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ABSTRACT  The Evergreen Line Rapid Transit Project is an 11 km extension of the existing SkyTrain system in 
the Lower Mainland of British Columbia. Detailed performance-based design criteria and requirements for soil-
structure interaction analyses were outlined in the Project Agreement, which also mandated several stages of 
review by a Seismic Peer Review Panel, Owner’s Engineers, and checking by independent firms. This paper 
presents the seismic peer review process, design strategy and methodology used to provide robust structural 
solutions and satisfy project requirements for one of the elevated guideway structures supported on deep 
foundations. This structure extends from the bored tunnel approach structure, across a creek and an industrial 
chemical facility to tie into the at-grade guideway through Port Moody. Each pier is supported on a group of driven 
steel pipe piles filled with reinforced concrete. The subsurface soils consisted of loose sand and silty sand as well 
as low plastic silt layers that are likely to liquefy or undergo cyclic softening under seismic events. Lateral spreading 
exceeding 2 m was predicted for some locations. The large lateral spreading and differential displacements were 
accounted for in the structural design of the guideway structure, piers and pile foundations. Ground improvement 
to mitigate liquefaction was not used mainly because of the disruption it would cause to the chemical facility.  
 
 

Introduction 

The Evergreen Line Rapid Transit Project (ELRT) is 

an 11 km extension of the SkyTrain system through 

Burnaby, Coquitlam and Port Moody in the Lower 

Mainland of British Columbia, Canada (Fig. 1). The 

ELRT project is being delivered through a 

Design/Build/Finance model by Evergreen Rapid 

Transit Construction (EGRT, the Primary Contractor), 

an SNC-Lavalin Inc. company, to the Province of 

British Columbia (the Province).  

The ELRT consists of approximately 6 km of 

elevated guideway, 3 km of at-grade guideway, 2 km 

of bored tunnel, two cut-and-cover tunnel approach 

structures, seven stations, six propulsion power 

substations, and a vehicle storage and maintenance 

facility. The elevated guideway sections, which are 

supported on deep foundations, consist of two types 

of super-structure: precast segments (typical) and 

steel/concrete girders (special).  

One of the special structures, referred to as 

Section 320 (S320), extends from the North Tunnel 

Approach structure, across a creek and an industrial 

chemical facility to tie into the at-grade guideway 

through Port Moody (Fig. 2). Only structural solutions 

were used to resist liquefaction-induced 

displacements mainly because ground improvement 

would have caused unacceptable disruption to the 

chemical facility. However, the adjacent at-grade 

guideway was supported on improved ground using 

cement deep soil mixing (Hall et al., 2015).  

 

Fig. 1.  Site location.  

 

 
 



Fig. 2.  Site aerial photo. 
 

 
 

 

Design and construction of the S320 structure was 

on critical path as it had to be completed prior to 

launching the tunnel boring machine.  

Design and construction of this structure was 

subcontracted to SNC-Lavalin/Graham Construction 

Joint Venture (SGJV). Tetra Tech EBA Inc. (Tetra 

Tech EBA) was retained by SGJV to provide 

geotechnical design recommendations and 

construction support services. Numerical seismic 

analyses were undertaken by Naesgaard-Amini 

Geotechnical Ltd. (NAGL). The structural design of the 

elevated guideway structure and the abutments was 

undertaken by MMM Group Ltd. and SNC-Lavalin Inc., 

respectively.  

Project requirements 

Seismic Peer Review process 

The Project Agreement (PA) mandated several stages 

of review, checking, approval and/or acceptance:  

 Review and approval of the Seismic Design 

Strategy Memoranda (SDSM) for each structure 

(or structure type) by the Seismic Peer Review 

Panel (SPRP) 

 Review and acceptance of the Geotechnical 

Design Reports by the Owner’s Engineers 

 Checking and issuance of Design Certificates by 

independent firms for Category III Structures (e.g. 

a Guideway foundation in liquefiable soil) 

The SPRP consisted of one member appointed by 

the Province, one by the Primary Contractor, and the 

third selected by the first two members. The appointed 

members were two structural engineers and one 

geotechnical engineer. The PA also required the 

Province to appoint a representative to act as the 

facilitator.  

The SDSM was required to be based on a 

Capacity-Protected and performance-based design 

approach and had to include the following: 

 Assumptions and seismic design approach 

 Design strategy to meet required performance 

goals for each Seismic Performance Level 

 Any Permitted or Potentially Permitted 

Earthquake Resisting Systems (ERS) in seismic 

load paths, and the corresponding limits of 

inelastic response 

 Step-by-step detailed methodology and 

assumptions for analysis and design 

 Methodologies used to evaluate inelastic strains 

and deformation in any proposed ERS 

components 

 Component and foundation properties used in 

global dynamic analyses 

 Seismic ground motion input for each applicable 

Seismic Performance Level 

 The following in sufficient level to develop the 

seismic strategy: 

o Gobal modal characteristics of the structure, 

including primary modes of vibration with a 

minimum of 90% mass participation 

o Global seismic demands, including maximum 

deflections and displacements 

o Local component performance as determined 

in local substructure push-over analyses to 

demonstrate component performance 

compliance with the required performance 

goals 

 

The SPRP was required to focus on: 

 Adequacy of the geotechnical data and 

reasonableness of the assumptions to develop 

the geological and geotechnical models 

 Applicability of the computer software for ground 

response, soil-structure interaction analyses and 

modelling methodology 

 Appropriateness of the soil and structure input 

parameters 

 Appropriateness of the interpreted results for 

design of the foundations 

 

The PA also specified that design finalization and 

construction could not commence without prior 

approval of the corresponding SDSM. 

A total of 33 SDSMs were prepared for the project 

for all structures including elevated/at-grade 

guideway, tunnel, and stations. Regular weekly 

meetings were held with the SPRP for a period of 

about one year. 

The challenging aspect of the process was meeting 

the project design and construction schedule while 

preparing the required strategy level and detailed 

analysis/design components of the SDSMs for each 

structure. This process was concurrent with the 

progress of the geotechnical investigation program for 

the entire alignment and other mandatory detailed 

design and construction activities. 
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S320  

Structure 
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Structure 



Codes, standards and guidelines 

The following design codes, standards and guidelines 

were specified by the PA:  

 BC Ministry of Transportation and Infrastructure 

Bridge Standards and Procedures Manual, 

Volume 1, Supplement to CAN/CSA–S6–06 

 Canadian Highway Bridge Design Code, 

CAN/CSA-S6-06 

 ATC-32 Improved Seismic Design Criteria for 

California Bridges: Provisional Recommendations 

 ATC-49/MCEER Recommended LRFD 

Guidelines for the Seismic Design of Highway 

Bridges 

 AASHTO LRFD Bridge Design Specifications 

(2010) 

 Canadian Foundation Engineering Manual (2006) 

Seismic Performance Levels  

The PA required either 3 or 4 Seismic Performance 

Levels, as summarized in Table 1, to be met for each 

Seismic Event Level depending on the location. 

Generally, the 3-Level criteria were applicable to the 

elevated guideway structures and were more onerous 

than the 4-Level criteria that were applicable to the at-

grade sections through Port Moody.  
 
 

Table 1. Seismic Performance Levels. 

 

Seismic 
Event Level 

Seismic Performance Level 

3- Level Criteria 4-Level Criteria 

100-Year  Immediate Use 

475-Year  N/A Repairable 

975-Year  Repairable Life-Safety/ 

No-Collapse 

Subduction Repairable 

 

 

The PA defined the Seismic Performance Levels, 

as follows. 

Immediate Use 

All components must remain essentially elastic with no 

measurable damage, with the exception of Permitted 

ERS that can sustain limited minor damages capable 

of inspection and repair without disruption to 

passenger service.  

Repairable 

All components must remain essentially elastic with no 

measurable damage, with the exception of Permitted 

ERS. The only permitted repairable damage is as 

follows: 

(a) Damage as a result of inelastic response of a 

Permitted ERS must be limited to the 

permitted range as specified. 

(b) Damage to expansion joints must be limited 

as specified. 

(c) Structure must be restorable to its pre-

earthquake condition without replacement of 

primary structural members. 

(d) Permanent offsets (residual displacements) 

for gravity load carrying members not to 

exceed 0.5% or impede the required repairs. 

(e) Any permanent offset of retaining walls and 

embankments in close proximity to the 

Guideway not to impede any adjacent or 

dependent Existing Facilities from meeting 

their applicable performance criteria. 

(f) Earthquake-induced foundation movements 

or other foundation effects are acceptable if 

such effects can be repaired to restore the 

structure to full service. 

(g) Passenger service interruption for the 

inspection and immediate temporary repair of 

the structure must be limited to a period of no 

more than one month in total. 

(h) Permanent repairs to the Guideway must be 

limited to a repair period of no longer than 

three months. 

(i) Temporary repair components not part of the 

permanent repairs must be removed upon 

completion of the permanent repairs without 

further disruption to passenger service. 

 

Life-Safety/No-Collapse 

All components other than Permitted ERS must 

remain essentially elastic. Any damage to the 

Guideway must be limited to the Permitted ERS, and 

the damage to the Permitted ERS must be limited to 

the specified limits to ensure life safety and structure 

stability and to avoid structure collapse. The stability 

of the structure is required primarily to save the lives 

of the general public, and must correspond to the 

following permitted damage: 

 

(a) Damage to a Permitted ERS as specified. 

(b) Damage to an expansion joint, as specified, to 

be verified by calculations to avoid collapse 

with no loss of span and to achieve the life 

safety goal. 

Other requirements 

The PA also specified the following related to 

foundation design: 

 

 Foundations in soils that are likely to liquefy, or 

experience partial liquefaction (cyclic mobility) 



and/or undergo post-liquefaction movements, 

must be assessed using the site-specific ground 

response and soil-structure interaction analyses. 

 Perform soil-structure interaction analyses for 

foundation design using de-coupled methods of 

analyses as a minimum. 

 Inertial loading from the structure and the loading 

from ground displacements (e.g. settlements and 

lateral spreading) must be accounted for in 

foundation design. 

Structural requirements  

Performance-based seismic design outlined in the PA 

is primarily displacement-based and is a significant 

departure from the traditional force-based methods 

(Khan and Jiang, 2015). The PA specified two types 

of Earthquake Resisting Systems (ERS), as described 

below:  

Permitted ERS 

The Permitted ERS were limited to ductile 

substructure elements, such as columns, braced 

frames, and moment resisting frames along with base 

isolation and energy absorption devices. The design 

philosophy is to limit the inelastic response in the 

Permitted ERS to a specified range corresponding to 

each Seismic Performance Level. All other 

components were to be Capacity-Protected as per 

ATC-32 (1996) and remain essentially elastic.  

Potentially Permitted ERS 

The PA also stipulated that piles with minor inelastic 

response could be used as Potentially Permitted ERS, 

on a case-by-case basis along with demonstration of 

compliant performance, subject to acceptance by the 

Province.  

Global and local performance requirements 

Table 2 provides a summary of the global and local 

performance requirements for the 3-Level criteria. 

Major aspects of these requirements are described 

below: 

Pile inelastic response limits  

Pile inelastic response limits were not explicitly 

defined by the PA. Adopting the plastic rotation limits 

of steel and concrete piles given in ATC-49 for the 

Immediate Use Performance Level was proposed by 

the design team and approved by the SPRP. 

However, ATC-49 does not provide guidance for the 

Repairable Performance Level. The design team 

proposed and it was approved by the SPRP to limit the 

maximum plastic rotations of steel and concrete piles 

adjacent to pile caps under the Repairable 

Performance Level to approximately 60% of those 

prescribed in ATC-49 for the Life Safety Performance 

Level. 

Reinforcement strain limits  

The PA specified very stringent steel reinforcement 

(rebar) strain limits in the column plastic hinge zones. 

For example, the maximum allowable value for 35M 

bars for Repairable Performance Level was stipulated 

as 0.0086. No rebar yielding was allowed for the 

Immediate Use Performance Level. As design 

progressed, it became apparent that the stipulated 

strain limits were too onerous and conservative.  

Structural design based on such low strain limits 

would not only result in unnecessarily high rebar ratios 

leading to extreme congestion and construction 

difficulties but also create design difficulties for 

compliance with the Capacity-Protected design 

principles (Khan and Jiang, 2015). 

Recent research in the area of post-earthquake 

damage quantification (Priestly et al., 1996; Priestly et 

al., 2007) has indicated that rebar strain limits in the 

range of 0.01 to 0.015 for Immediate Use could be 

considered reasonable  

Through several rounds of discussions with the 

SPRP and the Province, it was agreed to use more 

practical limits than those specified in the original PA. 

A Request for Variance was submitted and approved 

with new rebar strain limits of 0.005 and 0.025 for the 

Immediate Use and Repairable Performance Levels, 

respectively.  

As part of agreeing to the revised strain limits, the 

SPRP required demonstrating that, at the Repairable 

Performance Level, the structure had 50% remaining 

capacity to the Life-Safety/No-Collapse Performance 

Level in terms of global displacement.  

Combination of kinematic and inertial loads 

The PA required consideration of both kinematic and 

inertial loads but did not specify if/how these should 

be combined. Numerical and experimental research 

(i.e. centrifuge tests) indicate that individual peaks of 

the inertial and kinematic loading effects do not occur 

simultaneously.  

ATC-49 recommends treating these two load 

cases completely independently of each other. 

However, Caltrans (2012) recommends combining 

100% kinematic loading with +/-50% inertial. Adopting 

the Caltrans (2012) approach was proposed by the 

design team and approved by the SPRP.  

Hence, three load cases were considered under 

seismic conditions:  

 

 100% inertial 

 100% kinematic 

 100% kinematic with +/- 50% inertial 
 



Application to S320 structure  

The S320 structure is an example of a structure where 

the foundation soils change from very stiff and 

competent till-like material to soft and liquefiable soils 

within a short distance along the alignment.  

Subsurface conditions  

Subsurface conditions through Port Moody are 

dominated by a series of overlapping, post-glacial 

debris fans, which originate from high ground to the 

south and extend across the alignment into Burrard 

Inlet, about 300 m north (Fig. 2). The ground slopes 

from south to north at about 6%, with the exception of 

the steeper slopes of Burnaby Mountain that extend 

from east to west and down to a creek. 

The soil profile consisted of fill of variable 

thickness, over loose to compact debris fan deposits 

(Salish Sediments), over marine silt and clay, grading 

with depth into glaciomarine deposits of sand, silt and 

gravel (Capilano Sediments), over very dense 

glacially overridden till-like deposits. Organics, wood 

fragments and shells, as well as cobbles and boulders 

were encountered in some testholes. Groundwater 

level ranged from 0.5 m to 2 m below grade. In 

addition, high artesian pressures up to 11 m were 

encountered within the deep till-like materials. Fig. 3 

shows the generalized subsurface soil profile. 

Table 3 presents the representative geotechnical 

design parameters. These were obtained based on 

in situ and laboratory test results. In situ methods 

included Standard Penetration Tests (SPT) with 

measured hammer energies in Mud Rotary holes, 

downhole shear wave velocity (Vs), and field vane 

testing, as well as Seismic Cone Penetration Tests 

(SCPT). Advanced laboratory testing included 

consolidation, monotonic and stress-controlled cyclic 

Direct Simple Shear (DSS) testing. The cyclic tests 

were performed under constant volume conditions, 

with and without static bias. 

Structural layout  

The structure is approximately 324 m in length. It 

consists of two abutments (A2-1 and A2-10) and eight 

piers (P2-2 to P2-9), spaced at intervals ranging from 

24 m to 39 m. The span between Abutment A2-1 and 

Pier P2-2 is simply supported. The spans from Pier 

P2-2 to P2-5, and from P2-5 to A2-10, form two 

continuous structures. Fig. 4 shows P2-2, A2-1, and 

the North Tunnel Approach structure during 

construction. 

The guideway deck comprises concrete panels 

supported on four pre-stressed concrete I-girders (Fig. 

4). The girders are supported on a pier cap beam on 

Table 2. Global and local component performance requirements for column and pile strain/rotation limits. 
 

Item Immediate Use Repairable 

Concrete εc = 0.004 (1) εcc: Mander confined (2) 

Reinforcing Steel εs = 0.005 (1) εs = 0.025 (3) 

Piles under Inertial Loading Capacity-Protected 

Piles under Liquefaction (Underside of Pile Cap)   

 Concrete θp = 0.01 (4) θp = 0.03 

 Steel θp = 0.005 θp = 0.02 

In-ground Hinging of Piles   

 Concrete θp = 0.02 θp = 0.02 

 Steel θp = 0.01 θp = 0.01 

Column to Pier Cap or Pile Cap Connections 

Capacity-Protected Pier Caps and Straddle Bent Beams 

Superstructure Components 

Bearing Seat Widths 
Sized to meet Clause 4.4.10.5 of CSA S6-06; to be checked 

against maximum analytical movements 

Expansion Joints 
Minimal damage permitted if 

service maintained 

Repairable damage permitted if 

localized 

Notes: 

1) εc and εs: Strain limits for concrete and steel, respectively. 

2) Concrete compressive strength, maximum strain, etc., according to Mander's model for confined concrete  

3) Horizontal displacement corresponding to the Repairable Performance Level steel strain limit to be no larger 

than 2/3 of the horizontal displacement capacity corresponding to the strain limits set out for the Life-Safety/No-

Collapse Performance Level in PA. 

4) θp: Plastic rotation limit (Radians) in a hinge element. 

               
 



a column centred under the guideway. Refer to Khan 

et al. (2015) for further details on the structural 

components. 

Pile details are summarized in Table 4. The piles 

were driven open-ended, cleaned out and filled with 

reinforced concrete.  

Features of structural solution 

The significant change in ground conditions from west 

to east, i.e. depth to till-like material and thickness of 

liquefiable/soft soils (Fig. 3), posed a major challenge 

for the foundation design and required that variable 

pile sizes be used in order to mitigate uneven 

distribution of the loading effects among the guideway 

bents.  

The effective design solution selected after various 

iterations was to use smaller diameter (4-762 mm) 

piles at the first pier followed by large diameter piles 

(2-1828 mm) at the following 3 piers (P2-3 to P2-5). In 

addition, the superstructure at the first pier was made 

discontinuous by employing a pinned articulation for 

the first span and an expansion joint for the second 

span.  

The general design approach was to incorporate 

more flexibility into the structural system thus avoiding 

a hard point and reducing the concentration of 

extremely high local demands due to liquefaction 

variability. Piers P2-6 to P2-9 were also in a highly 

liquefiable zone; however, the extent of liquefaction in 

this zone was not as variable and the less costly 

solution comprising 4-914 mm diameter piles was 

found to be adequate for these piers.  

Geotechnical design  

The main geotechnical design and construction 

considerations were: 

 Accommodating highly variable liquefaction-

induced lateral spreading displacements 

 Controlling high artesian pressures up to 11 m 

within the till-like materials  

 Construction impacts to the chemical facility 

 Dealing with obstructions (mainly boulders and 

glacial erratics) during pile installation 

Ground motions 

Table 5 presents the Peak Ground Accelerations 

(PGA) and spectral accelerations, Sa(T), 

corresponding to Site Class C as per BCBC (2006) for 

the three seismic events specified by the PA for this 

structure. The PA also provided the ground motion 

time-histories, which included three sets of one 

vertical and two horizontal components, except for the 

Subduction event with only one set. The PA required 

accounting for the effects of the simultaneous 

application of horizontal and vertical ground motions. 

The PA did not provide the Magnitudes (M) for 

these events. Table 5 presents the M values selected 

by the design team and approved by the SPRP, in 

consultation with Professor D. Anderson of the 

University of British Columbia (UBC), based on the 

deaggregation results provided by the Geological 

Survey of Canada.   

Fig. 3.  Soil profile.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
    
 
 
 

 

 
           
 



Ground response  

One-dimensional ground response analyses were 

performed based on the equivalent-linear total-stress 

approach using the program SHAKE2000 (Ordonez, 

2011). The site-specific ground response analyses 

were performed for five representative soil profiles 

referred to as Design Sections A to E. Two example 

cases are shown in Fig. 5. 

The following modulus degradation and damping 

curves were used: 

 Gravels: Rollins et al. (1998). 

 Sands: Seed et al. (1986), upper bound for 

modulus degradation and lower bound for 

damping. 

 Clay/Silt: Vucetic and Dobry (1991). 

 Till-like: EPRI (1993). 

Response spectra 

Site-specific response spectra for 5% damping were 

obtained from the ground response analyses as 

shown in Fig. 5. As per the requirements of the PA, 

the response spectra are the average response of six 

input motions for both the 100-Year and 975-Year 

events; and, the maximum response of the two input 

motions for the Subduction event.  

Liquefaction triggering  

Screening level liquefaction triggering analyses were 

undertaken using the simplified Seed-Idriss method 

(e.g., Youd et al., 2001; Idriss and Boulanger, 2008), 

but with Cyclic Stress Ratios (CSR) obtained based 

on project-specific ground motions and the program 

SHAKE2000.  

The Cyclic Resistance Ratio (CRR) was 

determined based on the measured SPTs, SCPTs 

and shear wave data. When using SCPT data, initial 

screening was conducted to identify the zones that are 

likely to show “sand-like” behavior. Subsequently, the 

CRR of sand-like materials was calculated according 

to the method outlined by Idriss and Boulanger (2008) 

with the appropriate fines correction. The fines content 

measured directly from sieve analyses were used to 

calibrate the SCPT data correlation with fines content.  

For “clay-like” soils, CRR was determined based 

on the cyclic tests (summarized in Table 6). According 

to the classification proposed by Bray et al. (2004), the 

clay/silt layers were classified as moderately 

susceptible or susceptible to liquefaction and cyclic 

mobility. 

Ground displacement 

Empirical methods 

Table 7 summarizes the free-field lateral spreading 

displacements estimated using the empirical methods 

developed by Youd et al. (2002 and 2009) and the 

semi-empirical method developed by Faris et al. 

(2006).  

Table 7 also presents the liquefaction-induced 

free-field settlements predicted using the Wu (2002) 

method for sands. For silts/clays, settlement was 

estimated based on the cyclic tests and also 

recommendations by Wijewickreme and Sanin (2010).  

 

Fig. 4.  P2-2, A2-1, and the tunnel approach structure. 

  

 

Table 3.  Representative geotechnical design parameters.  
 

Soil Description  (kN/m3) Vs (m/s) ’ (°) Su (kPa) St OCR 

Debris Fan and Shoreline Deposits 18 -19 90 – 270 33-35 – – – 

Marine 

Deposits 

Silty Clay and Clayey Silt 
17-18 160-250 30 

50-60 
3-5 

1.5-2.0 

Interlayered Silt and Sand 40 1.0 

Glaciomarine Deposits 18-20 220-370 35-38 – – – 

Till-like 21-22 400-660 40-45 – – – 

Notes:       

: Bulk Unit Weight  

Vs: Shear Wave Velocity 

’: Effective Friction Angle 

Su: Undrained Shear Strength 

St: Sensitivity 

OCR: Overconsolidation Ratio 
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FLAC analyses 

Two-dimensional dynamic analyses were performed 

using the computer program FLAC (Fast Lagrangian 

Analysis of Continua, Itasca, 2012) for comparison 

with empirical methods. The FLAC analyses provided 

insight into the modes, mechanisms and magnitude of 

lateral spreading displacement and its variation with 

depth (i.e. vertical profile).  

A recent version of the UBCSAND constitutive 

model, developed by Professor P. Byrne and students 

at UBC (Byrne et al., 2004; Naesgaard, 2011), was 

used to simulate the dynamic response of sands, silts 

and clays with potential for liquefaction, cyclic mobility 

or softening. This constitutive model accounts for non-

linear stress-strain response, variations in effective 

stress caused by build-up of pore water pressure, and 

degradation of stiffness due to seismic loading.  

The UBCSAND model was calibrated so a single 

element representing granular soils would liquefy in 

accordance with the Idriss and Boulanger (2006) 

triggering chart. For clay soils, the single element 

would yield at an undrained shear strength (Su) taken 

as 60 kPa in the main analyses and 35 kPa to 60 kPa 

in parametric analyses. The Su was assumed to 

weaken when strained beyond 5%. At 20% strain, the 

strength would drop to 80% of the Su; and, at 120% 

strain the strength would be 50% of the Su. 

A section transverse to the guideway alignment at 

approximately mid-way along the structure was used 

(Fig. 3). This section was approximately perpendicular 

to the topographic contours. The model was 

approximately 30 m deep, 1350 m wide and had 

19,200 elements (Fig. 6).  

Vertical and horizontal motions were applied 

simultaneously. In-profile horizontal motions at the 

depth of the base of the FLAC model were obtained 

from the SHAKE2000 analyses. Vertical motions were 

firm-ground outcropping motions provided in the PA. 

 

Soil input parameters were estimated based on 

in situ and laboratory tests. Groundwater above the 

marine clay-silt layer was taken as hydrostatic, 

whereas below the clay-silt layer, pore pressures were 

initialized as artesian. 

 

 

Table 5.  Spectral accelerations (g). 

 

Seismic 
Event 

PGA Sa(0.2) Sa(2.0) M 

100-Year 0.116 0.224 0.039 6.7 

975-Year 0.343 0.688 0.119 6.9 

Subduction 0.160 0.370 0.077 8.2 

 
 

Fig. 5.  Structural response spectra.  
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Table 4.  Pile group details.  
 

Abutment/ 
Pier 

Pile Diameter 
(mm) 

Wall Thickness 
(mm) 

Design Length 
(m) 

As-Built Lengths  
(min/max, m) 

As-Built Tip Elevation  
(max/min, m) 

A2-1 Shallow Foundation 

P2-2 4 x 762 16 20 18.5/21.2 -12.8/-15.5 

P2-3 2 x 1828 25 28 30.9/35.6 -26.4/-31.1 

P2-4 2 x 1828 25 28 33.8/36.5 -28.8/-31.6 

P2-5 2 x 1828 25 28 37.5/40.2 -32.6/-35.3 

P2-6 4 x 914 19 31 36.0/41.4 -29.6/-35.0 

P2-7 4 x 914 19 31 32.4/34.8 -26.3/-28.6 

P2-8 4 x 914 19 31 28.7/29.8 -22.5/-23.6 

P2-9 4 x 914 19 26 26.4/28.4 -17.7/-19.8 

A2-10 6 x 610 19 27 21.6/23.8 -16.7/-18.9 

           
 



 

FLAC results 

Fig. 7 shows the free-field lateral displacement profiles 

calculated using FLAC. Table 7 presents a 

comparison between FLAC and empirical methods. 

The analyses indicated a large portion of the lateral 

displacement would occur in the upper 2 m. Average 

lateral displacements of about 0.15 m and 1.5 m were 

calculated for the 100-Year and Subduction events, 

respectively. For the 975-Year event, these ranged 

from about 1.2 m to 3.5 m with an average of about 

2.2 m.  

 

Fig. 8a shows results of some sensitivity analyses 

to assess the impact of factors such as variations in 

SPT (N1)60 values, no groundwater flow (undrained 

response), undulations in the bottom of the clay-silt 

unit (see Fig. 6), ground densification, and vertical 

ground motion. These analyses did not show a large 

difference in the free-field displacements. Various 

earthquake records, however, had a pronounced 

effect, particularly for the 975-Year event (Fig. 7). The 

975-Year Landers NS record resulted in free-field 

displacements close to the mean of the suite of 975-

Year records; therefore, it was used for the parametric 

analyses.  

Table 6.  Summary of CDSS test results.  
 

Testhole 
Depth  

(m) 
’v0 

(kPa) 
CSR 

Static Bias 

(s/’v0) 

No. Cycles 

at  = 3.75% 

Post-Cyclic  
Su (kPa) 

Post-Cyclic  
Vertical Strain (%) 

MR12-S3-521 
17.9 140 0.171 0.081 4 50 1.5 

18.0 140 0.230 0 2 40 1.9 

MR12-S3-523 

8.4 75 0.288 0.080 15 37 1.4 

8.4 75 0.252 0 136 - 1.3 

8.4 75 0.337 0 32 - 0.8 

MR12-S3-524 

11.2 93 0.259 0.086 >100 36 0.5 

11.1 92 0.300 0 54 - 0.5 

10.9 91 0.350 0 4 - 0.6 

10.8 94 0.290 0.085 4 25 0.8 

           

Fig. 6.  FLAC model layout.  
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Fig. 8b shows a comparison between the free-field 

displacement with and without ground densification. 

Densification did not greatly reduce the displacements 

but resulted in a more gradual distribution near 

surface. 

 

 

Fig. 8.  FLAC sensitivity analyses.  

 

 
 

 

Parametric analyses were also performed for the  

Su of the clay/silt unit. The Su values derived from the 

SCPT data ranged from about 32 kPa to over 60 kPa. 

The calculated displacements were relatively 

insensitive to shear strengths in this range. However, 

if significant strain-weakening was allowed to occur, 

then a flow slide would be initiated during a 975-Year 

event for Su of 35 kPa or less. This level of strain-

weakening was considered unlikely. 

 

 

 

The lateral spreading displacement estimated from 

FLAC and the empirical/semi-empirical approaches 

are in reasonable agreement and within the accuracy 

limits of the methods, except for the Subduction 

seismic event in which the Youd et al. (2002, 2009) 

predictions are smaller than FLAC and Faris et al. 

(2006) predictions. 

Differential displacements  

Because of the time-consuming nature of the FLAC 

analyses, the spatial variability and differential 

displacements were estimated using empirical 

methods (Youd et al., 2002, 2009; and, Faris et al., 

2006) and the available testhole data (e.g. SPT, 

SCPT) across the site. The inferred spatial variability 

was then applied to the mean displacements obtained 

using FLAC (which used a section in the central area 

of the site) to establish the range of differential 

displacements along the alignment.  

Fig. 9 shows the recommended profile for 

differential displacements. This profile was developed 

based on engineering judgment and considered the 

ground slope and soil conditions as follows (see also 

Figs. 3 and 9): 

 The west Abutment A2-1 is founded on competent 

till-like soils (not susceptible to liquefaction) with 

nominally negligible lateral displacement. 

 Ground slope and soil stratigraphy along much of 

the alignment (P2-3 to A2-10) is similar; however, 

soil is not expected to move as a congruent mass 

so some differential displacement would likely 

occur. 

 Near Pier P2-2, the till-like layer is shallower and 

the upper loose to medium dense sand layer is not 

as thick as the rest of the alignment.  
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Fig. 7.  FLAC horizontal displacement (m).  

 

 
           



 

Therefore, it was estimated that the displacement 

near Pier P2-2 and A2-10 would be about 60% and 

75% of the lateral displacement from the FLAC 

analyses, respectively. A scatter of +/- 20% was also 

considered for Piers P2-3 to P2-9. Displacement in the 

east-west direction (longitudinal to the alignment) was 

considered as 15% of the south-north (transverse) 

direction. 

Due to the complexity of the problem and 

approximations in the methodology and assumptions, 

these estimates are subject to significant uncertainty. 

Soil-structure interaction  

Undertaking soil-structure interaction analyses for 

both non-liquefied and liquefied cases was a tedious, 

highly iterative and time-consuming process because: 

 Modelling soil non-linearities (p-y curves) and 

material non-linearities (plastic hinges in columns 

and piles) along with occasional numerical 

instabilities required extensive computation times.  

 Modelling of in-ground plastic hinges was an 

iterative process as the location of such a hinge is 

unknown at the outset. 

 Due to non-uniform lateral spreading, high 

variability in soil strength and stringent structural 

performance requirements, variable foundation 

and column strength/stiffness had to be applied in 

conjunction with suitable superstructure 

articulation to ensure compliance with design 

criteria. 

Non-liquefied case   

Only inertial loading effects were considered for the 

non-liquefied case. Non-liquefied compliance springs, 

i.e. p-y, t-z, q-z curves, representing soil-pile 

interaction were incorporated in a three-dimensional 

structural model. Response spectrum analysis was 

carried out with the initial spring stiffness and iterated 

until displacement-compatible secant stiffness for 

each spring was found. Global displacements for each 

bent were thus determined.  

Local element performance was determined using 

push-over analysis in the transverse direction. System 

push-over analyses were carried out in the 

longitudinal direction. Piles were designed as 

Capacity-Protected elements under the inertial 

loading. 

Liquefied case      

Both kinematic and inertial loading effects were 

considered for the liquefied case using compliance 

springs compatible with the liquefied assumptions and 

lateral spread displacement profiles obtained from the 

FLAC analyses. 

Two-node non-linear spring elements were used in 

the kinematic analysis. Separate kinematic and 

inertial loadings were investigated using global three-

dimensional structural models. Lateral spread values 

were applied to the foundations via the fixed end of the 

soil spring elements, thus imposing the ground 

deformation forces through the non-linear spring 

stiffness.  

Table 7.  Estimated post-seismic free-field lateral displacement and settlement (m). 
 

Seismic 
Event 

Mode Method 
Design Section 

A B C D E 

100-Year 
Lateral 

Youd et al.  0.1 0.2 0.1 0 0.1 

Faris et al. 0.2 0.1 0.15 0.25 0.1 

FLAC (average) - 0.13 - - - 

Settlement Wu, Wijewickreme-Sanin  < 0.05 < 0.1 < 0.1 < 0.1 < 0.05 

975-Year 
Lateral 

Youd et al. 1.0 1.3 1.3 1.3 0.5 

Faris et al. 0.9 1.4 1.4 1.3 0.7 

FLAC (average) - 2.2 - - - 

Settlement Wu, Wijewickreme-Sanin 0.15 0.30 0.30 0.30 0.15 

Subduction 
Lateral 

Youd et al.  0.1 0.15 0.1 0.15 0.10 

Faris et al. 1.0 1.7 1.0 1.45 0.7 

FLAC (average) - 1.6 - - - 

Settlement Wu, Wijewickreme-Sanin 0.15 0.30 0.30 0.30 0.15 

Notes: 

According to Youd et al. (2002, 2009), the actual lateral displacement is likely to vary between 0.5 to 2 times the estimate. 

According to Faris et al. (2006), the probability of exceeding the estimate is 50%. 

           
 



 

After determining pile cap and column top 

displacements under kinematic loading alone using 

the global model, 50% of the inertial displacements 

were superimposed with the 100% kinematic 

displacements in a local stand-alone model for each 

bent in order to obtain the combined loading effects. 

The key was to ensure that the force and 

displacement state at the end of kinematic loading 

was appropriately captured for each bent location 

before imposing the inertial deformation onto the bent.  

Fig. 10 shows deformed shapes of the structure 

from a global longitudinal push-over analysis and a 

local model incorporating kinematic and inertial 

loading.  

 

Pile design 

Axial pile resistance 

The axial pile resistances were estimated using the 

standard methods referenced in CAN/CSA S6-06, 

CFEM (2006) and API (2005); and therefore, are not 

discussed in this paper. Resistance factors given in 

Table 8 were used for various cases of loading or 

estimation method. 

Downdrag effects were considered for structural 

design of the piles. For seismic design, the drag loads 

were considered to be similar to the non-liquefied 

shaft friction because of the inherent uncertainties in 

predicting liquefaction and because soil tends to 

regain its strength due to dissipation of excess pore 

Fig. 9.  Differential displacement profile (975-Year).  

 

 
 

Fig. 10.  Deformed shape of the structure in longitudinal system push-over analysis (left). Deformed shape of a 

pile group under combined kinematic and inertial loading (right). (The pink dots show the various plastic hinge 

locations at the ultimate displacement levels.)  
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pressures (Boulanger and Brandenberg 2004; 

Fellenius and Siegel 2008). 

Lateral pile response  

The program LPILE (Ensoft, 2012) was used to 

calculate non-linear p-y curves for piles in non-

liquefied ground condition. The p-multiplier approach 

(Ashford et al., 2010; Caltrans, 2012) was used to 

account for the effect of seismically induced excess 

pore water pressure. Soil layers with excess pore 

water pressure ratios (Ru) greater than 0.7 in the FLAC 

model were considered as liquefied. For layers with Ru 

less than 0.7, p-y curves were softened proportionally. 

A p-multiplier of 0.8 was used for the silt/clay layer. 

Fig. 11 presents an example case for the p-multiplier 

profile, accounting for excess pore water pressure 

generation.  

Group Reduction Factors (GRF) for lateral loading 

were determined based on the method outlined by 

Mokwa and Douglas (2001). A GRF of 1.0 was used 

for liquefied layers. A GRF of less than one was only 

applied to soils with Ru less than 0.5. A sample set of 

p-y curves (from 4 m depth) is shown in Fig. 12. 

The p-y curves of the pile cap and soil crust were 

derived assuming no reduction in shear strength. 

However, migration of excess pore pressures from 

underlying liquefied layers will likely soften the 

response of surface layers. 

In some cases pile lengths were governed by 

lateral loads.  

 
 
 

Fig. 11. Ru from FLAC (975-Year) and p-multiplier.  

 
 

Fig. 12. Sample p-y curve. 
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Table 8.  Summary of geotechnical resistance factors for deep foundations.  
 

Application 
Resistance Factor 

Static Design  

 Dynamic Penetration Tests including SPT, BPT and DCPT  

  Compression 0.35 

  Tension 0.25 

 CPT and BPT or SPT with Dynamic Monitoring and CAPWAP  

  Compression 0.45 

  Tension 0.35 

 With 5% of the piles subjected to dynamic testing 0.5 

 With static load testing for each representative soil profile 0.6 

 With static load testing for each representative soil profile and instrumentation 

to measure distribution of resistance. 
0.7 

Seismic Design  

 Immediate Use Performance, 100-Year event Same as Static Design 

 Repairable Performance, 475-Year and Subduction events 0.7 

 Repairable Performance, 975-Year event 0.8 

 Life-Safety/No-Collapse Performance, 975- and 2475-Year events 1.0 

           
 



Summary and conclusions 

A multi-level performance-based seismic design 

approach was used for the ELRT project. Design 

criteria set out in the Project Agreement (PA) 

mandated a Seismic Peer Review process and 

approval of Seismic Design Strategy Memoranda 

(SDSM) before commencement of the detailed design 

and construction.  

Although design codes have evolved to incorporate 

performance-based design concepts and philosophy, 

there is not a clear-cut design approach and 

methodology for seismic soil-structure interaction 

analysis. Differences in professional opinions and 

findings of ongoing research published in technical 

papers add to the complexity. 

The Seismic Peer Review process was beneficial 

in addressing contentious issues on a project-specific 

basis; however, it was time-consuming and added to 

schedule uncertainty. The process was particularly 

advantageous for the S320 structure due to the 

challenging design issues resulting from difficult 

ground conditions involving large and variable 

liquefaction-induced lateral spreading. However, the 

process was less effective for structures that did not 

have unusual design issues. 

Because ground improvement was not considered 

a feasible design option for the S320 structure due to 

unacceptable impacts to an existing industrial facility, 

innovative design methods were utilized. The 

innovative design consisted of providing foundation 

flexibility by using variable pile sizes to avoid creating 

a hard point in the structural system. Variable column 

sizes and reinforcement were also used to achieve 

favourable global behaviour. Superstructure 

articulation and continuity (or discontinuity) was 

advantageously incorporated to help with the global 

structural behaviour.  

Design and construction of the S320 structure was 

successfully completed in 2014. 
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