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Lower Churchill Project
NORTH SPUR STABILIZATION WORKS
Site description, 10 and 11- Mar-2014









Site Visit Schedule

Site and work description

Site visit (North Spur)

3 Kettle lakes and outlet

Downstream crest

Downstream shoreline

Upstream shoreline

Upstream crest

Quarries and Borrow areas
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Site and Borrow Areas location



Q-1

Q-6

T4-B

GR-3

GR-2

GR-5



North Spur

Trans Labrador Highway

Muskrat Falls Site







Lidar North Spur
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The Spur of land is a natural Dam on Churchill river

South Knoll outcrop

Soil deposit

 Sand dunes

- Up and downstream landslide scarps

- Kettle lakes







Aerial View of the 
North Spur (1988)



Sand bar

- 4 Upstream landslide scarps

3 downstream landslide scarps

 22 pump wells line





 Existing conditions
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- Existing access road (brown)

 Portage trail (green)

 Shoreline access trails (yellow)

 elevation of main features



32 m

28 m

24m

60 m

17,5 m

3 m

143m





Recent slides activity 



Three Kettle Lakes Outlet



July 2011



July 2013

Upstream of Spur

Downstream of Spur
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General Stratigraphy 

Upper sand

Stratified drift

Upper Clay

 Intermediate silty-sand

Lower clay

Lower aquifer





Effect of reservoir impoundment
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Objectives of the stabilization works

 Lowering the piezometric level

 Capturing and evacuating seepage water

 Improving slope stability (Geometry correction)

 Protecting against erosion at toe and on slopes

 Keep maintenance activities at minimum
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Stabilization measures
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Downstream Works

Re-grading and granular fill

Finger drains

Relief wells (passive)

Erosion protection

South end of the Spur

Reduction in surface infiltration

Drainage improvement (Water coming from the Rock Knoll)

North side of the Spur

Excavation

Slurry cut-off wall

Improving the three kettle lakes outlet channel

Upstream Works

Re-grading and granular fill

Slurry cut-off wall

Till blanket

Erosion protection





Location of main features
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 Permanent roads

 Portage trail

Transmission lines (NIC)

 Switchyard (NIC)

 Laydown

 Spoil disposal

 Upstream works

 Downstream works

 NW Cut-off wall

 3 Kettle lakes outlet

 Log Boom platform and access

 Finger Drains

 Relief Wells

 Instrumentation





Layout of Stabilization Works
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Upstream Stabilization Works

Upstream Cut-Off Wall

Northwest Cut-Off Wall

Downstream Stabilization Works

Geomembrane





 Upstream and downstream shoreline access
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- Existing access road

 Portage trail

- Shoreline access trails







Upstream access looking up 
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Upstream access looking down
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Upstream cut-off wall location
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Downstream Shoreline ( July 2013)
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Downstream Ice Jam (May 2013) 
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3 Kettle Lakes Outlet
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Clearing
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Streams
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Quarries and Borrow Areas location



Q-1

Q-6

T4-B

GR-3

GR-2

GR-5

















Quarry Q-1

No access







Quarry Q-6 (Existing quarry)

2 Access

Up hill access

TLH Access
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T4-B (Till deposit)



No access now
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GR-2 (Granular deposit)



Excavator access built to do test pits in 2013
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GR-3 (Granular deposit)



Near TLH
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Minor topographic features, which exist on the main valley terrace, include sand dunes and
kettles, and perhaps even strand lines. In some areas, the relative surface tranquility is
broken by mass wasting features which, on a few occasions, may approach 1 km?Z.

The boundaries of the Spur are defined by the rock knoll in the south, the three kettle lakes
in the north, and the Churchill River in the west (el. about 17 m) and east (el. about 3 m).

The crest of the Spur in the north-south direction is about 1000 m. In the three kettle lakes
area the crest of the Spur is about 1000 m wide. In the south (close to rock knoll) the width
of the crest of the Spur reduces to 80 m,

The latest topography of the North Spur is extracted from LIDAR mapping and is shown in
Plate 1. A LIiDAR image of the Muskrat Falls site is shown in Figure 2-1. The proposed

location of the dam is also shown in the figure.

Lower Ghurchill
Muskrat Falla Site
Ground Contours and Shased Relief

Figure 2-1: Ground topography and River bathymetry based on LiDAR image.
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Old southern slide (#1)
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Lower Churchill Project 
NORTH SPUR UPDATED, Independent Engineer 
21-JUL-2014









Outline

From November report , Independent Engineer (IE) ask to receive more information on:

Progressive failure 

New seepage analysis result (3D model)

Impact on piezometry in the lower aquifer by increasing the upstream water level (3D model)

Trigger to stop the pumpwell system (3D model)

Earthquake criteria (2014, Atkinson updated report)

Complementary dynamic study result  (Dynamic analysis report) 
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General approach

North Spur stability has to be maintain  for Short and Long term

Evaluate parameters (Design based on Most Probable Conditions)

Soil properties (Clay sensitivity)

Groundwater conditions

External triggers, (wave, erosion, earthquake) 

Controlling and acting on the triggers

Inclination of slope (Geometry)

Water pressure in the ground

Erosion (Wave effect)

Works impact on stability	

Progressive failure (Downhill and Uphill)

Evaluate risk and impact of external uncontrolled triggers

Earthquake impact (Long term risk)

Liquefaction  for sand

Strain softening for clays (Cyclic softening)

Human triggering

Observational Method (Peck, 1969)will be use during Construction works
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Complementary studies, Result presentation (Main Topics)

Progressive Failure (review and evaluation)

Three Dimensional (3D) Hydrogeological Study for the North Spur

Lower Aquifer

Intermediate Aquifer

Dynamic study

Phase 1 and phase 2 studies

Gail Atkinson 2008 updated report

Input Motion Selection

Liquefaction and Cyclic Softening analysis and results
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Observational Method (OM) 

		Step		Status

		Exploration sufficient to establish the general nature, pattern and properties of the deposits		Done. Previous investigation results

		Assessment of the most probable conditions		Done. Design Report

		Creating the design based on the most probable conditions		Done. Technical specifications and drawings

		Selection of quantities to be observed as construction proceeds		In progress

		Calculation of values under the most unfavorable condition		In progress

		Selection of a course of action for every foreseeable		In progress

		Measurement of quantities and evaluation		During construction works

		Design modification 		During construction
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Progressive Failure





Retrogressive landslide
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From Locat et Al. 2011,

Flowslide

Downhill progressive

Uphill progressive (Spread)





Flowslide at Edwards Island 2010 (Muskrat Falls reservoir, km 73)

8







Safety factor against progressive failure

Calculations are based on slope geometry, soil properties, groundwater  properties. Calculations are calibrated locally with an existing slope.

Rotational, flowslide, spread stability is calculated with a first movement at the toe.

There is no evidence of downhill progressive failure landslide along the Churchill river valley.

Counter measure will be in place to control ‘’Human triggering’’
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Conclusion on progressive failure risk

North Spur Short and  Long Term Stability is a major concern for LCP team

Current design has evolved over many years and has been based on substantial geotechnical data.

Canadian Dam Association guidelines requirements are followed and exceeded in Dam safety. 

Construction works will be followed to ensure that design objectives will be achieve. (Application of Observational Method)

A special workshop was done with bidders to share our knowledge and concerns about stability concern.
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Hydrogeological Study, 3D model





Purpose of the model(s)

Develop a tool to define trigger in the Observational Method

Simulate the behavior of both aquifers (Intermediate and Lower) during and after the two impoundments (25 and 39 m) 

Simulate the effect of the two cut off walls

Simulate the global effect of the stabilization works

Consider the effect of the existing pumpwell system operation
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Lower aquifer connection to the River on the downstream side of

the North Spur 



Feb. 2014, 12.85 m

NS-2A



Feb. 2014, 11.85 m

Sept. 2013, 4.45 m

Sept. 2013, 2.6 m





North Spur3D model for Lower Aquifer



Model Area: 

1.5 Km(W-E) X 1.65 km (N-S) 

Soil layers: 

Lower Clay and Lower Aquifer





Lower aquifer model calibration





In-situ Measurement 

3D FEFLOW Model 

Existing Condition before Pump Testing in 1979 





Case Study-WL=25 and 39m, No Relief Wells 










Case Study-Install Relief Wells in Lower Aquifer





10 Relief Wells, Φ30cm

Relief wells: A  to J
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Relief Wells




Relief wells to be installed in the lower aquifer at elevation -70 m (about 80 to 85 m deep)

Outlet elevation 7,0 m






Case Study-Install D/S Relief Wells 





Hydraulic Head U/S, WL=25m

Hydraulic Head U/S, WL=39m





Hydrogeological model Conclusion

Lower Aquifer

Model perform good to represent: 

Actual condition

1979 Pump Test

Churchill Falls event (river raising 2,82m)

After impoundment and installation of Relief wells

Model show no impact for 25m and 39m impoundments

Action

We maintain the relief wells installation in the current CH0008 package.  

Analysis of piezometric reaction of Lower Aquifer has to be done before making a final decision to install relief wells. (OM)

Installation will be done, if required, after 1st impoundment. (OM)
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Intermediate Aquifer



FSL level, 39 m





Intermediate Aquifer model









Soil properties, Permeability (K) 




Layer 1  Upper Sand  K= 1x10-4 m/s. 

 Layer 2  Silty Clay-1  k= 1x10-7 m/s. 

 Layer 3  Upper Intermediate Silty Sand Drift  k= 8x10-6 m/s. 

 Layer 4  Silty Clay-2  k= 1x10-7 m/s. 

 Layer 5  Lower Intermediate Silty Sand Drift  k= 8x10-6 m/s. 

 Layer 6  Clay  k=1x10-8 m/s. 



Pump wells





Piezometer location
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Response of Intermediate Aquifer to Impoundment (No Stabilization Works)
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+1 m

+7 m







Installation of Cut off Walls (COWs) 








Plan Section of COWs 



Penetration Depth in Clay is 2m 

( Base Case)







Sensitivity Study of COWs Penetration Depth (L) in Lower Clay 




L = 2 m, 5 m, 10 m. 

• No impact on the response of hydraulic heads in Intermediate Aquifer 





U/S

(L)







Installation of U/S Till Blankets 








U/S Till Blanket (k=1x10-8 m/s)









Installation of D/S Finger Drains 






3 Finger Drains based on the current design





 Existing Pumpwell System
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- Existing access road (brown)

 Portage trail (green)

 Shoreline access trails (yellow)

 Elevation of main features

Existing Pumpwell System (Red)



32 m

28 m

24m

60 m

17,5 m

3 m

143m



Existing Pumwell system





Axis of Pumwell System
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Total Head Profiles in the Spur at U/S WL= El. 25 m








Total Head Profiles in the Spur at U/S WL= El. 39 m 
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Instrumentation














Existing Piezometers

New Piezometers

Trenched Cable







Hydrogeological model Conclusion 

Intermediate Aquifer

Model calibration require more effort, (10 scenarios).

Blockage of D/S Surface has been selected to adjust the model. 

A combination of multiple conditions can produce a realistic behavior. Observational Method has to be used during work progress.

Based on the model, stabilization works will control adequately groundwater pressure and expected safety factor will be satisfy.

Cut off wall penetration depth (2, 5, 10m) in lower clay deposit showed that there is no change in hydraulic head in the intermediate aquifer due to the penetration of the COW.
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Dynamic study





Recommendations and Observations from Phase 1 Study (Prof. Leroueil, 2014)

Slopes stability analysis seem to have a satisfactory factor of safety. Use existing slope to calibrate slope stability analysis evaluation. (done)

Salinity profile changes with depth accordingly with physical properties of clayey deposit.

Grain size analyses showed that there is no clean silt or sand material in the stratigraphy and there is no plasticity index smaller than 5%.

Recommendation to prepare typical geotechnical profiles showing major properties of the soils. (done)





Recommendations and Observations from Phase 1 study (Prof. Idriss, 2014)

The North Spur stabilization works, if constructed as currently designed, will have a satisfactory performance against earthquakes.

Seismic Hazard Study (2008) from Mrs. Gail Atkinson has to be updated. (done)

With the updated Seismic Hazard Study, Cyclic Stress Ratio (CSR) and Cyclic Resistance Ratio (CRR) should be recalculated including all Cone Penetration Test (CPT) results. (done)

A dynamic nonlinear analysis (FLAC computer program) should be conducted to assess the induced pattern of deformations. (done)





Seismicity updated report
(Atkinson, 2014)
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 Update 2008 Earthquake Hazard Analysis (UHS)



PGA (1:10000) 

2008=0,09 G

2014=0,06 G
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Input motion selection

Representative accelerograms from databases for 2 scenarios:

Near event with Mw 6.5, R= 100 km and Aria duration of 10 s;

Far event with Mw  7.3, R= 400 km and Aria duration of 50 s;

Recording of the Saguenay 1988 earthquake from stations located in the Saguenay region;

Recording of the Nahanni 1985 earthquake;

Accelerograms used in the preliminary dynamic study.
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2. Selection of Representative Input Motions
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Site response analysis

Types of analysis

Empirical methods for liquefaction and cyclic mobility assessment

1D Equivalent-linear method (Shake type analyses using EZ-Frisk)
Site Reponse module of EZ-Frisk, version 7.62, Fugro, 2011

2D Equivalent-linear method (Quake/W similar to Quad4Mu)
Quake/W module of GeoStudio Suite, version 8.12.3.7901, Geo-Slope inc., 2013;

2D non-linear method (Finite differences model using FLAC)
FLAC 2D, version 7.0.411, Itasca, 2011.
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Selection of 
Input Motions

Short list for 
1D analyses of 
S1 (SCPT-11-13)

Based on results
a final selection 
7 input motions
for 2D Equivalent
linear analyses
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Section 4

Section 13

Section 9

Section H

















Sections location
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 1D Site Response Equivalent-linear analyses (section 13)

P1
Top Profile

P2
Toe Profile

Shallow bedrock
at El. -100 m

Deep bedrock
at El. -210 m

Sensitivity on 
bedrock depth





Empirical Method

The imposed seismic loading is represented by the Cyclic Stress Ratio (CSR) estimated using site specific dynamic response analyses. 

The Cyclic Resistance Ratio (CRR) is estimated based on SPT or CPT tests for granular material and plasticity and undrained shear strength for clay-like material.

Magnitude Scaling Factor = 1

Static shear stress correction factor, Ka (see Idriss and Boulanger, 2008)

For sand-like material, Ka = 1.0;

For clay-like material, Ka = neglected for 1D analysis and = 0,9 for 2D;
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1D equivalent-linear analysis

A soil or soft-rock column is defined by specifying soil properties such as maximum shear wave velocity and density. Then, an input motion applied to the bedrock (or any other layer) is propagated through the soil or soft-rock column to produce a site-specific ground motion time history. The analyses are performed in the frequency domain using the total density of each sub-layer.

An equivalent-linear procedure is used to account for the non-linearity of the soil using an iterative procedure to obtain values of modulus and damping that are compatible with the equivalent uniform strain induced in each sub-layer (of the vertical profile) (Idriss and Sun, 1992).

 Modulus  Degradation and Damping 

For Sand - Seed & Idriss 1970:

G/Gmax and Damping Average curves

For Clay - Sun et al 1988: 

G/GMax proposed for IP of 10-20%

Damping average curve
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2D EQUIVALENT-LINEAR DYNAMIC ANALYSES


A similar equivalent-linear iterative procedure is used then in 1D equivalent analyses. However, the software is a finite element model solving in the time domain

 The same degradation curves as for 1D analyses were used in the 2D Equivalent-linear analyses 
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2D NON-LINEAR DYNAMIC ANALYSES


The main characteristics of this model are:

Solving in the time domain;

Damping and shear modulus reduction are function of the shear strain in each element.

Excess porewater pressure generation modeled and considered in analysis.

Deformation and stresses induced by earthquake shaking considered in the dynamic response.

the Mohr-Coulomb model has implemented  for the materials not susceptible to liquefaction and the UBC Sand model (Beaty and Byrne , 2011) for potentially liquefiable materials. For the other materials, hysteretic damping is added and adjusted to fit the modulus reduction and damping curves used in the 1D and 2D Equivalent-linear Analyses.
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1D EQUIVALENT-LINEAR ANALYSES
Analyses result


The 1D equivalent-linear analyses indicate adequate provision against liquefaction for granular material and cyclic softening for clay material.
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2D EQUIVALENT-LINEAR ANALYSES


The analyses indicate that CSR for all the input motions are lower than the selected CRR profiles for liquefaction of sand-like material and for cyclic softening of clay-like material . This indicates that liquefaction and cyclic softening should not be an issue for Section 13 and Section 9.
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2D NON-LINEAR DYNAMIC RESPONSE ANALYSES 


Even if the 1D and 2D equivalent-linear analyses indicated no potential for liquefaction of the granular materials or potential for cyclic softening for the clay, Section 13 was submitted to 2D non-linear dynamic response analyses to assess the pattern of deformations that may be induced by the postulated earthquake ground motions as proposed by Prof. Idriss.

The results  show displacements of the crest of less than 3 cm both horizontally and vertically, very little pore water increase and conditions at the end of shaking very similar to those at the end of the static equilibrium. 
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Dynamic study highlights

From 2014 Atkinson updated report, the design earthquake (1:10 000) is lower than previously expected.

1D equivalent-linear analysis with revised time history earthquake confirm previous result for up and down hill location.

2D equivalent-linear analysis confirm the same results.

2D non-linear analysis  show deformation less then 3 cm, small pore pressure generation and no permanent deformation after the design earthquake.

External experts will provide comments on study results
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Conclusion

The results indicate no potential for liquefaction of the granular materials nor potential for cyclic softening for the clay. A cross-section was submitted to indicative 2D non-linear dynamic response analyses. These analyses confirmed the findings of the equivalent-linear analyses. 

Based on the findings of this complementary dynamic study, the North Spur integrity is not expected to be affected by the occurrence of the design seismic event . 
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General comments on complementary studies

Complimentary studies conclusion (up to now) confirm design choices 

Construction works will be followed (Observational Method) to ensure that design objectives will be achieved.
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There are Nalcor Energy’s values



These set of values were decided upon by employees within the company.



We use these values to help guide our decisions that we make at work. 
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Locat et al.

British Columbia (Geertsema et al. 2006), is a good example
where flow and spread occured successively in one landslide
event. There are also large landslides described as flake-type
landslides (e.g., Rissa landslide in Norway, Gregersen 1981).

Among the large landslides occurring in sensitive clays,
flows are well described (Bjerrum 1955; Tavenas 1984).
Multiple retrogressive slides are believed to result from a first
slide, the debris of which becomes strongly remoulded and
flows out of the crater, leaving an unstable scarp. A second
slide may then occur with the remoulded clay also flowing
out of the crater, generating another unstable scarp. This
process can continue until a final stable back scarp is formed
and the retrogression stops (see Fig. 1a). This type of land-
slide is characterized by an empty crater (minimal debris is
left in the crater after the movement) having in some cases a
bottle-neck shape. This type of failure mechanism tends to
occur when three conditions are met (Tavenas 1984): (i) an
initial slide has occurred; (i) the potential energy that is
high enough to remould the clay effectively (ogH > XS,,
where pg is the unit weight of the soil, H is the height of

_the slope, X varies between 3 and 8 with a tendency to in-

crease with plasticity, and S, is the intact undrained shear
strength; Leroueil et al. (1996)); (iii) the remoulded clay has
to be lignid enough to flow (i.e., liquidity index higher than
1.2 or remoulded shear strength lower than 1 kPa). Examples
of this type of landslide are those in Ullensaker, in Norway
(Bjerrum 1955), and Saint-Jean-Vianney in Quebec (Tavenas
et al. 1971).

Translational landslides result from the development of a
shear surface parallel to the ground surface, above which the
soil mass displaces downhill (Cruden and Varnes 1996).
Translational progressive landslides described in this paper
are characterized by a zone of subsidence at the head of the
slope and an extensive compressive heave zone located far
beyond the toe of the slope, in more horizontal ground (see
Fig. 1b; Bernander 2000). Bernander and co-workers gave
an interpretation of these landslide mechanisms in several
conference papers and reports (Bernander et al. 1988, 1989;
Bernander 2000, 2008). They explain how local failure, due
to a disturbance, such as fill loading, piling, etc., may lead
to the development of a failure surface progressing downhill,
causing heave of a large portion of the horizontal soil mass
downslope and consequently global slope failure. An exam-
ple of this type of landslide is the one at Surte, Sweden,
which occurred in 1950. Figure 2 shows houses displaced by
the passive heave generated by the landslide.

According to Cruden and Varnes (1996), spreads result
from the extension and dislocation of the soil mass above
the failure surface, forming horsts and grabens that subside
in the underlying remoulded material forming the shear
zone. Horsts are blocks of more-or-less intact clay, often
with a sharp wedge pointing upward, and grabens are blocks
having typically a flat, horizontal top surface (see Fig. 1c).
Those geomorphologic shapes are key elements distinguish-
ing spreads from other retrogressive landslides. Horsts and
grabens move along a failure surface that has been identified
with piezocone tests in specific cases of eastern Canada
spreads (Locat 2007; Ouehb 2007; Locat et al. 2008, 2011;
Fortin-Rhéaume 2011). The failure surface is subhorizontal
in most cases studied and starts near the toe of the slope. Ex-
amples of this type of movement are the Skottorp landslide,

1697

Fig. 1. Three types of retrogressive landslide in sensitive clays:
(a) flow, (b) translational progressive landslide, and (c) spread.
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in Sweden (Odenstad 1951) and landslides that occurred in
Quebec, Canada, at Saint-Ambroise-de-Kildare (Carson
1979b; see Fig. 3; Tavenas 1984), Sainte-Madeleine-de-Rigaud
(Carson 1979a), Saint-Liguori (Grondin and Demers 1996;
Ouehb 2007; see Fig. 4), Saint-Barnabé-Nord (Locat 2007;
Locat et al. 2008), Brownsburg-Chatham (Fortin-Rhéaume
2011) and Saint-Jude (Locat et al. 2011). All of these land-
slides’ craters are filled with several horsts and grabens of
more-or-less intact clay, enabling their classification as
spreads according to Cruden and Varnes (1996). Spreads
cover larger areas than circular slides as illustrated by the
cross section of Saint-Ambroise-de-Kildare landslide
(Fig. 3; Carson 1979). In this case, the initial slope height
was 15 m near the crest, and -extended back to 386 m over
a width of 160 m.

In Canada, it has long been considered that horsts and gra-
bens, often observed in landslide craters, have been produced
by retrogressive flowsliding involving rotational slip circles
(e.g., Mitchell and Markell 1974). The understanding that
horst and graben systems observed in some large landslides
in Quebec could be due to spreading of the soil mass was
first expressed by Mollard and Hughes (1973). Their view of
the failure mechanism is illustrated in Fig. 5. According to
Mollard and Hughes (1973), “The bank may become active
due to several causes i.e., toe erosion, infiltration of water
and thereby increased pore water pressure and decreased
strength, vibrational or shock loading due to trains or blast-
ing, etc.” Still, according to them, at some depth below the
ground surface as indicated by the shaded area in Fig. 5a,
the solid clay becomes a semi-fluid to fluid-like mass. Then,
the disturbed zone may grow, tension cracks may develop,
the soil mass may start moving out, with some of the semi-
liquid soil tending to be squeezed up into the cracks, and the
soil mass spreads as shown in Figs. 55 to 5e. However, the
geomorphology, as shown in Fig. 5e, seems to be missing
some aspects that are actually observed in spreads in semsi-
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Lower Churchill Project
NORTH SPUR STABILIZATION WORKS

Site description, 10 and 11- Mar-2014
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Site Visit Schedule

• Site and work description
• Site visit (North Spur)

– 3 Kettle lakes and outlet
– Downstream crest
– Downstream shoreline
– Upstream shoreline
– Upstream crest

• Quarries and Borrow areas

2
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Site and Borrow Areas location

Q-1
Q-6

T4-B

GR-3

GR-2
GR-5

North Spur

Trans Labrador Highway

Muskrat Falls Site
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Lidar North Spur

4

-The Spur of land is a natural 
Dam on Churchill river
-South Knoll outcrop
-Soil deposit
- Sand dunes
- Up and downstream 
landslide scarps
- Kettle lakes
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Aerial View of 
the 

North Spur 
(1988)

Sand bar

- 4 Upstream landslide 
scarps
-3 downstream landslide 
scarps
- 22 pump wells line
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Existing conditions

6

- Existing access road (brown)
- Portage trail (green)
- Shoreline access trails (yellow)
- elevation of main features

32 m

28 m

24m

60 m

17,5 m

3 m

143m
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Recent slides activity 

Three Kettle Lakes Outlet

July 2011

July 2013

Upstream of Spur

Downstream of Spur
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Upper sand

Stratified drift
-Upper Clay
- Intermediate 
silty-sand

Lower clay

Lower aquifer
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Effect of reservoir impoundment

9
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Objectives of the stabilization works

– Lowering the piezometric level
– Capturing and evacuating seepage water
– Improving slope stability (Geometry correction)
– Protecting against erosion at toe and on slopes
– Keep maintenance activities at minimum

10
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Stabilization measures

11

Downstream Works
Re-grading and granular fill
Finger drains
Relief wells (passive)
Erosion protection

South end of the Spur
Reduction in surface infiltration
Drainage improvement (Water coming from the Rock Knoll)

North side of the Spur
Excavation
Slurry cut-off wall
Improving the three kettle lakes outlet channel

Upstream Works
Re-grading and granular fill
Slurry cut-off wall
Till blanket
Erosion protection
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Location of 
main features

12

- Permanent roads
- Portage trail
-Transmission lines (NIC)
- Switchyard (NIC)
- Laydown
- Spoil disposal
- Upstream works
- Downstream works
- NW Cut-off wall
- 3 Kettle lakes outlet
- Log Boom platform and 
access
- Finger Drains
- Relief Wells
- Instrumentation

CIMFP Exhibit P-02260          Page 14



Layout of Stabilization Works

13

Upstream Stabilization Works

Upstream Cut-Off Wall

Northwest Cut-Off Wall

Downstream Stabilization Works

Geomembrane
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Upstream and downstream shoreline access

14

- Existing access road
- Portage trail
- Shoreline access trails
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Upstream access looking up 

15
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Upstream access looking down

16
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Upstream cut-off wall location

17
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Downstream Shoreline ( July 2013)

18
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Downstream Ice Jam 
(May 2013) 

19

CIMFP Exhibit P-02260 Page 21



3 Kettle Lakes Outlet

20
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Clearing

21
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Streams

22
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Quarries and Borrow Areas location

Q-1
Q-6

T4-B

GR-3

GR-2
GR-5
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Quarry Q-1

No access
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Quarry Q-6 (Existing quarry)

2 Access
Up hill access

TLH Access
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T4-B (Till deposit)

No access now
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GR-2 (Granular deposit)

Excavator 
access 
built to do 
test pits in 
2013
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GR-3 (Granular deposit)

Near TLH
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Lower Churchill Project 
NORTH SPUR UPDATED, Independent Engineer 

21-JUL-2014
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Outline
– From November report , Independent Engineer (IE) ask to 

receive more information on:
• Progressive failure 
• New seepage analysis result (3D model)
• Impact on piezometry in the lower aquifer by increasing the upstream 

water level (3D model)
• Trigger to stop the pumpwell system (3D model)
• Earthquake criteria (2014, Atkinson updated report)

• Complementary dynamic study result  (Dynamic analysis report)

2
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General approach
• North Spur stability has to be maintain  for Short and Long term

– Evaluate parameters (Design based on Most Probable Conditions)
• Soil properties (Clay sensitivity)
• Groundwater conditions
• External triggers, (wave, erosion, earthquake) 

– Controlling and acting on the triggers
• Inclination of slope (Geometry)
• Water pressure in the ground
• Erosion (Wave effect)
• Works impact on stability

– Progressive failure (Downhill and Uphill)

– Evaluate risk and impact of external uncontrolled triggers
• Earthquake impact (Long term risk)

– Liquefaction  for sand
– Strain softening for clays (Cyclic softening)
– Human triggering

• Observational Method (Peck, 1969)will be use during Construction 
works

3
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Complementary studies, Result presentation 
(Main Topics)
• Progressive Failure (review and evaluation)
• Three Dimensional (3D) Hydrogeological Study for the North Spur

– Lower Aquifer
– Intermediate Aquifer

• Dynamic study
– Phase 1 and phase 2 studies
– Gail Atkinson 2008 updated report
– Input Motion Selection
– Liquefaction and Cyclic Softening analysis and results

4
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Observational Method (OM) 
Step Status

Exploration sufficient to establish the 
general nature, pattern and properties 
of the deposits

Done. Previous investigation results

Assessment of the most probable 
conditions

Done. Design Report

Creating the design based on the most 
probable conditions

Done. Technical specifications and 
drawings

Selection of quantities to be observed as 
construction proceeds

In progress

Calculation of values under the most 
unfavorable condition

In progress

Selection of a course of action for every 
foreseeable

In progress

Measurement of quantities and 
evaluation

During construction works

Design modification During construction

5
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Progressive Failure
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Retrogressive landslide

7

Flowslide

Downhill progressive

Uphill progressive (Spread)
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Flowslide at Edwards Island 2010 
(Muskrat Falls reservoir, km 73)

8
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Safety factor against progressive failure

• Calculations are based on slope geometry, soil properties, 
groundwater  properties. Calculations are calibrated locally 
with an existing slope.

• Rotational, flowslide, spread stability is calculated with a first 
movement at the toe.

• There is no evidence of downhill progressive failure landslide 
along the Churchill river valley.

• Counter measure will be in place to control ‘’Human 
triggering’’

9
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Conclusion on progressive failure risk

• North Spur Short and  Long Term Stability is a major concern for LCP team
• Current design has evolved over many years and has been based on 

substantial geotechnical data.
• Canadian Dam Association guidelines requirements are followed and 

exceeded in Dam safety. 
• Construction works will be followed to ensure that design objectives will 

be achieve. (Application of Observational Method)
• A special workshop was done with bidders to share our knowledge and 

concerns about stability concern.

10
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Hydrogeological Study, 3D model
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Purpose of the model(s)

• Develop a tool to define trigger in the Observational 
Method

• Simulate the behavior of both aquifers (Intermediate 
and Lower) during and after the two impoundments 
(25 and 39 m) 

• Simulate the effect of the two cut off walls
• Simulate the global effect of the stabilization works
• Consider the effect of the existing pumpwell system 

operation

12

CIMFP Exhibit P-02260 Page 42



13

Lower aquifer connection to the River on the downstream side of
the North Spur 

Feb. 2014, 12.85 m

NS-2A

Feb. 2014, 11.85 m
Sept. 2013, 4.45 m

Sept. 2013, 2.6 m
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North Spur3D model for Lower Aquifer

Model Area: 
1.5 Km(W-E) X 1.65 km (N-S) 

Soil layers: 
Lower Clay and Lower Aquifer

CIMFP Exhibit P-02260 Page 44



Lower aquifer model calibration

In-situ Measurement 3D FEFLOW Model

Existing Condition before Pump Testing in 1979
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Case Study-WL=25 and 39m, No Relief Wells 
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Case Study-Install Relief Wells in Lower Aquifer

10 Relief Wells, Φ30cm

Relief wells: A  to J
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Relief Wells
Relief wells to be installed in the 
lower aquifer at elevation -70 m 
(about 80 to 85 m deep)

Outlet elevation 7,0 m
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Case Study-Install D/S Relief Wells 

Hydraulic Head U/S, WL=25m Hydraulic Head U/S, WL=39m
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Hydrogeological model Conclusion

• Lower Aquifer
– Model perform good to represent: 

• Actual condition
• 1979 Pump Test
• Churchill Falls event (river raising 2,82m)

– After impoundment and installation of Relief wells
• Model show no impact for 25m and 39m impoundments

• Action
– We maintain the relief wells installation in the current CH0008 package.  
– Analysis of piezometric reaction of Lower Aquifer has to be done before 

making a final decision to install relief wells. (OM)
– Installation will be done, if required, after 1st impoundment. (OM)
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Intermediate Aquifer

FSL level, 39 m
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Intermediate Aquifer model
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Soil properties, Permeability (K) 

Layer 1  Upper Sand  K= 1x10-4 m/s. 
Layer 2  Silty Clay-1  k= 1x10-7 m/s. 
Layer 3  Upper Intermediate Silty Sand Drift  k= 8x10-6 m/s. 
Layer 4  Silty Clay-2  k= 1x10-7 m/s. 
Layer 5  Lower Intermediate Silty Sand Drift  k= 8x10-6 m/s. 
Layer 6  Clay  k=1x10-8 m/s. 

Pump wells
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Piezometer
location

24
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Response of Intermediate Aquifer to 
Impoundment (No Stabilization Works)

25

+1 m +7 m
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Installation of Cut off Walls (COWs) 

Plan Section of COWs

Penetration Depth in 
Clay is 2m 
( Base Case)
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Sensitivity Study of COWs Penetration Depth (L) in Lower Clay

L = 2 m, 5 m, 10 m. 
• No impact on the response of hydraulic heads in Intermediate Aquifer 

U/S
(L)
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Installation of U/S Till Blankets 

U/S Till Blanket (k=1x10-8 m/s)
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Installation of D/S Finger Drains 

3 Finger Drains based on the current design
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Existing Pumpwell System

30

- Existing access road (brown)
- Portage trail (green)
- Shoreline access trails (yellow)
- Elevation of main features
-Existing Pumpwell System (Red)

32 m

28 m

24m

60 m

17,5 m

3 m

143m

Existing Pumwell system
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Axis of Pumwell System

31
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Total Head Profiles in the Spur at U/S WL= El. 25 m
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Total Head Profiles in the Spur at U/S WL= El. 39 m
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Instrumentation
Existing Piezometers

New Piezometers

Trenched Cable

CIMFP Exhibit P-02260 Page 64



Hydrogeological model Conclusion 

• Intermediate Aquifer
– Model calibration require more effort, (10 scenarios).
– Blockage of D/S Surface has been selected to adjust the model. 
– A combination of multiple conditions can produce a realistic behavior. 

Observational Method has to be used during work progress.
– Based on the model, stabilization works will control adequately 

groundwater pressure and expected safety factor will be satisfy.
– Cut off wall penetration depth (2, 5, 10m) in lower clay deposit 

showed that there is no change in hydraulic head in the intermediate 
aquifer due to the penetration of the COW.

35
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Dynamic study
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Recommendations and Observations from 
Phase 1 Study (Prof. Leroueil, 2014)

• Slopes stability analysis seem to have a satisfactory factor of 
safety. Use existing slope to calibrate slope stability analysis 
evaluation. (done)

• Salinity profile changes with depth accordingly with physical 
properties of clayey deposit.

• Grain size analyses showed that there is no clean silt or sand 
material in the stratigraphy and there is no plasticity index 
smaller than 5%.

• Recommendation to prepare typical geotechnical profiles 
showing major properties of the soils. (done)
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Recommendations and Observations from 
Phase 1 study (Prof. Idriss, 2014)
• The North Spur stabilization works, if constructed as currently 

designed, will have a satisfactory performance against 
earthquakes.

• Seismic Hazard Study (2008) from Mrs. Gail Atkinson has to 
be updated. (done)

• With the updated Seismic Hazard Study, Cyclic Stress Ratio 
(CSR) and Cyclic Resistance Ratio (CRR) should be recalculated 
including all Cone Penetration Test (CPT) results. (done)

• A dynamic nonlinear analysis (FLAC computer program) 
should be conducted to assess the induced pattern of 
deformations. (done)
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SEISMICITY UPDATED REPORT
(ATKINSON, 2014)

39
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Update 2008 Earthquake Hazard Analysis (UHS)
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Input motion selection

• Representative accelerograms from databases for 2 scenarios:
– Near event with Mw 6.5, R= 100 km and Aria duration of 10 s;
– Far event with Mw 7.3, R= 400 km and Aria duration of 50 s;
– Recording of the Saguenay 1988 earthquake from stations located in 

the Saguenay region;
– Recording of the Nahanni 1985 earthquake;
– Accelerograms used in the preliminary dynamic study.

41
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2. Selection of Representative Input Motions
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Site response analysis

• Types of analysis
– Empirical methods for liquefaction and cyclic mobility assessment
– 1D Equivalent-linear method (Shake type analyses using EZ-Frisk)

Site Reponse module of EZ-Frisk, version 7.62, Fugro, 2011
– 2D Equivalent-linear method (Quake/W similar to Quad4Mu)

Quake/W module of GeoStudio Suite, version 8.12.3.7901, Geo-Slope 
inc., 2013;

– 2D non-linear method (Finite differences model using FLAC)
FLAC 2D, version 7.0.411, Itasca, 2011.
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Selection of 
Input Motions

• Short list for 
1D analyses of 
S1 (SCPT-11-13)

• Based on results
a final selection
7 input motions
for 2D Equivalent
linear analyses

44
-20

5

30

55

0 0,02 0,04 0,06 0,08 0,1

LE
VE

L,
 m

CSR, CRR
INPUT MOTION 

SELECTION
PROFILE TOP

WATER LEVEL = 15  m

Far TOS180

Far FER-T1

Far TAP035

Far PLC-UP

Far BRN090

Near A-H05-UP

Near SJC303

Near CHY111-V

Near TAP103-N

SAG08V

SAG16T

SAG17L

Nahanni S2330

Nahanni S3360

L04111

SHL090

GIL067

H-Z11000

CRR Sand

CRR Clay

CIMFP Exhibit P-02260 Page 74



45

Section 4

Section 13

Section 9

Section H
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1D Site Response Equivalent-linear analyses (section 13)
P1
Top Profile

P2
Toe Profile

Shallow bedrock
at El. -100 m

Deep bedrock
at El. -210 m

Sensitivity on 
bedrock depth
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Empirical Method

• The imposed seismic loading is represented by the Cyclic 
Stress Ratio (CSR) estimated using site specific dynamic 
response analyses. 

• The Cyclic Resistance Ratio (CRR) is estimated based on SPT or 
CPT tests for granular material and plasticity and undrained
shear strength for clay-like material.

• Magnitude Scaling Factor = 1
• Static shear stress correction factor, Kα (see Idriss and 

Boulanger, 2008)
– For sand-like material, Kα = 1.0;
– For clay-like material, Kα = neglected for 1D analysis and = 0,9 for 2D;
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1D equivalent-linear analysis
A soil or soft-rock column is defined by specifying soil properties such as 

maximum shear wave velocity and density. Then, an input motion applied 
to the bedrock (or any other layer) is propagated through the soil or soft-
rock column to produce a site-specific ground motion time history. The 
analyses are performed in the frequency domain using the total density of 
each sub-layer.

An equivalent-linear procedure is used to account for the non-linearity of the 
soil using an iterative procedure to obtain values of modulus and damping 
that are compatible with the equivalent uniform strain induced in each 
sub-layer (of the vertical profile) (Idriss and Sun, 1992).

Modulus Degradation and Damping
– For Sand - Seed & Idriss 1970:

• G/Gmax and Damping Average curves
– For Clay - Sun et al 1988: 

• G/GMax proposed for IP of 10-20%
• Damping average curve
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2D EQUIVALENT-LINEAR DYNAMIC ANALYSES

• A similar equivalent-linear iterative procedure is used then in 
1D equivalent analyses. However, the software is a finite 
element model solving in the time domain

• The same degradation curves as for 1D analyses were used in 
the 2D Equivalent-linear analyses 
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2D NON-LINEAR DYNAMIC ANALYSES
• The main characteristics of this model are:

– Solving in the time domain;
– Damping and shear modulus reduction are function of the 

shear strain in each element.
– Excess porewater pressure generation modeled and 

considered in analysis.
– Deformation and stresses induced by earthquake shaking 

considered in the dynamic response.
• the Mohr-Coulomb model has implemented  for the materials 

not susceptible to liquefaction and the UBC Sand model 
(Beaty and Byrne , 2011) for potentially liquefiable materials. 
For the other materials, hysteretic damping is added and 
adjusted to fit the modulus reduction and damping curves 
used in the 1D and 2D Equivalent-linear Analyses.
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1D EQUIVALENT-LINEAR ANALYSES
ANALYSES RESULT

• The 1D equivalent-linear analyses indicate 
adequate provision against liquefaction for 
granular material and cyclic softening for clay 
material.
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2D EQUIVALENT-LINEAR ANALYSES

• The analyses indicate that CSR for all the input 
motions are lower than the selected CRR 
profiles for liquefaction of sand-like material 
and for cyclic softening of clay-like material . 
This indicates that liquefaction and cyclic 
softening should not be an issue for Section 
13 and Section 9.
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2D NON-LINEAR DYNAMIC RESPONSE 
ANALYSES 

• Even if the 1D and 2D equivalent-linear analyses indicated no 
potential for liquefaction of the granular materials or 
potential for cyclic softening for the clay, Section 13 was 
submitted to 2D non-linear dynamic response analyses to 
assess the pattern of deformations that may be induced by 
the postulated earthquake ground motions as proposed by 
Prof. Idriss.

• The results  show displacements of the crest of less than 3 cm 
both horizontally and vertically, very little pore water increase 
and conditions at the end of shaking very similar to those at 
the end of the static equilibrium. 
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Dynamic study highlights

• From 2014 Atkinson updated report, the design earthquake 
(1:10 000) is lower than previously expected.

• 1D equivalent-linear analysis with revised time history 
earthquake confirm previous result for up and down hill 
location.

• 2D equivalent-linear analysis confirm the same results.
• 2D non-linear analysis  show deformation less then 3 cm, 

small pore pressure generation and no permanent 
deformation after the design earthquake.

• External experts will provide comments on study results
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Conclusion

• The results indicate no potential for liquefaction of the 
granular materials nor potential for cyclic softening for the 
clay. A cross-section was submitted to indicative 2D non-
linear dynamic response analyses. These analyses confirmed 
the findings of the equivalent-linear analyses. 

• Based on the findings of this complementary dynamic study, 
the North Spur integrity is not expected to be affected by the 
occurrence of the design seismic event . 
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General comments on complementary studies

• Complimentary studies conclusion (up to now) 
confirm design choices 

• Construction works will be followed 
(Observational Method) to ensure that design 
objectives will be achieved.
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