring the avg-3 (average of the best three) or the avg-7 (average of the seven) records to exceed the target spectrum for the 1-in-10,000-year event at all frequencies from 0.5 to 20 Hz. Figure 4-2 provides plots showing the following:
· The geometric mean of each record 
· The best three records and the average - Figure 4-2(a)
· Seven records and the average of the seven - Figure 4-2(b) 
· Target spectra
	[bookmark: _Toc449526132]Table 4-1. Selected Time-History Records for B/C Site Conditions for the 1-in-10,000-year Earthquake 
Faro Mine Remediation Project

	No. a
	Earthquake
	Moment Magnitude
	Distance (km)
	NGA Record No.
	Scaling Factor

	1
	Chi-Chi, Taiwan-06
	6.3
	34
	3472
	2.29

	2
	Hector Mine
	7.1
	68
	1836
	4.60

	3
	Irpinia, Italy-01
	6.9
	31
	291
	2.48

	4
	Loma Prieta
	6.9
	20
	801
	0.82

	5
	Northridge-01 (Santa Susan Ground)
	6.7
	15
	1078
	0.85

	6
	Chi-Chi, Taiwan-03
	6.2
	34
	2619
	1.75

	7
	Northridge-01 (UCLA Grounds)
	6.7
	19
	1006
	0.80

	Notes:
a The best three records are the first three from No. 1 through 3.
NGA = Next Generation Attenuation
Source: Atkinson and Assatourians, April 2013
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[bookmark: _Toc449526232]Figure 4-2. 1-in-10,000-year Mean Response Spectra (Site Class B/C) (a) Average of Best Three Records, (b) Average of 7 Records
Faro Mine Remediation Project
[bookmark: _Toc449618614]Stratigraphy and Soil Properties
The soil stratigraphy and soil properties are consistent with the summary in Section 3. Table 4-2 summarizes the specific layering used in the 1-D site ground response analyses.
	[bookmark: _Toc449526133]Table 4-2. Material Properties of Foundation Profiles
Faro Mine Remediation Project

	Foundation Profile
	Elevation (m)
	USCS
	Total Unit Weight 
(kN/m3)
	(N1)60 a
	-P200 b 
(%)
	Estimated Dr c
(%)

	
	From
	To
	
	
	
	
	

	BPT05-03
	1016.0
	1013.0
	SP-SM
	20.9
	45 (7-97)
	9
	99

	(CVD)
	1013.0
	1007.0
	GM-SM
	19.8
	13 (10-16)
	9
	53

	
	1007.0
	1002.5
	SW-SM
	19.7
	10 (7-13)
	12
	47

	
	1002.5
	997.00
	SP-SM
	20.3
	25 (14-36)
	12
	74

	
	997.00
	994.00
	SM-GM
	19.9
	15 (12-22)
	48
	57

	
	994.00
	988.50
	GP-SM
	22.4
	100 (30-100)
	9
	99

	
	 less than 988.5
	
	Bedrock
	
	 greater than 100
	-
	-

	BPT05-04
	1016.0
	1013.5
	SP-SM
	20.9
	45 (7-100)
	9
	99

	(CVD)
	1013.5
	1009.0
	GP-SM
	20.9
	45 (7-100)
	9
	99

	
	1009.0
	1006.5
	SP-SM
	19.8
	13 (7-26)
	12
	53

	
	1006.5
	1002.5
	SM
	19.5
	6 (3-14)
	48
	36

	
	1002.5
	997.00
	ML
	19.7
	11 (4-21)
	92
	49

	
	997.00
	993.50
	SM
	20.0
	17 (8-27)
	48
	61

	
	993.50
	988.50
	GW-SM
	22.4
	100 (31-100)
	9
	100

	
	 less than 988.5
	
	Bedrock
	
	 greater than 100
	-
	-

	BPT04-13
	1057.5
	1054.5
	SP-SM
	20.9
	45 (7-100)
	13
	99

	(ELSD)
	1054.5
	1051.5
	SP-SM
	20.6
	33 (23-49)
	13
	85

	
	1051.5
	1050.0
	SP-SM
	19.8
	13 (10-16)
	13
	53

	
	1050.0
	1047.5
	SP-SM
	20.6
	35 (25-54)
	13
	87

	
	1047.5
	1045.5
	SP-SM
	20.2
	22 (14-31)
	13
	69

	
	1045.5
	1042.0
	GP-SM
	22.4
	100 (100)
	9
	99

	
	 less than 1042
	
	bedrock
	
	 greater than 100
	-
	-

	Notes: 
a Average value interpreted as the equivalent (N1)60 blow counts from KCC (March 2006; June 2006) BPT. Values in parenthesis are the maximum and the minimum values in the depth range. 
b Percent passing No. 200 sieve interpreted as the average value from KCC (March 2006; June 2006) investigation.
c Relative density estimated from Idriss and Boulanger (2008) as with . 


[bookmark: _Toc449618615]Modulus Reduction and Damping Curves 
Standard curves for shear modulus reduction () and damping ratio () with cyclic shear strain () were used to represent the soil layers for the CVD and the ELSD. The characteristics for these curves are different depending on the soil type, and were selected as follows: 
· EPRI (December 1993) curves for sands
· Rollins et al. (May 1998) curve for gravels
· EPRI (December 1993) curve for fine-grained soils with Plasticity Index (PI)=15, but with slightly higher damping ratio curves (following the recommendations of KCC [March 2006; June 2006])
· EPRI (December 1993) curves for soft rock.
The 1-D site ground response analyses were conducted using the computer codes, Strata and FLAC 1-D, as discussed in the next section. In the numerical implementation of these curves in FLAC, the three-parameter sigmoidal continuous function defined by the following expression was used:


Where  and  are material parameters and is equal to . The material parameters in this function are determined by curve fitting such that residuals between the simulated and the target curves for the modulus reduction and the damping ratio are minimized. The damping ratios associated with these curves are derived from the energy dissipated from the hysteretic loop at a given cyclic shear strain following the Masing rules. A small amount of Rayleigh damping was introduced in the FLAC model as discussed later in this report. 
Table 4-3 lists the parameters selected for the material types in the foundation profiles, and Figure 4-3 plots the comparison between the simulated and the target values. 
	[bookmark: _Toc449526134]Table 4-3. Material Parameters for Numerical Implementation
Faro Mine Remediation Project

	Material No.
	Description
	Depth 
	
	
	

	1
	Sands
	0.0 – 6.0
	1.182
	-0.642
	-1.70

	2
	Sands
	6.4 - 15.2
	1.211
	-0.668
	-1.57

	3
	Sands
	15.5 -36.6
	1.148
	-0.658
	-1.32

	4
	Gravels
	-
	1.141
	-0.755
	-1.60

	5
	Silt (PI=10) a
	-
	1.155
	-0.693
	-1.50

	6
	Rock
	6.4 - 15.2
	1.214
	-0.622
	-1.90

	7
	Rock
	15.5 -36.6
	1.260
	-0.629
	-1.88

	Note:
a The EPRI curve for PI=15 is used without modification, but damping ratios were modified.
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[bookmark: _Toc449526233]Figure 4-3. Modulus Reduction and Damping Curves
Faro Mine Remediation Project
[bookmark: _Toc444169570][bookmark: _Toc449618616]Site-specific Response Analyses
[bookmark: _Toc444169571][bookmark: _Toc449618617]Analysis Approach 
1-D total stress seismic site response analyses were carried out for the CVD and the ELSD using frequency and time domain solutions. The computer program Strata, developed by the University of Texas - Austin (Kottke et al., 2013) was used for the solution in frequency domain, and the finite difference code FLAC (Itasca, 2012) was used for the solution in time domain. The goal of using these two codes is to validate the implementation of the modulus reduction and damping curves from FLAC solution in time domain against known theoretical wave equation solution from Strata in frequency domain. These validations set the stage for more complicated analyses using non-linear material models specifically developed for liquefaction evaluation as discussed in Section 7. 
For the site-specific response analyses, both the frequency and time domain analyses utilized the same foundation profiles and soil properties developed for the CVD and ELSD. The 1-in-10,000-year ground motions from the best three records were applied directly at the base of the models as outcrop motions at a depth of about 27.5 m for the CVD and 15.5 m for the ELSD. These depths were based on the estimated depth to a shear wave velocity of 760 m/s from the multichannel analysis of surface waves (MASW) profile at ELSD. The outcrop motion was used with a half-space in the Strata analyses, while a rigid base using within ground motions (Kwok et. al., 2007) was used for the FLAC analyses.
[bookmark: _Toc449618618][bookmark: _Toc444169572]Summary of Results
The general trends of the results from FLAC 1-D analyses are in good agreement with the results from Strata. However, the site response analyses from FLAC 1-D have a tendency to predict larger shear strains, which is attributed to the contribution from the reflected waves at the base of the model.
Results for CVD
Figures 4-4 through 4-9 show the results of the acceleration response spectra at the ground surface, PGA profiles, and the maximum shear strain profile for the two horizontal components of each record at the CVD. Variations exist in the PGA and shear strain profiles for each of the time histories evaluated, but overall, they are similar. FLAC generally predicted higher shear strains than predicted from Strata. For the PGA profile, Strata generally predicted lower acceleration values at the base of the model than FLAC, with the difference becoming smaller at shallower depths. 
[bookmark: _Toc444169573]Results for ELSD
Figures 4-10 through 4-12 show the results of the acceleration response spectra at the ground surface, PGA profile, and the maximum shear strain profile for the two horizontal components of each record at the ELSD occurred at the BPT04-13 profile. The shear strain profiles are generally more consistent than those observed in the CVD analyses. Overall, there appears to be good agreement between the two methods. 
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[bookmark: _Toc449526234]Figure 4-4. BPT05-03 Site Response - Chi-Chi, Taiwan-06 (a) TCU076E (b) TCU076N 
Faro Mine Remediation Project
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[bookmark: _Toc449526235]Figure 4-5. BPT05-03 Site Response - Hector Mine (a) 29P090 (b) 29P360 
Faro Mine Remediation Project
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[bookmark: _Toc449526236]Figure 4-6. BPT05-03 Site Response – Irpinia, Italy (a) VLT000 (b) VLT360 
Faro Mine Remediation Project
[image: ]
[bookmark: _Toc449526237]Figure 4-7. BPT05-04 Site Response – Chi-Chi, Taiwan-06 (a) TCU076E (b) TCU076N
Faro Mine Remediation Project
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[bookmark: _Toc449526238]Figure 4-8. BPT05-04 Site Response - Hector Mine (a) 29P090 (b) 29P360 
Faro Mine Remediation Project
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[bookmark: _Toc449526239]Figure 4-9. BPT05-04 Site Response – Irpinia, Italy (a) VLT000 (b) VLT360 
Faro Mine Remediation Project
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[bookmark: _Toc449526240]Figure 4-10. BPT04-13 Site Response – Chi-Chi, Taiwan-06 (a) TCU076E (b) TCU076N
Faro Mine Remediation Project
[image: ]
[bookmark: _Toc449526241]Figure 4-11. BPT04-13 Site Response - Hector Mine (a) 29P090 (b) 29P360 
Faro Mine Remediation Project
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[bookmark: _Toc449526242]Figure 4-12. BPT04-13 Site Response – Irpinia, Italy (a) VLT000 (b) VLT360 
Faro Mine Remediation Project
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[bookmark: _Toc442431065][bookmark: _Toc449618619]Liquefaction Evaluation
[bookmark: _Toc449618620][bookmark: _Toc442431066]Methodology Use for Liquefaction Triggering Evaluation
An assessment of liquefaction triggering was made to determine whether sands and non-plastic silts could liquefy during the levels of ground shaking estimated for the RCTA site. Liquefaction refers to the loss in strength that saturated non-cohesive soil deposits can experience during undrained cyclic loading, such as earthquake loading. The susceptibility of a soil deposit to liquefaction is dependent on saturation, as well as influenced by soil grain size, relative density, percent fines, age of deposit, plasticity of fine-grained material, and earthquake ground motion characteristics. The following subsections summarize methods used to screen soils for liquefaction potential, to estimate the potential for liquefaction triggering, and the residual strength of liquefied soils. Results of these liquefaction assessments for each dam are summarized in the following two sections. 
[bookmark: _Toc449618621]Screening of Low-Plasticity Soils
Liquefaction is not only restricted to sandy soils, but can also occur in non-cohesive and low-plasticity silts. Criteria used to evaluate the liquefaction susceptibility of non-to-low plasticity silts and sand was based on empirical methods by Boulanger and Idriss (November 2006) and Bray and Sancio (September 2006). These methods screen the material based upon index properties such as Atterberg Limits and water content. 
Boulanger and Idriss (November 2006) classify non-plastic silts and clays as having sand-like behaviour and susceptible to liquefaction when the PI is less than 7, and having clay-like behaviour and not having susceptibility to liquefaction when the PI is greater than 7. However, these clay-like soils may still exhibit other forms of behaviour such as cyclic softening during a seismic event, resulting in a loss of shear strength and strain development that need to be accounted for in design. 
Bray and Sancio (September 2006) classify soils with a PI less than 12 and a water content/liquid limit ratio (wc/LL) greater than 0.85 as susceptible to liquefaction. Soils with PI greater than 18 and wc/LL less than 0.80 are considered non-susceptible to liquefaction. However, these may still undergo significant deformation because of cyclic softening, resulting in shear strength loss and strain development. Soils in the transition zone between these values are considered moderately susceptible to liquefaction. In practice, the Bray and Sancio (September 2006) method typically considers a wider range of soils as susceptible to liquefaction than the simpler approach by Boulanger and Idriss (November 2006). 
[bookmark: _Toc449618622]Liquefaction Evaluation
The Youd et al. (2001) simplified method was used to assess the soil profiles at both the CVD and ELSD for liquefaction. This method is based largely upon SPT (N1)60 values, fines content, earthquake magnitude, and levels of seismic shaking. The cyclic stress ratio (CSR) profile estimated using Strata (see Section 4) for each respective subsurface profile was used in the analysis of liquefaction triggering. Soil liquefaction evaluations were conducted both beneath the embankment and for the free field site conditions. 
[bookmark: _Toc449618623]Residual Strength of the Liquefied Layers
For soils identified as potentially liquefiable for the design ground motions, the undrained liquefied residual strength was estimated for use in evaluating the post-seismic stability. The residual strength of the soil layers was estimated using the weighted average of several different methods, as recommended by Kramer (2008). These methods included Olson and Stark (2002), Idriss and Boulanger (2007), Idriss (January 1999), and Kramer and Wang (2015). 
A weighted average was developed as recommended by Kramer (2008), and used 20 percent of each the Idriss (January 1999), Olson and Stark (2002), and Idriss and Boulanger (2007) methods, and 40 percent of the Kramer and Wang (May 2015) method. These relationships are based upon the SPT (N1)60 value, or BPT-converted (N1)60 value, from the KCC report (KCC, March 2006). The weighted average residual shear strength ratio, sur/σ’vo, was estimated for all potentially liquefiable soils.
[bookmark: _Toc449618624]Post-liquefaction Settlement
Settlement because of liquefaction can occur following shaking as the excess pore pressures within the liquefied soil begin to dissipate. Magnitudes of volumetric strain after liquefaction vary based on relative density and maximum shear strain, but can be up to 2 to 3 percent (Kramer, 1996). If sand boils are present, post-earthquake settlements are likely to be irregular. Post-liquefaction settlement was estimated based upon the Tokimatsu and Seed method (1987).
[bookmark: _Toc449618625]Cross Valley Dam
[bookmark: _Toc449618626]Screening of Low Plasticity Soils
Table 5-1 shows the results from the non-to low-plasticity soil susceptibility screening using the available laboratory testing data from the KCC report (KCC, March 2006). Based on the results, it is reasonable that the fine-grained soils present within the upper 10 m of the foundation soils have sand-like behaviour and are considered susceptible to liquefaction. However, from depths of 10 to 14 m, the two methods provide some contrasting conclusions on susceptibility. For this evaluation, it was conservatively assumed that fine-grained material at the CVD is susceptible to liquefaction. 
	[bookmark: _Toc449526135]Table 5-1. Liquefaction Susceptibility Screening of Fine-Grained Soils at the Cross Valley Dam
Faro Mine Remediation Project

	Boring
	Sample No.
	Depth (m)
	PI
	wc/LL
	Liquefaction Susceptibility

	
	
	
	
	
	Bray and Sancio (September 2006)
	Boulanger and Idriss (November 2006)

	DH05-01
	SPT 6
	7.6
	3
	1.23
	Susceptible
	Susceptible

	DH05-01
	SPT 7
	8.8
	3
	1.24
	Susceptible
	Susceptible

	DH05-01
	SPT 8
	9.7
	6
	1.08
	Susceptible
	Susceptible

	DH05-01
	SPT 9
	10.7
	9
	1.05
	Susceptible
	Non-susceptible

	DH05-01
	SPT 10
	12.2
	12
	0.98
	Moderately susceptible
	Non-susceptible

	DH05-01
	SPT 11
	13.7
	10
	0.98
	Susceptible
	Non-susceptible

	DH05-01
	LPT 18
	24.4
	3
	0.51
	Moderately susceptible
	Susceptible

	BKS05-04
	SPT 1
	9.4
	9
	0.93
	Susceptible
	Non-susceptible


[bookmark: _Toc449618627]Liquefaction of Foundation Soils
Liquefaction evaluations for Borings BPT05-03 and BPT05-04 at the CVD were performed according to the Youd et al. simplified method (Youd et al., 2001). The CSR used in the liquefaction evaluation was from the site-specific ground response analysis for each of the profiles presented in Section 4. A design earthquake with a moment magnitude of 7 was assumed for the analysis, based upon the recommendations from the Atkinson and Assatourians (April 2013). This magnitude was also the upper bound of the selected earthquakes for the site response analysis. Figure 5-1 presents profiles of the factor of safety against liquefaction at the free field and at the centreline of the dam for Borings BPT05‑03, BPT05-04, and DH05-01 for a 1-in-10,000-year event. 
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[bookmark: _Toc449526243]Figure 5-1. Liquefaction Profiles for Borings BKS05-03, BKS05-04, and DH01-05 at the Cross Valley Dam for a 1-in-10,000-year Event 
Faro Mine Remediation Project
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Liquefaction was generally predicted within the loose layer of alluvial gravel, sand, and silt between elevations of 995 and 1,011 m. Pockets of liquefaction were also predicted in the denser alluvium in Boring BPT05-03. Boring BPT05-03 has the thickest and more continuous zone of liquefaction, extending approximately from an elevation of 995.5 to 1,011.5 m, with a cumulative thickness of liquefied material of around 17 m. 
The data show that liquefaction is anticipated to be thicker along the centreline of the dam than in the free field. Although a slightly more conservative approach, the zone of liquefaction used in the stability studies is assumed to be horizontal and equal to that shown under the centreline of the dam. 
[bookmark: _Toc449618628]Residual Strength of Liquefied Soil
The undrained liquefied residual strengths of the liquefied soils were estimated for the potentially liquefiable layers. Figure 5-2 presents the estimated residual shear strength ratios, sur/σ’vo for the liquefied layers and the zones of liquefaction for each profile. Figure 5-2 and Table 5-2 also show the recommended design residual shear strength ratio, sur/σ’vo, for each liquefaction zone. 
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[bookmark: _Toc449526244]Figure 5-2. Recommended Residual Shear Strength Ratios of the Liquefied Layers at the Cross Valley Dam
Faro Mine Remediation Project
[bookmark: _Toc449618629]Post-Liquefaction Settlement (because of volumetric strain only)
Settlement resulting from liquefaction-induced volumetric strain was estimated at the CVD following the Tokimatsu and Seed method (1987). Settlements were estimated to range from 22 to 34 centimetres (cm) for the various profiles at the dam centreline. Results of the estimates are provided in Table 5-3.
	[bookmark: _Toc449526136]Table 5-2. Liquefaction Zones and Recommended Residual Shear Strength Ratios at the Cross Valley Dam
Faro Mine Remediation Project

	Subsurface Profile
	Liquefaction Zone (approximate)
	Recommended Residual Shear Strength Ratio, sur/σ’vo

	
	Bottom Elevation (m)
	Top Elevation (m)
	

	BPT05-03
	1,015.5
	1,016.0
	0.32

	
	1,002.0
	1,011.5
	0.18

	
	996.0
	1,002.0
	0.32

	BPT05-04
	1,013.5
	1016.0
	0.09

	
	1,004.5
	1,008.5
	0.09

	
	997.0
	1,002.5
	0.07

	DH01-05
	1,008.0
	1,011.5
	0.21

	
	1,004.0
	1,008.0
	0.06

	
	1,002.5
	1,004.0
	0.15

	
	998.0
	999.0
	0.19

	
	995.0
	997.0
	0.27

	


[bookmark: _Toc442431067]
	[bookmark: _Toc449526137]Table 5-3. Liquefaction-Induced Settlement at the Cross Valley Dam (after Tokimatsu and Seed, 1987)
Faro Mine Remediation Project

	Subsurface Profile
	Thickness of Liquefiable Layers (m)
	Liquefaction-Induced Settlement (cm)

	
	Free Field
	Centreline of Dam
	Free Field
	Centreline of Dam

	BPT05-03
	17.3
	17.3
	27
	29

	BPT05-04
	12.1
	12.1
	33
	34

	DH05-01
	10.6
	12.2
	12
	22

	
	
	


[bookmark: _Toc449618630]East Limb of the Secondary Dam
[bookmark: _Toc449618631]Screening of Fine-Grained Soils
Table 5-4 shows the results from the fine-grained soil susceptibility screening using the available laboratory testing data from the KCC (March 2006; June 2006) and CH2M (March 2016j) reports. The results show the fine-grained zones are relatively sparse. However, the behaviour of these zones is estimated to be more sand-like, and are therefore considered to be liquefiable. 
	[bookmark: _Toc449526138]Table 5-4. Liquefaction Susceptibility Screening of Fine-Grained Soils at the East Limb of the Secondary Dam

	Faro Mine Remediation Project

	Boring
	Sample No.
	Depth 
(m)
	PI
	wc/LL
	Liquefaction Susceptibility

	
	
	
	
	
	Bray and Sancio 
(September 2006)
	Boulanger and Idriss (November 2006)

	BPT05-06
	SPT 1
	7.6
	2
	0.51
	Moderately Susceptible
	Susceptible

	BPT05-07
	SPT 2
	10.1
	3
	0.53
	Moderately Susceptible
	Susceptible

	


[bookmark: _Toc449618632]Liquefaction of Foundation Soils
Liquefaction evaluation for the ELSD included the profiles from Borings BPT04-13, BPT05-06, BPT05-07, CH15-201-MW005, and CH15-201-MW006. The method presented by Youd et al. (2001) was used to estimate the liquefaction potential using the CSR results from the site-specific, seismic ground response analysis presented in Section 4. 
Figures 5-3 and 5-4 present elevation profiles for the factor of safety against liquefaction at the free field and centreline of the dam for each of the subsurface profiles evaluated. Figure 5-3 presents the profiles for Borings CH15-201-MW005 and CH15-201-MW006 for a 1-in-10,000-year event, and Figure 5-4 presents the profiles for Borings BPT04-13, BPT05-06, and BPT05-07. 
The liquefaction results were not consistent across each profile. Although a layer was predicted to liquefy in one boring profile, the same layer was not predicted to liquefy in the adjacent boring profile. This may suggest that these layers are not equally distributed in regard to density, and that liquefaction may be a localized occurrence and may occur more in lenses rather than horizontally continuous layers. 
However, from the overall investigation results of the liquefaction extent by CH2M and KCC (for the purpose of performing simplified seismic slope stability evaluations described in Section 7) it is conservatively assumed that the southeastern portion of the ELSD is underlain by liquefiable layers that are horizontally continuous. 
Liquefaction was generally predicted within the loose to medium dense layer of alluvial sand and gravel between elevations of 1,050 and 1,055 m in some borings. The cumulative thickness of the liquefied layer under the design ground motions ranged from 1.5 m to 7.5 m.
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[bookmark: _Toc449526245]Figure 5-3. Liquefaction Profiles for Borings CH15-201-MW005 and CH15-201-MW006 at the East Limb of the Secondary Dam for a 1-in-10,000-year Event 
Faro Mine Remediation Project
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[bookmark: _Toc449526246]Figure 5-4. Liquefaction Profiles for Borings BPT04-13, BPT05-06, and BPT05-07 Profile at the East Limb of the Secondary Dam for a 1-in-10,000-year Event
Faro Mine Remediation Project
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[bookmark: _Toc449618633]Residual Strength of Liquefied Soil
The estimated residual shear strength ratios, sur/σ’vo, for the liquefied layers and the zones of liquefaction for the ELSD for each profile are presented on Figure 5-4. Figure 5-5 and Table 5-5 show the recommended design residual shear strength ratio, sur/σ’vo, for each liquefaction zone.
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[bookmark: _Toc449526247]Figure 5-5. Recommended Residual Shear Strength Ratios of the Liquefied Layers at the East Limb of the Secondary Dam
Faro Mine Remediation Project
	[bookmark: _Toc449526139]Table 5-5. Liquefaction Zones and Recommended Residual Shear Strength Ratios at the ELSD
Faro Mine Remediation Project

	Subsurface Profile
	Liquefaction Zone (approximate)
	Recommended Residual Shear Strength Ratio, sur/σ’vo

	
	Bottom Elevation (m)
	Top Elevation (m)
	

	BPT04-13
	1,049.0
	1,053.5
	0.10

	
	1,047.0
	1,048.0
	0.27

	
	1,045.3
	1,046.0
	0.16

	BPT05-06
	1,053.0
	1,054.0
	0.23

	
	1,051.0
	1,053.0
	0.10

	
	1,044.0
	1,046.5
	0.06

	
	1,043.0
	1,044.0
	0.36

	BPT05-07
	1,047.0
	1,052.4
	0.35

	CH15-201-MW005
	1,054.0
	1,056.0
	0.35

	
	1,049.5
	1,050.5
	0.40

	CH15-201-MW006
	No liquefiable layers identified

	


[bookmark: _Toc449618634]Post-Liquefaction Settlement (because of volumetric strain only)
Settlement because of liquefaction-induced volumetric strain was estimated at the ELSD following the Tokimatsu and Seed method (1987). Settlements were estimated to range from 7 to 16 cm for the various profiles at the dam centreline. Results of the estimates are provided in Table 5-6.
	[bookmark: _Toc449526140]Table 5-6. Liquefaction-Induced Settlement at the East Limb of the Secondary Dam (after Tokimatsu and Seed, 1987)
Faro Mine Remediation Project

	Subsurface Profile
	Thickness of Liquefiable Layers (m)
	Liquefaction-Induced Settlement (cm)

	
	Free Field
	Centreline of Dam
	Free Field
	Centreline of Dam

	BPT04-13
	6.2
	6.2
	10
	10

	BPT05-06
	6.5
	6.5
	16
	16

	BPT05-07
	5.4
	5.4
	7
	7

	CH15-201-MW005
	1.5
	3.2
	1
	3

	CH15-201-MW006
	No liquefiable layers identified
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[bookmark: _Toc445307240][bookmark: _Toc449618635]Simplified Seismic Slope Stability Evaluation
[bookmark: _Toc445307241][bookmark: _Toc449618636]Introduction
Simplified limit-equilibrium slope stability analyses were performed to estimate the seismic stability of the CVD and ELSD. Although the limit-equilibrium method is used extensively in practice, the results of seismic analyses contain much uncertainty and are not able to capture complex behaviour such as pore-water-pressure generation and liquefaction. However, these analyses were used as a screening tool and to assist in validating the advanced finite-difference evaluation presented in Section 7. 
[bookmark: _Toc445307242][bookmark: _Toc449618637]Design Criteria
The simplified slope stability analyses were performed following the CDA Dam Safety Guidelines for static (steady state), pseudo-static, and post-seismic loading cases (2007). The minimum factors of safety adopted for the slope stability analyses are based on those provided by CDA (2007) for seismic assessments and presented in Table 6-1. These factors of safety are meant to account for the uncertainty of inputs into the stability analysis, the probability of the loading condition, and the consequences of potential failure. 
	[bookmark: _Toc449526141]Table 6-1. Factors of Safety for Slope Stability – Seismic Assessment 
Faro Mine Remediation Project

	Loading Condition
	Minimum Factor of Safety 

	Static Steady State
Pseudo-static
	1.5
1.0

	Post-Seismic
	1.2 – 1.3

	Source: CDA, 2007 as revised in 2013


[bookmark: _Toc445134028][bookmark: _Toc445307243][bookmark: _Toc449618638]Loading Cases
[bookmark: _Toc445134029][bookmark: _Toc445307244][bookmark: _Toc449618639]Static Stability
The static stability case assumed steady state seepage through the embankment dam. The static water level was assumed to be at full pool (freeboard of 1.5 m) for the CVD, corresponding to an elevation of approximately 1,062.5 m. For the ELSD, the water level was assumed to be 1 m below the surface of the tailings area, following a similar assumption presented by KCC (March 2006; June 2006). This corresponds to an elevation of 1,061 m (3 m below the crest of the dam). Soil strengths used in the analysis were based upon the recommended values presented in Section 3. 
[bookmark: _Toc445134030][bookmark: _Toc445307245][bookmark: _Toc449618640]Pseudo-static Stability
The pseudo-static analyses were similar to the static loading case, except that a seismic load was included as a horizontal inertial force acting at the centroid of the critical sliding mass. The intensity of the seismic loading was specified in terms of a seismic coefficient (kh). If the dam material was a rigid mass, the pseudo-static force would be equal to the product of the horizontal acceleration at the base of the dam and the weight of the sliding mass. However, because the dams are earth embankments and are not rigid, the acceleration at the base of the embankment will be amplified to the crest of the dam. 
The method developed by Bray and Travasarou (September 2009) was used to estimate the pseudo-static coefficient for the seismic slope stability evaluation. An allowable seismic displacement was selected based upon the lesser value between half the filter width or freeboard (minus the settlement because of liquefaction estimated in Section 5). The reason that this criterion was selected is that the dam is considered to be susceptible to breaching if the lateral movement has rendered the filter to be no longer in operation, or if vertical movement (assumed to be equal to horizontal movement) is greater than the available freeboard and overtopping has occurred. Therefore, if the computed factor of safety from the pseudo-static analysis is greater than 1.0, it can be concluded that the expected seismic displacement would be less than the allowable displacement, with a 16 percent probability of exceeding this displacement.
For the CVD, the allowable displacement of 1.4 m was selected based on 1.7 m freeboard, minus the estimated settlement of 30 cm because of liquefaction-induced volumetric strain. For the ELSD, the allowable displacement is 1.8 m, based upon a vertical distance between the dam crest and the tailings surface of 2 m and an estimated settlement because of liquefaction-induced volumetric strain of 20 cm. 
Table 6-2 shows the predicted seismic coefficients. There is very little difference in the computed pseudo-static horizontal coefficients (kh) between each profile at each dam. Therefore, a representative value for each dam site was selected for analysis. 
	[bookmark: _Toc449526142]Table 6-2. Pseudo-static Coefficients based upon Allowable Displacements
Faro Mine Remediation Project

	Dam Site (Subsurface Profile)
	Allowable Displacement (m)
	Pseudo-static Coefficient
(after Bray and Travasarou, September 2009)

	CVD (BPT05-03, BPT05-04, DH05-01)
	1.40
	0.09

	ELSD (BPT04-13, BPT05-06, CH15-201-MW005)
	1.80
	0.08

	Note:
Allowable displacement is based upon the lesser of the following values: (1) half the width of the filter or (2) the design freeboard minus the settlement attributed to liquefaction. 


Two scenarios were considered in the pseudo-static evaluation for modelling the foundation soils:
1. Pore-pressure generation and liquefaction occurs during strong shaking.
2. Pore-pressure generation and liquefaction occurs at the end of strong shaking.
If the duration of shaking is relatively short (i.e., 20 to 30 seconds), significant pore-water pressure and possible strength loss because of liquefaction may not occur during shaking. In this scenario, the static strengths were used, assuming no significant pore pressure buildup and no resulting strength loss. In the second scenario, the duration of shaking is considered long enough or the initial dynamic loads are strong enough to cause significant strain and pore pressure development early in the shaking that liquefaction does occur during strong shaking, and that the foundation soils undergo inertial loading while exhibiting undrained residual liquefied soil strengths. Both of these options were evaluated and presented for each profile. 
Similar to the static analyses, a normal full pool or tailings reservoir was assumed for the pseudo-static analyses. The failure surfaces considered in the analyses for the pseudo-static case using the auto-search routine were forced through the dam, extending into the foundation soils and were limited in extending no further than beyond the toe of the dam a distance equal to 4 times the embankment height. 
[bookmark: _Toc445134031][bookmark: _Toc445307247][bookmark: _Toc449618641]Post-seismic Stability
As presented in Section 5, the foundation soils of both dams are anticipated to undergo some amount of liquefaction triggering or partial pore-water increase during a 1-in-10,000-year seismic event, leading to a reduction in the soil strength, possibly as low as the undrained liquefaction residual strength. The post-seismic stability loading case evaluates the slope stability after the strong shaking has stopped and liquefaction has occurred, referred to as a flow failure. A flow failure is characterized by sudden initiation, rapid failure, and the large distances that the failure materials move (Kramer, 1996). These can occur near the end or shortly after strong shaking has occurred. Currently, there are no simplified methods in practice to predict the amount of deformation for a flow failure. 
The foundation soils for each profile are modelled with their representative zone of liquefaction and the estimated residual strength, as presented in Section 5. No liquefaction was assumed to occur within the compacted dam fill. CDA guidelines require a post-seismic factor of safety of 1.2 or greater (CDA, 2007 as revised in 2013). 
The failure surfaces considered in the post-seismic analyses were forced through the dam, extending into the foundation soils, and were assumed to extend no further than a distance equal to 4 times the embankment height beyond the toe of the dam. 
[bookmark: _Toc445134032][bookmark: _Toc445307248][bookmark: _Toc449618642]Method of Analysis
Limit-equilibrium slope stability analyses were performed using the computer program SLIDE v7 (Rocscience, 2016). Spencer’s method (1967) was used to estimate the factor of safety for each of the loading cases. Analyses were completed using the non-circular path search option in SLIDE for all cases, and the optimization function within SLIDE was used to identify the critical failure surface. 
[bookmark: _Toc445134033][bookmark: _Toc445307249][bookmark: _Toc449618643]Cross Valley Dam
[bookmark: _Toc445134034][bookmark: _Toc445307250][bookmark: _Toc449618644]Results 
Table 6-3 presents the results from the slope stability analyses for static, pseudo-static, and post-seismic loading conditions for the CVD. For profiles in which the factor of safety for the post-seismic loading case was greater than 1.0, the pseudo-static case was also evaluated assuming liquefied conditions. This is to represent the scenario of having liquefaction occur during shaking. For cases where the post-seismic loading cases factor of safety was less than 1.0, there was no reason to check the pseudo-static factor of safety for the liquefied condition, as very large deformation were expected either during or following liquefaction. Because the CVD is impounding water, both the upstream and downstream slopes were evaluated.
Results from the stability analyses for the profile BPT05-04 are presented on Figures 6-1 through 6-4. The results of the evaluation indicate that liquefaction significantly compromises the stability of the CVD, with all post-seismic factors of safety for the downstream slope being less than 1.0. 
For the upstream slope, the factor of safety for each profile was marginally stable (FS greater than 1.0) for the post-seismic loading case; however, for the profile at DH05-01 the factor of safety was less than the minimum factors of safety of 1.2 to 1.3 required by the CDA guidelines (CDA, 2007 as revised in 2013). Note that the reason the required values are higher than 1.0 is to account for the uncertainty in soil properties, seismic loading, and other parameters.
If liquefaction is assumed during shaking, the results from the pseudo-static analyses indicate factors of safety of less than 1.0, indicating that deformation analyses should be performed to evaluate whether acceptable performance criteria are met.
The results from these simplified analyses, used as a screening method, indicate unacceptable performance. Following these results, two approaches are commonly used to proceed with the evaluations and design:
1. Implement mitigation measures until the performance is acceptable using these simplified analyses. These analyses use the same simplified methods of analyses, but through the use of mitigation measures to strengthen the soil, modify the geometry, or include structural elements, an acceptable factor of safety is determined.
2. Conduct advanced analyses that fully account for the non-linear behaviour, coupled behaviour or pore pressure generation and ground shaking, propagation of the ground motions through the model to directly account for wave spreading, flexible failure mass behaviour, temporal change in pore pressures, spatial variations in pore-pressure generation, etc. These analyses may or may not include mitigation measures, but by using more theoretically correct analyses generally result in a more accurate estimate of performance. 
Both of the above approaches were implemented for this project, with Approach 1 presented in Section 6.5.2 and Approach 2 in Chapter 7.
	[bookmark: _Toc449526143]Table 6-3. Summary of Results for Slope Stability Analyses at the Cross Valley Dam for a 1-in-10,000-year Event
Faro Mine Remediation Project

	Subsurface Profiles
	Slope Direction
	Factor of Safety

	
	
	Static, Steady State
	Pseudo-static a (non-liquefied)
	Pseudo-static (liquefied) b
	Post-seismic

	BPT05-03
	Downstream
	1.7
	1.4
	--
	0.6

	
	Upstream
	1.9
	1.4
	0.8
	1.2

	BPT05-04
	Downstream
	1.6
	1.4
	--
	0.6

	
	Upstream
	1.9
	1.4
	0.9
	1.2

	DH05-01
	Downstream
	1.6
	1.4
	--
	0.5

	
	Upstream
	1.9
	1.4
	0.7
	1.0

	Notes:
a Pseudo-static analysis is based upon allowable deformation of 140 cm. If the factor of safety is above 1.0, then the expected seismic displacement will be less than the allowable given the probability of exceedance of 16 percent.
b If the computed factor of safety for the post-seismic loading condition is less than 1.0, the pseudo-static case with liquefied soil layers is not evaluated. 
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[bookmark: _Toc449526248]Figure 6-1. Slope Stability Results for Cross Valley Dam, BPT05-04 Profile, Static Loading Case for both Upstream and Downstream Slopes
Faro Mine Remediation Project
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[bookmark: _Toc449526249]Figure 6-2. Slope Stability Results for Cross Valley Dam, BPT05-04 Profile, Pseudo-static Loading Case for both Upstream and Downstream Slopes
Faro Mine Remediation Project
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[bookmark: _Toc449526250]Figure 6-3. Slope Stability Results for Cross Valley Dam, BPT05-04 Profile, Pseudo-static Loading Case with Liquefied Soils for both Upstream and Downstream Slopes
Faro Mine Remediation Project
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[bookmark: _Toc449526251]Figure 6-4. Slope Stability Results for Cross Valley Dam, BPT05-04 Profile, Post-Seismic Loading Case for both Upstream and Downstream Slopes
Section 6 – Simplified Seismic Slope Stability Evaluation 
Faro Mine Remediation Project
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[bookmark: _Toc445307251][bookmark: _Toc449618645][bookmark: _Toc445134036]Remediation Evaluation
Given the unacceptable factors of safety for the pseudo-static and post-seismic loading conditions, remediation efforts recommended by KCC (March 2006; June 2006) to stabilize the dam for the anticipated seismic loading were evaluated. Because the KCC remediation evaluations were performed under the 1999 CDA criteria (CDA, 1999) requiring a factor of safety of 1.1 for the post-seismic loading condition, and the current criteria (CDA, 2007 as revised in 2013) requires a higher factor of safety of 1.2 to 1.3, it was necessary to re-analyze the mitigation concept to verify that the scheme has adequate safety margins given the new stricter criteria. 
In the KCC reports (March 2006; June 2006), the recommended remediation scheme included adding a toe berm along both the downstream and upstream slope, and in situ densification of the potentially liquefiable soils near the toe of the dam to prevent liquefaction from occurring. The proposed remediation at the upstream toe of the dam would require dewatering. At this point of the analyses, it is assumed that this is achievable. Figure 6-5 shows the proposed remediation layout. 
In the KCC conceptual design, it was assumed that the densified soils would not undergo liquefaction during the design earthquake event. The toe berm and densified layer were assumed to have a friction angle of 35 degrees and a unit weight of 21 kN/m3. Dimensions of the recommended remediation layout was determined by KCC (March 2006; June 2006) by performing several iterations assessing the post-seismic stability based upon a target minimum factor of safety of 1.1. Note that their evaluation did not include pseudo-static loading and the resulting displacement associated with the inertial loading. 
The KCC conceptual remediation layout was re-evaluated for the cross section of DH05-01 at the CVD. Both post-liquefaction and pseudo-static analyses were performed for the remediation layout for the upstream and downstream slopes. Results are presented in Table 6-4. Based upon the analyses, the dam is stable under post-seismic loading conditions, with a factor of safety well above the required minimum of 1.3. 
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[bookmark: _Toc449526252]Figure 6-5. Proposed Remediation Layout for the Cross Valley Dam (after KCC, June 2006)
Section 6 – Simplified Seismic Slope Stability Evaluation 
Faro Mine Remediation Project
6-10		ES10201112383RDD
For the pseudo-static case, assuming liquefied soil conditions occurring during shaking, calculations were performed to estimate the amount of slope displacement using the Bray and Travasarou method (September 2009). Results of the estimated slope displacement from this analysis are summarized in Table 6-4. The estimated displacement is based upon a 50 percent probability of exceedance (i.e., median values), with plus and minus one standard deviation provided for range.
Slope stability results for the remediation layout at the CVD are presented in Figures 6-6 and 6-7 for the pseudo-static (showing yield acceleration) and the post-seismic loading cases, respectively.
	[bookmark: _Toc449526144]Table 6-4. Stability Analysis Results from Remediated Slopes at Cross Valley Dam
Faro Mine Remediation Project

	Subsurface Profile
	Slope Direction
	Proposed Remediation Scheme
	Factor of Safety for Post-seismic
	Yield Acceleration (g)
	Mean Estimated Displacement [-1σ to +1σ] (m)

	DH05-01
	Downstream
	30-m-wide in situ densification and 25 m x 8 m toe berm
	1.5
	0.07
	0.9 (0.5 to 1.8)

	
	Upstream
	8-m-wide in situ densification and 10 m x 5 m toe berm
	1. 6
	0.06
	1.1 (0.6 to 2.1)

	Note:
σ = standard deviation (± 16-percent from median)
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[bookmark: _Toc449526253]Figure 6-6. Slope Stability Results for the Remediated Cross Valley Dam, DH05-01 Profile, Pseudo-static Loading Case with Liquefied Soils for both Upstream and Downstream Slopes
Faro Mine Remediation Project
[image: ]
[bookmark: _Toc449526254]Figure 6-7. Slope Stability Results for the Remediated Cross Valley Dam, DH05-01 Profile, Post-Seismic Loading Case with Liquefied Soils for both Upstream and Downstream Slope
Section 6 – Simplified Seismic Slope Stability Evaluation 
Faro Mine Remediation Project
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[bookmark: _Toc445307252][bookmark: _Toc449618646]East Limb of the Secondary Dam
[bookmark: _Toc445134037][bookmark: _Toc445307253][bookmark: _Toc449618647]Results
Results from the slope stability analyses for static, pseudo-static, and post-seismic loading conditions for the ELSD are presented in Table 6-5. Only the downstream slope was evaluated. Similar to that of the CVD, the profile with a factor of safety greater than 1.0 for the post-seismic case was also evaluated for the pseudo-static case assuming liquefied conditions. 
The results from the post-seismic loading case indicate a mix on stability performance given the varying liquefaction profiles, with factors of safety ranging from approximately 0.8 to 1.3. However, given that these profiles are relatively close and that other supporting information is not available at this time to identify the extents of the liquefied layer, the analysis and discussion presented herein conservatively assumed that the potentially liquefiable layers are horizontally continuous across the area of interest, and the most critical section is representative of the southeastern corner of the ELSD. 
Results from the stability analyses for the profile BPT05-06 are presented in Figures 6-8 through 6-11. These figures show the critical failure surface (i.e., failure surface for lowest factor of safety). It can be concluded that deeper failure surfaces would have higher factors of safety. 
As discussed in Section 6.5.1, the results from the simplified analyses, used as a screening method, indicate unacceptable performance. Similar to the CVD, both evaluations incorporating mitigation measures and advanced analyses (unimproved foundation) were conducted as illustrated in the flow chart in Figure 1-3, with the mitigation measure evaluation presented in Section 6.6.2 and the advanced analyses presented in Chapter 7.
	[bookmark: _Toc449526145]Table 6-5. Summary of Results for Slope Stability Analyses at the East Limb of the Secondary Dam for a 1-in-10,000-year event
Faro Mine Remediation Project

	Subsurface Profiles
	Slope Direction
	Factor of Safety

	
	
	Static, Steady State
	Pseudo-static a (non-liquefied)
	Pseudo-static (liquefied)
	Post-seismic

	BPT04-13
	Downstream
	1.5
	1.2
	--
	1.0

	BPT05-06
	Downstream
	1.5
	1.2
	0.3
	0.8

	CH15-201-MW005
	Downstream
	1.5
	1.2
	0.5
	1.3

	Note:
a Pseudo-static analysis is based upon allowable deformation of 180 cm. If the factor of safety is above 1.0, then the expected seismic displacement will be less than the allowable given the probability of exceedance of 16 percent.
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[bookmark: _Toc449526255]Figure 6-8. Slope Stability Results for East Limb of the Secondary Dam, BPT05-06 Profile, Static Loading Case 
Faro Mine Remediation Project
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[bookmark: _Toc449526256]Figure 6-9. Slope Stability Results for East Limb of the Secondary Dam, BPT05-06 Profile, Pseudo-static Loading Case
Faro Mine Remediation Project

[image: ]
[bookmark: _Toc449526257]Figure 6-10. Slope Stability Results for East Limb of the Secondary Dam, BPT05-06 Profile, Pseudo-static Loading Case with Liquefied Soils
Faro Mine Remediation Project
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[bookmark: _Toc449526258]Figure 6-11. Slope Stability Results for East Limb of the Secondary Dam, BPT05-06 Profile, Post-Seismic Loading Case
Section 6 – Simplified Seismic Slope Stability Evaluation 
Faro Mine Remediation Project
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[bookmark: _Toc445307254][bookmark: _Toc449618648]Remediation Evaluation
In their report, KCC (March 2006; June 2006) recommended remediation efforts that include an in situ densification zone along the downstream berm, extending in depth to the bottom of the liquefiable zone. The proposed remediation layout is presented in Figure 6-12. 
The KCC conceptual design assumed that the densified soils would not undergo liquefaction during the design earthquake event. The densified layer was assumed to have a friction angle of 38 degrees and a unit weight of 21 kN/m3. Dimensions of the recommended remediation layout were determined by KCC by performing several iterations assessing the post-seismic stability based upon a target minimum factor of safety of 1.1. As with the CVD, KCC did not include the pseudo-static loading condition in their remediation evaluation. 
The conceptual layout by KCC (March 2006; June 2006) was evaluated in the current CH2M study for the critical cross section, identified as BPT05-06 in this simplified analysis, for the ELSD. Because the KCC remediation evaluations were performed under the 1999 CDA criteria (CDA, 1999) requiring a factor of safety of 1.1 for the post-earthquake loading condition, and the current criteria (CDA, 2007 as revised in 2013) requires a higher factor of safety of 1.2 to 1.3, it was necessary to re-analyze the mitigation concept. Both post-liquefaction and pseudo-static analyses were performed for the remediation layout for both the upstream and downstream slopes. Results are presented in Table 6‑6. 
Based upon the analyses, the dam is stable under post-seismic loading conditions, with a factor of safety well above the required minimum of 1.3. An iterative evaluation of the pseudo-static case assuming liquefied soil conditions occurring during shaking was also performed to estimate seismic displacement, as described earlier for the CVD. Results of CH2M’s estimated slope displacement are summarized in Table 6‑6. 
	[bookmark: _Toc449526146]Table 6-6. Stability Analysis Results from Remediated Slopes at ELSD
Faro Mine Remediation Project

	Subsurface Profile
	Slope Direction
	Proposed Remediation Scheme
	Factor of Safety for Post-seismic
	Yield Acceleration (g)
	Mean Estimated Displacement [-1σ to +1σ] (m)

	BPT05-06
	Downstream
	15 m wide in situ densification 
	1.82
	0.09
	0.9 (0.5 – 1.8)

	Note:
σ = standard deviation (± 16-percent from median)



Slope stability results demonstrating the stability from the remediation to the ELSD for the pseudo-static (showing yield acceleration) and the post-seismic loading cases are presented in Figures 6-13 and 6-14, respectively.
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[bookmark: _Toc449526259]Figure 6-12. Proposed Remediation Layout for the East Limb of the Secondary Dam (after KCC, June 2006)
Faro Mine Remediation Project
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[bookmark: _Toc449526260]Figure 6-13. Slope Stability Results for the Remediated East Limb of the Secondary Dam, BPT05-06 Profile, Pseudo-static Loading Case with Liquefied Soils for both Upstream and Downstream Slopes
Faro Mine Remediation Project
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[bookmark: _Toc449526261]Figure 6-14. Slope Stability Results for the Remediated East Limb of the Secondary Dam, BPT05-06 Profile, Post-Seismic Loading Case with Liquefied Soils for both Upstream and Downstream Slopes
Faro Mine Remediation Project
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[bookmark: _Toc445303367][bookmark: _Toc449618649]Dynamic Analyses and Seismic Stability Evaluation
[bookmark: _Toc445303368][bookmark: _Toc449618650]Introduction
This section summarizes the numerical modelling completed for the analysis of the CVD and the ELSD. The numerical modelling evaluated the performance of the two RCTA dams under the 1-in-10,000-year earthquake ground shaking level, using the 2-D, nonlinear effective stress computer program FLAC (Itasca, 2012). The following subsections describe the components of the numerical models and present the results from these analyses. 
The numerical analyses presented were conducted to determine whether conclusions from simplified analyses regarding factors of safety and need for mitigation were reasonable and if a more advanced analysis would demonstrate acceptable performance of the dams under seismic loading without mitigation.
[bookmark: _Toc445303369][bookmark: _Toc449618651]Seismic Analysis Approach
As discussed in Section 3, the foundation for the two dams consists of sandy soil layers with a range of relative densities and initial effective confining pressures. These conditions are important considerations in the deformation analysis of problems involving soil liquefaction. In the current study, liquefaction is defined as the process by which saturated, non-cohesive soils lose significant strength and stiffness as a result of an increase in pore-water pressure from ground shaking. This is a general definition and does not provide a specific threshold regarding how much pore-water-pressure increase is required to trigger liquefaction or the amount and form of deformations in an embankment and embankment foundation resulting from ground shaking. 
The limit-equilibrium analysis results summarized in the previous section indicate potential for embankment instability or large deformations that could result in breaching. However, these limit-equilibrium based analyses involved a number of simplifications regarding seismic response, including the method of estimating seismic deformations. Because the amount of seismic deformation will determine the ability of the embankment to contain mine tailings or impounded water during and after an earthquake, more advanced seismic analyses were conducted using a numerical model that accounts for soil non-linearity, the generation of excess pore-water pressures, seismic inertial loading of the embankment mass, and kinematic movement of the embankment. 
[bookmark: _Toc445303370][bookmark: _Toc449618652]Description of the Numerical Model 
[bookmark: _Toc445303371][bookmark: _Toc449618653]Soil Elements and Constitutive Models
The more advanced numerical modelling was conducted using the 2-D computer program FLAC (Itasca, 2012). The key feature of the Lagrangian calculation scheme in FLAC is the ability to capture the plastic collapse in large strain mode which is well suited for the deformation associated with soil liquefaction. 
Two different constitutive models were used for the soil layers in the embankment and foundation soil profiles of the CVD and the ELSD. Soil layers with (N1)60CS blow counts above 30 were considered too dense to liquefy and were modelled using a Mohr-Coulomb (MC) plasticity model. The MC plasticity model was also used for the soil zones in the dam embankment. The deformation parameters for the MC plasticity model were based on the shear modulus, bulk modulus, and Poisson’s ratio of 0.3, while the strength parameters were selected based on a friction angle of 35 degrees for the dam embankment and the upper sandy layers, and 38 to 40 degrees for the transitional layers at the bottom of the foundation. The dam embankment (N1)60 is assumed to be 26 and not susceptible to soil liquefaction. Section 4 further describes the cyclic behaviour of the soil layers in the MC model in the elastic range, as approximated using the shear modulus reduction and material damping curves selected for the seismic site response. 
Soil layers with (N1)60 CS blow counts of 30 or less were considered susceptible to soil liquefaction or pore-water pressure build-up and were modelled using a constitutive model with the ability to estimate the stiffness and the strength degradation associated with the cyclic behaviour of saturated soil during dynamic loading. For soil liquefaction, the PM4Sand (Version 3) developed within the framework of the bounding surface plasticity model of sand (Boulanger and Ziotopoulou, March 2015) was used. This plasticity model has the ability to predict the stress-strain behaviour of potentially liquefiable soil and the associated ground deformations. 
The pore-water-pressure generation parameters for the PM4Sand model were estimated using a numerical model calibration of default parameters as recommended by the model developers (Boulanger and Ziotopoulou, March 2015). The PM4Sand parameters used for the liquefaction triggering were based on SPT N-values, and the estimated CRR based on the Youd et al. (2001) liquefaction triggering procedure. The CRR from Youd et al. (2001) was used to anchor the CRR curve at 15 uniform cycles of shaking, and the CRR versus number of cycles of shaking greater to and less than 15 cycles was determined using default model parameters that were based on typical sand soil behaviour. 
Figure 7-1 plots the liquefaction triggering curves used in the seismic stability evaluation of the dams. The estimated values for the parameter b (labelled beside each curve) in the cyclic stress ratio versus N simulations ranges between 0.18 and 0.28. The parameter, b, is strongly a function of soil density, with higher b values being representative of higher soil densities. Table 7‑1 summarizes the PM4Sand-calibrated parameters for the CVD and the ELSD. Parameters not listed used the default values from the PM4Sand documentation. 
	[bookmark: _Toc449526147]Table 7‑1. Material Parameters for PM4Sand Constitutive Model
Faro Mine Remediation Project

	Foundation Profile
	Layer No.
	CRRM=7.5 a
	Dr b (%)
	Go c
	hpo d
	nb e

	BPT05-03
	2
	0.149
	53
	1531
	0.36
	0.096

	
	3
	0.130
	47
	935
	0.55
	0.147

	
	4
	0.351
	74
	1269
	1.70
	0.060

	
	5
	0.257
	57
	1070
	3.65
	0.474

	BPT05-04
	3
	0.160
	53
	1018
	0.55
	0.101

	
	4
	0.094
	36
	787
	0.49
	0.336

	
	5
	0.194
	49
	965
	2.65
	0.136

	
	6
	0.205
	61
	1115
	0.62
	0.088

	BPT04-13
	3
	0.165
	53
	1018
	0.63
	0.097

	
	5
	0.290
	69
	1215
	0.95
	0.063

	
	Tailings f
	0.188
	49
	970
	2.35
	0.500

	Notes: 
a CRR based on Youd et al. (2001). 
b Relative density based on Idriss and Boulanger (2008). 
c Initial shear modulus coefficient based on the shear wave velocity of the layer.
d Contraction rate parameter selected based on the CRR for the layer.
e Dilatancy parameter selected based on an average effective friction angle of 34 degrees. 
f Tailings are assumed to have minimum void ratio, emin of 0.56, maximum void ratio, emax, of 2.99, and constant volume friction angle of 30 degrees, and specific gravity of 4.48 as reported for the test sample B in Golder (June 2004) report.


[bookmark: _Toc445303372][bookmark: _Toc449618654]Boundary Conditions
In the static-stress initialization analyses, the initial in situ state of stresses was calculated using roller boundaries along the sides of the 2-D model and a fixed boundary along the base. In the dynamic analysis, the numerical model was configured differently for an effective transmission of the seismic waves to simulate the unbounded lateral extent of the soil using the free-field boundary option in FLAC.
[bookmark: _Toc445303373][bookmark: _Toc449618655]Reservoir Pool and Groundwater
In the CVD modelling, the free-standing water in the reservoir pool was included in the analysis as a hydrostatic pressure applied normal to the reservoir floor and waterside embankment. A water unit weight of 9.81 kN/m3 was used in the calculation of the effective stresses of the soil elements and the pressure boundaries of the free-standing water in the reservoir pool. In the ELSD modelling, tailings were assumed to be fully saturated. 
Groundwater for both dams was included in the analysis as hydrostatic pressure considering the effect of the seepage pressures in the embankment in the calculation of the effective stresses.
[bookmark: _Toc445303374][bookmark: _Toc449618656][bookmark: _Toc445233348]Initial Static Stress State Modelling 
The stages included in the FLAC 2-D analyses were based on an assumed simple construction sequence for each of the dams to initialize the model stress state for the dynamic analyses. The loading stages included the following:
1. Initial Stress State before Dam Construction: Established the initial in situ total stresses for horizontal ground at the toe elevation of the dam; groundwater was assumed at the ground surface.
2. Construct the Dam: Incrementally placed soil layers for the dam (each approximately 1 m thick) to represent construction of the dam. After the subsurface profile was constructed, the model was solved for static equilibrium. For the ELSD, this also included placing the backfill for the tailings. During construction of the dam, the groundwater level was kept at the base of the dam, and the embankment soils were assumed to be nearly saturated. 
3. Fill the Reservoir: Established initial steady-state solution for the saturation and the pore-pressure distribution for the phreatic line in the dam fill for the full reservoir water level with a freeboard of about 1.7 m in the CVD, and for raised groundwater level at the top surface of the tailings in the ELSD. The analyses assumed horizontal hydraulic conductivity values equal to three times the vertical hydraulic conductivity for the embankment, which is within the typical range (kH/kV ratios typically range from 2 to 10, as suggested by Reclamation [2014] for embankment materials). It was also assumed that the foundation soils have hydraulic conductivity values approximately equal to the embankment hydraulic conductivity values. 
4. The completion of these stages generated a model with a stress-state representing a stress state assumed to be in place before seismic loading. The initial stress state was modelled in FLAC 2-D using the small strain logic. 
[bookmark: _Toc445303375][bookmark: _Toc449618657]Dynamic Analyses
After the initial stress state calculation, the low-strain shear modulus for seismic site response modelling was calculated and applied to the soil zones, the displacements for the soil grid points were set to zero to define a reference for the additional deformation resulting from the seismic loading, the free field boundary conditions were specified, the large strain logic was turned on, and seismic motions applied at the base of the model
[bookmark: _Toc449618658]Seismic Input Motions
The input-ground motions were applied at the base of the FLAC 2-D models as acceleration time histories at the model base. The model base was represented as a rigid base condition, and because of this, the input ground motions were within type-ground motions determined from the 1-D equivalent linear site response analyses using Strata (Section 4) at the same elevation as the model base. 
The analyses were conducted for the three sets of ground motions representing the 1-in-10,000-year event (discussed in Section 4). Each set of ground motions consisted of the two horizontal components, for a total of six time histories used for each soil profile.
[bookmark: _Toc449618659]Rayleigh Damping
Soil damping in the FLAC 2-D model was represented by hysteretic damping in the soil zones as the primary damping mechanism, with the addition of Rayleigh-type damping used to dampen the model at low levels of cyclic excitation. A critical damping ratio of 0.1 percent was used for Rayleigh damping at the predominant frequency of the model. 
[bookmark: _Toc449618660][bookmark: _Toc445303376]Results of FLAC 2-D Analyses
The following two sections present the result of the FLAC 2-D analyses. These results include horizontal displacement time histories, response spectra, PGA profiles, maximum shear strain profiles, CSR profiles, and the excess pore-water pressure ratios (Ru) for each dam. Displacement trajectories and plots of permanent displacement are also summarized for each case.
[bookmark: _Toc449618661]Cross Valley Dam Stability Evaluation
FLAC 2-D models for the seismic stability evaluation of the CVD were developed for two cases: one based on soil boring BPT05-03 and the other based on soil boring BPT05-04; the two cases are considered to cover the range of subsurface conditions, specifically the variation in depth to bedrock. The FLAC models represented a 240-m-wide cross section through the dam, and modelled a depth of 27.5 m below the dam foundation for both profiles. The height of the dam measured at the downstream side was 18 m. Figures 7‑1 and 7‑2 shows the grids used in the analyses for the two profiles. The material properties are those presented in Table 7‑1. 
Representative results showing the horizontal displacement time history, the response spectra, PGA profile, maximum shear strain, CSR, and the excess pore-water pressure ratio (Ru) are presented in Figures 7‑3 through 7‑9. Displacement values are shown at the downstream toe, upstream toe, and crest for each profile and for the three set of earthquake records. These results show that liquefaction was triggered in the sand layer between elevations 1,003 and 1,007 m in the BPT05-03 profile and between elevations 1,002.5 and 1,006.5 m in the BPT05-04 profile. 
Table 7‑2 summarizes the seismic deformation estimated from the analyses. The maximum results are presented, as the evaluation included only three acceleration time histories. Maximum permanent deformations range from 0.35 to nearly 1.5 m horizontally, depending on location, and from approximately 0.8 to 1.3 m vertically at the centreline of the crest. The maximum horizontal and vertical displacement occurred from the Irpinia earthquake time histories. At the end of the seismic shaking, and assuming liquefaction-induced settlement associated with volumetric strain of about 0.3 m for a total crest displacement of 1.6 m, there was about 0.1 m of freeboard remaining in the worst-case scenario (i.e., 1.7 m minus 1.6 m). 
These deformations are considered acceptable relative to the acceptable crest displacement and horizontal movement, per the design criteria established for this project as documented in Section 1.5. In contrast to the instability and large deformations predicted by the simplified analyses, the numerical analysis results indicate vertical crest displacement should be in the order of 1.5 m without ground improvement. 
	[bookmark: _Toc449526148]Table 7‑2. Permanent Total Deformation – Cross Valley Dam
Faro Mine Remediation Project

	Foundation Profile
	Horizontal Displacement a (m)
	Vertical Displacement b
(m)

	
	Crest b
	Upstream Toe
	Downstream Toe
	

	BPT05-03
	0.1 to 0.3
	-0.8 to 0.1
	0.3 to 1.2
	0.4 to 1.3

	BPT05-04
	0.3 to 0.8
	0 to 0.4
	0.5 to 1.4
	0.4 to 0.8

	Notes: 
a Negative displacement is the outward displacement towards the upstream side of the dam. 
b At the centreline of the crest


[bookmark: _Toc445303377][bookmark: _Toc449618662]East Limb of the Secondary Dam Stability Evaluation
A FLAC model was developed for the BPT04-13 profile in the seismic stability evaluation of the ELSD. The FLAC model represented 160-m-wide cross section through the dam, and modelled a depth of 13.5 m below the dam foundation. The height of the dam measured at the downstream side was 8 m. Figure 7‑10 shows the grid used in the analyses. The material properties used are those presented in Table 7‑1. 
Representative results showing the horizontal displacement time history, the response spectra, PGA profile, maximum shear strain, CSR, and the Ru values are presented in Figures 7‑11 through 7‑13. Similar to the CVD results, displacement values are shown at the downstream toe, upstream toe, and crest for each profile and for the three set of earthquake records. The Ru results indicate that liquefaction was triggered in the sand layer between elevations 1,050 and 1,051.5 m. Table 7‑3 summarizes the estimated seismic deformation.
Table 7‑3 summarizes the seismic deformation estimated from the analyses. Maximum permanent deformations range from approximately 0.9 to nearly 1.2 m horizontally, depending on location, and are approximately 0.4 vertically at the centreline of the crest. The maximum horizontal and vertical displacement occurred from the Irpinia earthquake time histories. 
These deformation are considered acceptable relative to crest displacement and marginally acceptable for horizontal movement. Relative to the simplified analyses, they show that ground displacements will be less than roughly 1 m without ground improvement. 
	[bookmark: _Toc449526149]Table 7‑3. Permanent Total Deformation - East Limb of the Secondary Dam
Faro Mine Remediation Project

	Foundation Profile
	Horizontal Displacement (m)
	Vertical Displacement a 
(m)

	
	Crest a
	Downstream Toe
	Upstream Toe
	

	BPT04-13
	0.2 to 0.9
	0.2 to 1.0
	0.3 to 1.1
	0.1 to 0.4

	Note: 
 a At the centreline of the crest
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[bookmark: _Toc449526262]Figure 7-1. Cyclic Stress Ratios Versus Number of Uniform Cycles (a) BPT05-03 (b) BPT05-04 (c) BPT04-13 
Faro Mine Remediation Project
Section 7

ES10201112383RDD 		7-1

[image: ]
[bookmark: _Toc449526263]Figure 7-2. FLAC Grid for BPT05-03 Profile
Faro Mine Remediation Project
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[bookmark: _Toc449526264]Figure 7-3. FLAC Grid for BPT05-04 Profile
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[bookmark: _Toc449526265]Figure 7-4. Profile BPT05-03 Response – Chi-Chi Earthquake
Faro Mine Remediation Project
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[bookmark: _Toc449526266]Figure 7-5. Profile BPT05-03 Response – Hector Mine Earthquake
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[bookmark: _Toc449526267]Figure 7-6. Profile BPT05-03 Response – Irpinia Earthquake
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[bookmark: _Toc449526268]Figure 7-7. Profile BPT05-04 Response – Chi-Chi Earthquake
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[bookmark: _Toc449526269]Figure 7-8. Profile BPT05-04 Response – Hector Mine Earthquake
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[bookmark: _Toc449526270]Figure 7-9. Profile BPT05-04 Response – Irpinia Earthquake
Faro Mine Remediation Project
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[bookmark: _Toc449526272]Figure 7-10. FLAC Grid for BPT04-13 Profile
Faro Mine Remediation Project
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[bookmark: _Toc449526273]Figure 7-11. Profile BPT04-13 Response – Chi-Chi Earthquake
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[bookmark: _Toc449526274]Figure 7-12. Profile BPT04-13 Response – Hector Mine Earthquake
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[bookmark: _Toc449526275]Figure 7-13. Profile BPT04-13 Response – Irpinia Earthquake
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[bookmark: _Toc449618663]Conclusions
Seismic stability analyses of the CVD and the ELSD were performed for the 1-in-10,000-year earthquake event. Both simplified analyses and advanced non-linear dynamic analyses were performed. The purpose of the analyses was to evaluate deformation within the two dams for updated ground motions determined for the RCTA site during a PSHA conducted by Atkinson and Assatourians (April 2013). The updated seismic motions for the 1-in-10,000-year earthquake event were lower than earlier results determined by Atkinson (May 2004) and led to a question whether ground improvement was still required to meet regulatory requirements under the lower levels of ground shaking. Simplified and advanced analyses conducted to address this question included the potential effects of liquefaction at the RCTA site. Results of these analyses will be used to support decision-making regarding protection of the dams against possible breaching during a 1-in-10,000-year seismic event. 
[bookmark: _Toc449618664]Simplified Seismic Stability Analyses
Simplified seismic stability analyses were conducted initially as a screening method for evaluating the potential for and consequences of liquefaction resulting from the updated 1-in-10,000-year seismic event. The simplified analysis procedure comprised three elements:
1. 1-D site response ground analyses were conducted to estimate the level of shaking for use in simplified liquefaction triggering evaluations and for the limit-equilibrium seismic slope stability evaluations (see Section 4).
2. Liquefaction potential was assessed using the Youd et al. (2001) simplified method (see Section 5). The method uses SPT (N1)60 values, fines content, earthquake magnitude, and seismic loading. The CSR profile estimated using Strata (see Section 4) for each respective subsurface profile was used in the analysis of liquefaction triggering. Soil liquefaction evaluations were conducted both beneath the embankment and for the free field site conditions.
3. Simplified limit-equilibrium slope stability analyses were performed to estimate the seismic stability of the CVD and ELSD in terms of factors of safety and estimated permanent displacements (see Section 6). 
The key findings from the simplified analyses are as follows: 
· With the updated earthquake-induced ground motions estimated by Atkinson and Assatourians (April 2013), the PGA for a 1-in-10,000-year event at the Site Class B/C boundary was reduced from 0.54g (Atkinson, May 2004) to 0.24g (Atkinson and Assatourians, April 2013). 
· Liquefaction and slope stability analyses using the limit-equilibrium method found that the existing geometries of the CVD and ELSD do not meet the CDA requirements (CDA, 2007 as revised in 2013) during pseudo-static and post-seismic conditions assuming that liquefaction has occurred within the foundation soils, indicating a significant likelihood of embankment instability and large deformations. 
· Remediation layouts proposed by KCC (June 2006) for the CVD and ELSD, and evaluated herein, yielded acceptable seismic factors of safety computed by the simplified methods. Using the limit-equilibrium method and slope displacement estimation method by Bray and Travasarou (September 2009), anticipated mean displacements of the CVD with mitigation are estimated to be approximately 1 m downstream and 1.1 m upstream. Mean slope displacement of 1 m was computed for the ELSD following the KCC recommended mitigation measures. These displacements were considered acceptable, given the conservative assumptions made for the simplified analyses.
[bookmark: _Toc449618665]Numerical Seismic Stability Analyses
Seismic stability evaluations were conducted using 2-D FLAC, an advanced, numerical model method that accounts for nonlinear soil response and development of pore-water pressures during seismic loading. The analyses provide a more rigorous evaluation of performance and eliminate many of the assumptions inherent in the simplified analyses to provide a better estimate of performance. 
The FLAC 2-D analyses were used to estimate the displacements of the two dams under the 1-in-10,000-year seismic loading – with the potential effects of liquefaction included in the analyses. These analyses did not include remediation of liquefaction. If unacceptable performance would have been predicted, mitigation methods may have been implemented in the models, but given that they resulted in acceptable performance, mitigation was not evaluated. 
The following results were attained from the 2-D FLAC analyses:
· For the CVD, the predicted deformations resulted in a maximum horizontal deformation of 1.4 m and a maximum crest vertical displacement of 1.3 m. Because the numerical model does not account for volumetric change during shaking, an additional 0.3 m of vertical displacement because of volumetric strain was estimated and added to the estimated 2-D FLAC vertical displacement for a total estimated crest vertical displacement of 1.6 m.
· For the ELSD, the predicted deformations resulted in a maximum horizontal deformation of 1.3 m and a maximum crest vertical displacement of approximately 0.4 m. For the ELSD, an additional 0.2 m of vertical displacement because of volumetric strain was estimated and added to the estimated FLAC-2D vertical displacement for a total estimated crest vertical displacement of 0.6 m.
The performance criteria require that overtopping is prevented; that the internal filter system remains intact; and that the performance evaluation accounts for seismic loading, liquefaction, and post-liquefaction behaviour. Performance of the dams during seismic loading meets the performance criteria listed in Section 1.5: 
· For the CVD, the computed vertical deformations do not exceed the freeboard of 1.7 m (assuming a full pond) for the CVD. The remaining distance between the top of core and the pond level following the design earthquake is estimated to be about 0.1 m, which meets the performance criteria with a small safety margin. However, given that the normal maximum operating water level in the CVD Pond is 2.2 m below the top of the core of the CVD, so that the remaining distance between the top of core and the maximum operating pond level following the design earthquake would be an estimated 0.6 m, this is considered acceptable. 
· For the ELSD, the computed vertical deformations do not exceed the allowable vertical displacement of 2 m. The remaining distance between the dam crest and the tailings surface following the design earthquake is estimated to be 1.4 m, which is a significant safety margin. 
· For the CVD, the horizontal deformations do not exceed half the thickness of the chimney filter and drain system, that is, it does not exceed 2 m; therefore, the predicted deformations are anticipated to not detrimentally affect the chimney performance. For the ELSD, the horizontal displacements do not exceed 1.5 m, so that major defects in the dam embankment are not expected to result from the design earthquake.
Because the performance criteria are met using this advanced numerical analysis, liquefaction mitigation proposed by KCC (June 2006) are not required. This different conclusion (than the KCC [June 2006] conclusion) resulted from a combination of reduced ground shaking levels obtained by Atkinson and Assatourians (April 2013), and application of advanced deformation analyses using 2-D FLAC. 
Although the performance criteria are met without liquefaction remediation, large vertical and horizontal displacements of about 1.5 m are predicted for the CVD. If the CVD Pond will be operated as a full pond (i.e., with an applicable freeboard of 1.7 m) and there are concerns about the uncertainty in predicting, and consequences of this amount of deformation, liquefaction mitigation can be considered and evaluated to provide operation and maintenance continuity and to minimize risks of uncontrolled release of reservoir contents. 
Results from the numerical seismic analyses for the ESLD indicate displacements of less than 1 m (about 0.6 m), indicating satisfactory performance under the design earthquake loading. The estimated displacements are not considered large enough to warrant liquefaction mitigation for this dam. Also, whereas it was conservatively assumed in this study that the groundwater level is at the top of the tailings, it is typically 1 to 3 m below the tailings surface at the ELSD; this unsaturated crust lowers the risk of a tailings flow failure that could overtop the dam following an earthquake.
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TERRITORIES

Source: Leonard et al., 2007. Reproduced by permission of American Geophysical Union, 2012.

White circles are earthquakes Mz3, between 1899-2004. Alaskan events with depths >25 km are excluded.

PA/NA: Pacific plate motion relative to North America plate; CSEF: Chugach-St. Elias fault system; PZ: Pamplona zone; MFSZ, FSZ, and SSZ:
Minto Flats, Fairbanks, and Salcha seismic zones, respectively.
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