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ABSTRACT 
A nearly 1 km section of the Evergreen Line Rapid Transit (ELRT) project in Great Vancouver, BC, comprised a 
Mechanically Stabilized Earth (MSE) embankment supported on ground improved by driving timber piles. This section of 
the ELRT runs through the Canadian Pacific Railway (CPR) cut in the City of Port Moody. A grade difference of up to 
10 m exists between the ELRT and CPR alignments. The subsurface conditions along the alignment included variable 
fill, debris fan, marine, glaciomarine and till-like deposits. The primary geotechnical design and construction issues were: 
liquefiable soils, settlement of MSE embankment and track slab, very wet groundwater conditions, obstructions, impact 
to adjacent CPR tracks, and extremely limited right of way for construction activities. 
 
Performance-based design was specified in the project requirements. Ground improvement by timber piles was selected 
after a review of several options including deep soil mixing and densification by stone columns. Performance criteria 
were the basis of design parameters such as pile spacing. The majority of the section required ground improvement 
except for a portion where soils could be treated by excavation and compaction to provide a suitably stable subgrade for 
the MSE embankment supporting the track slab.  
 
Coupled seismic deformation analyses were performed using the program FLAC and the UBCSAND constitutive model, 
and were selected as the design basis. Comparisons were made to analysis results from simplified approaches. The 
focus of this paper is on the soil-structure interaction analysis of the ground improvement by timber piles, rather than the 
MSE wall internal design.  
 
The timber piles were unpeeled, untreated, and installed on a 1.2 m square grid over a nominal width of about 10 m. 
Nominal pile length was about 15 m. Installation of some of the piles required pre-drilling through dense soil and/or 
gravel layers. Top of the piles had to be maintained at a depth of 0.6 m below the permanent groundwater level to 
protect against degradation. Laboratory tests were performed to confirm properties specific to the type of timber used. 
 
 

1 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 (Figure 1).  

 

 
Figure 1. Site Location. 

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.  

A nearly 1 km section of the project runs through the 
Canadian Pacific Railway (CPR) cut in the City of Port 
Moody (Figure 1). Along this section, the guideway track 
slab is founded on a Mechanically Stabilized Earth (MSE) 
embankment supported on ground improved by driving 
timber piles (Figure 2).  

The primary geotechnical design and construction 
issues included the following:  

 loose debris fan deposits that are potentially 
liquefiable or subject to cyclic mobility and can 
result in slope instability;  

 settlement of MSE embankment and track slab 
due to fine-grained soils;  

 challenging groundwater conditions;  

 obstructions (cobbles, boulders and buried logs 
or stumps) causing delays and difficulties during 
ground improvement;   



 

 

 impact to adjacent CPR tracks and other 
facilities; and,  

 extremely limited right of way for construction 
activities. 

Several ground improvement options were 
considered, which included densification (vibro-
replacement by stone columns), cement deep soil mixing 
(CDSM, see Hall et al., 2015) and driven timber piles. 
Timber piles were selected as the preferred option for this 
section of the ELRT. One of the key considerations for the 
use of timber piles was the need to keep their tops below 
the permanent groundwater level to meet the durability 
requirements. Local experience indicates that untreated 
timber piles installed below permanent groundwater level 
meet the 100-year design life required by the Project 
Agreement (PA). 

The timber piles were unpeeled, untreated, and 
installed on a 1.2 m square grid over a nominal width of 
about 10 m. Nominal timber pile length was about 10 to 
15 m. Piles were driven and cut-off at 0.6 m below the 
permanent groundwater level. Piles were not spliced. 

 

 
Figure 2. Guideway, MSE wall and timber piles. 

2 SUBSURFACE CONDITIONS 

Figure 3 shows the soil profile along a portion of the 
alignment where timber piles were used. The profile 
consists of fill, over sandy debris fan, marine and 
shoreline deposits grading eastwards into finer-grained 
alluvial deposits, over post-glacial deltaic/marine silty clay 
and silty glaciomarine deposits, over very dense till-like 
deposits (Pellett et al., 2016). Groundwater is about 2 to 
3 m below the original ground surface, with seepage 
occurring in the face of the pre-existing CPR cut slope. 
Artesian pressures up to about 8 m above ground surface 
occur in the glacial materials below the marine silty clay.  

3 SEISMIC PERFORMANCE REQUIREMENTS 

3.1 Performance Levels 

Azizian et al. (2015) present the seismic design 
requirements used for the ELRT project. The PA required 
either 3 or 4 Seismic Performance Levels to be satisfied 
for each Seismic Event Level as summarized in Table 1. 

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, including where 
timber piles and MSE embankment were used.  
 

 
 Figure 3. Soil profile. 
 

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 also specified the following related to the 

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. 

 Soil-structure interaction analyses for foundation 
design should be performed using de-coupled 
methods of analyses as a minimum. For select 
sections of the ELRT (including where timer piles 
where used) coupled analyses were also 
required to confirm the results of the de-coupled 
analyses. In a de-coupled analysis, the dynamic 
response of the soil is estimated separately from 
the response of the structural elements. The 
structure has no impact on the ground response 
in this type of analysis. In contrast, a coupled 
analysis uses a single model incorporating both 
the soil and structural components and allows 
direct interaction between these elements 
throughout the analysis.  

 Inertial loading from the structure and the loading 
from ground displacements (e.g. settlements and 
lateral spreading) must be accounted for in 
foundation design. 



 

 

3.2 Allowable Displacements 

Allowable displacements listed in Table 2 were developed 
based on discussions with designers from other 
disciplines (structural, guideway tracks, MSE wall) and 
approved by the Owner and Seismic Peer Review Panel 
of the project (see Azizian et al., 2015). A differential 
lateral displacement limit of 500 mm over 30 m (1 in 60) 
was also required for the 475-Year and Subduction 
events (repairable performance). 
 

Table 2. Allowable Lateral Displacement at Guideway (m) 

Seismic Event Allowable Displacement (m) 

475-Year 0.5 m 

975-Year 1.5 m 

Subduction 0.75 m 

4 COUPLED FLAC ANALYSIS 

Coupled soil-structure interaction analyses were 
performed using the computer program FLAC v. 7 (Itasca, 
2011). FLAC analyses were performed at two locations: 
ST 522+100 and ST 522+500, as shown in Figure 3. 
FLAC analyses were also performed for other sections of 
the ELRT project (Azizian et al., 2015; Hall et al., 2015). 
These analyses estimate the seismic response of two-
dimensional (2D) cross sections aligned perpendicular to 
the guideway alignment. The key factors affecting the 
estimated displacements are the slopes of the existing 
CPR cut, the liquefaction susceptibility of the debris fan 
(DF) soils, and the potential strain softening of clays. 

 

 

 
 

Figure 3. FLAC models. 
 

4.1 FLAC Analysis Stages  

Four loading stages were considered in the analyses:  
1) original static conditions prior to construction, 2) 
construction of the ground improvement (timber piles) and 
MSE wall, 3) site response to the earthquake motion, and 
4) post-earthquake response.  

As the internal structure of the MSE wall had not been 
designed at the time of the analyses, the global wall 
behavior was approximated by representing the wall in 
the analysis as a block of strong soil. 

The earthquake analysis was performed using free-
field and compliant base boundary conditions. Both 
horizontal and vertical components were applied to the 
bottom of the model as scaled shear stress and normal 
stress histories. Undrained loading was assumed in 
saturated soils unless indicated.  

The earthquake analysis was performed in the time 
domain and allowed to run for the full extent of the defined 
motion. The analysis was then continued for an additional 
8 seconds of dynamic time without any imposed base 
motion. This additional time allowed for continued decay 
of the dynamic response prior to initiating the post-
earthquake analysis.  

The post-earthquake analysis assesses the increase 
in displacements that may occur if the strength of liquefied 
zones is limited to the estimated value of residual 
strength. All zones using the UBCSAND model (see next 
section) were evaluated for liquefaction triggering by 
assessing the maximum excess pore pressure ratio (Ru) 
and the maximum induced shear strain during the 
earthquake loading. UBCSAND zones were considered 
liquefied if the maximum value of Ru exceeded 0.75 or if 
the final shear strain was greater than 15%. Since nearly 
all of the saturated debris fan zones exceeded one or 
both of these criteria after the imposed shaking, the 
analyses assumed that all debris fan zones were liquefied 
for the post-earthquake analyses. 

All liquefied UBCSAND zones were converted to the 
Mohr-Coulomb (MC) model at the start of the post-
earthquake analysis. Strength and stiffness parameters 
consistent with the estimated residual strengths were 
assigned to these zones. The analysis was continued in 
dynamic mode until the MSE wall stabilized and the 
guideway displacements no longer increased. No 
additional pore pressure generation was allowed in the 
clay zones during the post-earthquake analysis, although 
strain softening as a function of maximum shear strain 
was still modeled. 

4.2 Constitutive Models 

Five constitutive models were used for the analysis as 
listed in Table 3. The elastic and Mohr-Coulomb (MC) 
models of FLAC were used with stress-dependent 
stiffness properties.  

UBCSAND is a 2D effective stress plasticity model 
developed primarily for saturated sand-like soils having 
the potential for liquefaction under seismic loading (e.g., 
sands and silty sands with a relative density less than 
about 80%). The model adopts a hyperbolic relationship 
between shear stress ratio and plastic shear strain for 
loading and estimates the plastic volumetric response 
using a flow rule that is a function of the stress ratio. 

ST 522+100 

ST 522+500 



 

 

Details of the model are described in Beaty and Byrne 
(2011) and Byrne et al. (2004). The 904aR version of 
UBCSAND was used. This version addresses the 
influence of the initial static shear stress on liquefaction 
behavior in a more thorough manner than previous 
versions. 
 

Table 3. Constitutive Models  

Soil Group Static During  EQ Post-EQ 

Debris Fan MC UBCSAND MC 

Deltaic-Marine Clay MC Hyper-U MC 

Glaciomarine MC Hyper Hyper 

Till-Like Elastic Elastic Elastic 

MSE Elastic Elastic Elastic 

MSE Backfill MC Hyper Hyper 

Fill MC Hyper Hyper 

Note: “Hyper” indicates the Hyper-U model was used without 
pore pressure generation. 

 
Hyper-U is a non-linear model capable of simulating 

key aspects of the cyclic behavior of silts and clays. The 
Hyper-U model combines aspects of the UBCHYST 
model for hysteretic behavior (developed by Prof. P. 
Byrne and Dr. E. Naesgaard at UBC) and the UBCTOT 
model for evaluating pore pressure generation and 
softening behavior (Beaty and Byrne, 2008). The 
UBCHYST portions address the hysteretic response of 
the soil while the UBCTOT logic is used to model pore 
pressure generation, stiffness reduction with effective 
stress changes, and strength loss related to strain 
accumulation. An early version of this model was used in 
the evaluation of Tuttle Creek Dam (Stark et al., 2012).  

4.3 Material Properties 

4.3.1 Sands 

The material parameters for the UBCSAND model 
were based on a set of generic material parameters 
(Beaty and Byrne, 2011). These generic parameters were 
developed from typical laboratory data and empirical 
relationships; and, they are presented as a function of the 
corrected clean sand blowcount (N1)60cs (a proxy for 
relative density and liquefaction susceptibility). Figure 5 
shows the (N1)60cs values used in the FLAC models. The 
generic parameters produce liquefaction characteristics in 
UBCSAND that are generally consistent with the 
relationships in Youd et al. (2001).  

4.3.2 Clays  

A SHANSEP-type approach was used to assign 
undrained shear strength (Su) to clay zones based on 
Over-Consolidation Ratios (OCR) inferred from in situ 
tests. Peak undrained strengths of 60 to 80 kPa were 
used for the deltaic/marine clays and 45 kPa for the upper 
clay layer. A multi-linear trend was used for the reduction 
of shear strength as a function of shear strain and 
remolding: Su was used from 0% to 5% strain, decreasing 
to 0.8xSu at 10% strain, and 10 kPa at 200% strain. 
These strains limits are considered appropriate for this 
analysis but are uncertain. The field response of clays 
during strain softening and remolding is dependent on the 

localization of strains and this behaviour is not easily 
defined. Analysis estimates are also dependent on the 
size and orientation of the elements in the grid (Beaty and 
Dickenson, 2015).  

 
 

 

 
Figure 5. (N1)60cs values used in FLAC 

 
 

4.3.3 Calibration to Laboratory Tests on Clays  

The calibration of the Hyper-U model used the results 
from monotonic and cyclic Direct Simple Shear (DSS) 
tests on clay samples. The accumulation of shear strain 
with number of load cycles was found to occur at a 
relatively uniform rate in the DSS tests prior to the onset 
of strain softening behavior. The Hyper-U calibration 
focused on achieving a rate of strain accumulation with 
load cycles comparable to the laboratory test results.  

4.4 Pile Elements 

The standard pile element in FLAC was used to 
represent the timber piles. This element follows the 
standard beam formulation with the elastic bending 
stiffness governed by EI, where E is the modulus of 
elasticity and I is the area moment of inertia. The soil grid 
interacts with the pile elements through interface springs 
attached to the nodal points. Each pile element was 
subdivided into enough sub-elements to ensure 
approximately 1 pile nodal point for every soil element 
along the pile alignment.  

Analyses were performed that assumed either uniform 
pile diameters (254 mm) or tapered piles (350 mm butt 
diameter and 230 mm tip diameter) with E = 1.03e7 kPa. 

The pile elements behave as linear-elastic structures 
until the maximum moment capacity is reached at any 
node. A plastic hinge is then formed which allows for 
concentrated rotation to occur without any increase in 

ST 522+500 

South 

ST 522+100 

South 



 

 

moment. Plastic hinges can develop only at the nodal 
points, and more than one hinge may develop in each 
pile. The plastic moment capacity was based on previous 
testing of full-size Douglas Fir timber piles performed by 
Lee et al. (1994). Moment-curvature relations developed 
from these laboratory tests are shown in Figure 6. These 
curves suggest a representative (median) value of peak 
moment of about 75 kN-m for a 270 mm diameter pile. 
For the FLAC analyses, this median estimate was 
adopted and adjusted to the actual pile diameter. For 
example, adjusting to a pile diameter of 254 mm results in 
a peak moment of 62 kN-m. The adjustment factor for 
moment capacity is equal to the ratio of the diameters 
raised to the power of 3. 

Lee et al. (1994) also obtained moment-curvature data 
from 3 field tests, as shown on Figure 7. The field piles 
were installed to a depth of 9 m, axially loaded with 89 kN, 
and laterally loaded at the top of the pile after fixing the 
pile cap against rotation. The soil along the upper 4 m of 
the pile was excavated and replaced with bentonite slurry 
to simulate the resistance of a liquefied surface layer. 
These moment-curvature relationships suggest the timber 
piles may have a somewhat ductile response when 
loaded under field conditions. 

 

 
Figure 6.  Moment-curvature relationships from laboratory 
tests of 28 timber piles (Lee et al., 1994). 
  

 
Figure 7.  Moment-curvature relationships from field tests 
of 3 timber piles (Lee et al., 1994). 
 

4.5 Pile-Soil Coupling Springs 

Coupling springs are used to connect each pile sub-
element to the soil grid. One set of springs act along the 
surface of the pile and simulates shaft behavior 
(longitudinal spring) and the other spring acts normal to 
the surface and simulates the lateral response (normal 
spring). 

In common pile analyses, P-Y springs are used to 
represent the complete behavior of the lateral pile-soil 
interaction at discrete points along the pile. Since the 
FLAC analysis models the global behavior of the soil, the 
function of the coupling spring is to simulate the soil-pile 
behavior in the immediate vicinity of the pile including the 
ability of the pile to move laterally through the soil.  

Normal coupling springs are defined by their stiffness 
and maximum strength. The strength is equal to the 
maximum lateral resistance that can be applied to the pile 
from the soil. The maximum capacity of the clayey soil 
was estimated using the P-Y curve definition by Matlock 
(1970) as described in Tomlinson and Woodward (2008). 
For sandy soil, and no liquefaction around the pile, the 
maximum lateral capacity was estimated using the P-Y 
curves defined by American Petroleum Institute (API, 
1987). Based on the work of Armstrong et al. (2013), the 
stiffness of the coupling springs was set equal to twice the 
initial stiffness from the P-Y relationship.  

The longitudinal spring simulates the interaction 
between the pile and soil in a direction parallel to the pile 
alignment. An approximate value of 23° was used for the 
interface friction angle in sandy soils. Since a frictional 
strength is used, the interface resistance can become 
small when the pile crosses a liquefied zone with high 
excess pore pressures. 

The interface strength between the pile and clayey 
soils was estimated using the approach recommended by 
the API as described in Reese and Van Impe (2011). This 
approach defines the interface strength as a function of 
the undrained strength of the soil, the undrained strength 
ratio, and the slenderness ratio of the pile. Since the 
vertical soil-pile interface stiffness is not considered a 
significant issue in this analysis, the longitudinal spring 
was assumed to be stiff in relation to the representative 
stiffness of the soil elements. 

4.6 Post-liquefaction Settlement of Sands 

The FLAC analyses do not directly simulate the 
volumetric strains due to post-liquefaction consolidation of 
the sandy soils. Much of this settlement may result from 
re-sedimentation of the soil grains following liquefaction, 
which is a mechanism not addressed by models such as 
UBCSAND 904aR. The resulting settlements were 
estimated for selected analysis cases using the approach 
described by Idriss and Boulanger (2008) and based on 
the work of Ishihara and Yoshimine (1992). This work 
relates the estimated volumetric strain due to 
consolidation to the maximum shear strain induced by the 
earthquake and the relative density (or (N1)60cs) of the 
sand or silty sand. This is a common but approximate 
application of this approach.  The reconsolidation 
settlements of the clayey soils were assumed to be minor. 

 



 

 

The total amount of consolidation settlement at the top 
of the MSE wall depends on a number of factors including 
the complex interaction between the piles and the soil. 
Settlement of the soil adjacent to the piles may transfer 
vertical load to the piles through downdrag. Although the 
pile taper should reduce the impact of downdrag for 
vertical piles, significant downdrag may still occur if the 
pile has rotated. For these reasons, the total consolidation 
settlement at the base of the MSE wall was assumed to 
be equal to the estimated settlement of the entire sand 
column beneath the MSE wall.  

The vertical displacement from FLAC and the 
estimates of settlement due to post-liquefaction 
consolidation were added together to obtain the final 
estimate of total earthquake-induced MSE wall 
settlement.  

4.7 Densification Caused by Pile Installation  

Prior to pile installation, the degree of densification of 
the granular soil between the piles that would occur 
during pile installation was uncertain. Two bounding 
cases were evaluated in the analyses: the first assumed 
the granular soils between the piles would become non-
liquefiable, and the second assumed no densification 
during installation. For the densified case, a final (N1)60-CS 
of 29 was assumed to guide selection of the model 
parameters. The material properties of the clay soils 
between the piles were not changed. 

CPT data obtained after driving timber piles in two test 
sections (5x4 and 5x5 grids) confirmed an increase in 
penetration resistance after pile driving. 

4.8 FLAC Results 

Estimates of guideway displacement, excess pore 
water pressure ratio (Ru) and pile demands for the case of 
densification between the piles are shown in Figures 8 to 
11 for the two analysis section.and summarized in Table 4 
summarize a selected set of results from the 
parametric/sensitivity analyses.  

 
 

 
Figure 8. Horizontal displacement (m) (top) and Ru 
(bottom) from FLAC for ST 522+100 (CCNS975 motion). 
 

 

 
Figure 9. Horizontal displacement (m) (top) and Ru 
(bottom) from FLAC for ST 522+500 (CCNS975 motion). 
 

Table 4. Summary of FLAC Results. 

Earthquake  
Record 

Densified? 

Horizontal MSE Disp. (m) 

ST 522+100 ST 522+500 

LPNS475 Yes 0.15 0.35 

LPNS475x2 Yes 0.35 0.8 

LPNS475 No 0.15 0.45 

LPNS475x2 No 0.35 0.9 

LANS975 Yes 0.5 1.3 

CCNS975 Yes 1.1 1.7 

CCNS975 No 3+ N/A 

MXNSsub No 0.2 0.5 

Notes: 

Record names: CC: Chi Chi; LP: Loma Prieta; LA: Landers; MX: 
Mexico City; NS: North-South component; 475, 975: Return 
Period; Sub: Subduction 

‘x2’ indicates the earthquake record was applied twice in 
succession, with steady state pore pressure conditions 
achieved between events.   

 

4.8.1 ST 522+100 FLAC Results 

Final horizontal displacements of the guideway are 
about 1.1m for the CCNS975 motion as shown on 
Figure 8. The horizontal displacement at the top of the 
piles is about 0.8 m.  
Figure 10 shows that a portion of the piles are anticipated 
to develop their moment capacity between elevations 12 
to 14m. Pile curvatures estimated at the end of the 
analysis are plotted on Figure 10. These curvatures 
approach 0.18/m. The estimated curvatures exceed those 



 

 

obtained in the laboratory testing of Lee et al. (1994) but 
are within the range obtained during the corresponding 
field tests shown on Figure 7. 

  

4.8.2 ST 422+500 FLAC Results 

Figure 9 shows some lateral displacement occurring 
beneath the pile tips, and a relatively uniform increase in 
lateral displacement with elevation from the tip of the piles 
to the top of the MSE wall. The piles appear to 
accommodate this displacement primarily through a rigid 
body rotation. This is also indicated by Figure 11, where 
the bottom half of the northern pile experiences a near 
uniform rotation of about 3°. This global rotation of the 

piles appears to have limited the maximum moments 
experienced in the piles, as shown on Figure 11. 

5 DECOUPLED ANALYSIS 

The de-coupled analyses were carried out using the 
approach outlined in CALTRANS (2012). The program 
Slope/W (GeoStudio, 2012) was used to assess Factors 
of Safety (FoS) and yield accelerations for the static and 
seismic (pre and post-liquefaction) conditions, during and 
after shaking. Post-seismic residual shear strengths 
(Idriss and Boulanger, 2008) were assigned to the soil 
layers identified as liquefiable. For the slip surface with 
the lowest FoS, a yield acceleration (ky) was calculated 
after adding the pile pinning force. The pile pinning force 

 

  
Figure 10. Pile demands from FLAC for ST 522+100 
(CCNS975 motion). 
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Figure 11. Pile demands from FLAC for ST 522+500 
(CCNS975 motion). 
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was applied approximately at the location of the slip 
surface. Seismic slope displacement was then calculated 
using the Newmark (1965) method.  

The shear force per pile was plotted against the 
corresponding Newmark displacement and termed the 
demand curve. The pile pinning force was assumed 
equally shared by the timber piles in a row and scaled for 
the out-of-plane spacing. The above steps were repeated 
for several critical slip surfaces. 

Ground displacement profiles consistent with each slip 
surface were applied on the piles using the computer 
program LPILE (Ensoft Inc. 2012). The interaction 
between piles under lateral loading was considered based 
on the “superpile” approach outlined in CALTRANS 
(2012). The weight of the MSE wall was also applied. The 
ground displacement and the resulting pile shear force 
were plotted and termed the resistance curve.  

The displacement corresponding to the intersection of 
resistance and demand curves represents the expected 
ground displacement at the top of the pile for the 
compatible pile-soil system (Figure 12). The calculated 
bending moments and shear forces in the timber piles 
corresponding to the estimated surface displacement 
were compared against the capacities of the piles. 

Table 5 presents a summary of decoupled analysis 
results for the sections where FLAC analyses were 
performed.  

 

 
Figure 12. Compatible pile-soil displacement, de-coupled 
analysis for ST 522+100.  

Table 5. Summary of de-coupled analyses 

Station 
Seismic 
Event 

Ground Displacement (mm)  
at Top of Pile 

522+100 

975-Year 225 

475-Year 80 

Subduction 80 

522+500 

975-Year 30 

475-Year 25 

Subduction 20 

6 ASSESSMENT OF ANALYSIS RESULTS  

The lateral displacements obtained from the coupled 
FLAC analyses were greater than the corresponding 
displacements from the de-coupled (simplified) method. 

The difference was significant and up to a factor of about 
5 in case of the 975-Year event. One significant limitation 
of the decoupled analysis was its inability to consider the 
full flexibility of the soil-pile system. For example, both pile 
rotations and distributed strains through the soil layers 
were key aspects of the behavior in the coupled analyses.  
Because of the limitations in the de-coupled analyses, the 
assessment of results was based primarily on the set of 
FLAC analyses: 

 The predicted total displacements under the 475-
Year seismic event were less than the target limit 
of 0.5 m for repairable damage, even when subject 
to two consecutive 475-Year seismic events. Pore 
pressures were assumed to fully dissipate 
between the two events. 

 The predicted total displacements under the 
Subduction seismic event were less than the target 
limit of 0.75 m for this event. 

 For the 975-Year seismic event, the target limit 
was established as 1.5 m. The predicted total 
displacements for the 975-Year seismic event 
were close to, and in some cases slightly higher 
than, the target limits for no-collapse.  

 The calculated displacements exceeded the target 
limits if the sandy soils were considered not 
densified and were allowed to liquefy under the 
design earthquake motions. 

The coupled (FLAC) analyses were considered 
conservative for the following reasons: 

 Even with the amount of geotechnical drilling 
conducted, major simplifications of the soil profile 
and layering had to be made for both the de-
coupled and coupled analyses. Liquefiable soil 
layers may not actually be continuous, which 
would likely result in reduced displacements.  

 The slope on the south side of the CPR cut 
(opposite the MSE wall) was found to be 
potentially susceptible to large displacements. The 
sliding mass was estimated to move far enough in 
the initial FLAC analyses to have a significant 
influence on the response of the MSE wall (e.g., in 
analyses for the 975-year earthquake the slide 
mass reduced the lateral displacements of the 
MSE wall by a factor of 2). For most of the FLAC 
analyses, a conservative assumption was made to 
reduce the south-side slope movements by 
modeling the slope with elastic elements. This 
resulted in deeper and larger movements on the 
north side at the MSE wall.  

 The earthquake records provided in the PA may 
have contributed to unduly high displacements. 
Specifically, the scaled high magnitude and long 
duration Chi Chi and Landers earthquakes (M 7.6 
and 7.3 respectively) for the 975-Year event and 
the Olympia earthquake (M 7.1) for the 475-Year 
event may have led to high estimates of 
displacement at these hazard levels. These 
records have relatively high peak velocity/peak 
acceleration ratios. 

 The silt layers are likely not as liquefiable as 
considered in the coupled analyses. 
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7 LABORATORY TESTING OF TIMBER PILES 

Twenty Douglas-Fir (D-Fir, Pseudotsuga menziesii) 
and Western Hemlock (Hemlock, Tsuga heterophylla) 
piles were tested at Timber Engineering and Applied 
Mechanics (TEAM) Laboratory, Department of Wood 
Science, Faculty of Forestry, UBC. As shown in Figure 
13, the timbers were tested under simply supported, 
center point monotonic bending according to ASTM 
D1036-99 (2012). The test span was 9.1 m. The diameter 
of the piles ranged from 320 to 420 mm at the butt, and 
250 to 340 mm at the tip. All twenty piles reached their 
peak load during testing (Figure 14), and fifteen of them 
broke. The breakage locations were clustered within the 
0.5 m to the center, closer to the tip. The failure was 
mostly due to tension failure (Figure 13a), but 
compression cracks (Figure 13b, top) and compression 
wrinkles (Figure c) were also found.  

Table 6 shows a summary of the laboratory test 
results. The peak load and moment capacity of D-Fir were 
about 30% higher than Hemlock. Since the diameter of 
the piles were not uniform along their length, Modulus of 
Elasticity (MOE) and Modulus of Rupture (MOR) values 
were estimated with the sectional properties measured at 
mid span for comparison between the two groups of piles.  

Table 6. Summary of laboratory tests 

Station D-Fir Hemlock % Difference 

Peak Load (kN) 71.9 55.5 30 

Moment Capacity (kN.m) 164.3 126.8 30 

MOE (GPa) 9.94 8.40 18 

MOR (MPa) 47.0 39.9 18 

 
 

 

 
 
Figure 13. Timber test setup and failure cross sections. 
 

 
 
Figure 14. Typical load-displacement curve of timber pile.  
 

8 OTHER DESIGN DETAILS 

A minimum 1 m thick approved granular fill was placed 
in lifts above the timber piles and compacted as per 
project specifications. Two layers of uniaxial geogrid with 
minimum allowable tensile strength of 75 kN/m were 
placed within this granular fill at 300 mm spacing in 
orthogonal directions. 

The geogrid layer was not included in the analysis but 
added to facilitate the construction and improve the 
rigidity of the granular fill layer. The 1 m thick granular fill 
layer is determined to be sufficient to transfer the MSE 
backfill load on the piles and avoid differential settlement 
at the surface of the MSE wall. The internal design of the 
MSE walls was carried out by the supplier (Reinforced 
Earth Company). 

9 CONCLUSIONS 

Seismic analyses were performed using coupled and 
de-coupled methods to estimate displacements of the 
guideway under several earthquake events with varying 
performance criteria. The coupled analyses were 
performed using program FLAC. Compared to the de-
coupled (simplified) method, the coupled FLAC analyses 
were able to capture more of the important mechanical 
behavior of the soil-structure system. This resulted in 
larger estimates of displacements than were obtained 
from the uncoupled approach.  Because of the improved 
modeling and the reasonable estimates of behavior, the 
FLAC results were used as the basis of design.  

The analyses demonstrated that the cross sections 
satisfied the repairable damage criteria of the PA for the 
475-Year and Subduction events, and that the MSE wall 
would not collapse under the 975-Year seismic event 
because of the robustness of the composite soil-pile 
system below the guideway. 
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11 IN MEMORIAM – BRIAN HALL (1953-2016) 

Brian Hall, Tetra Tech EBA’s Chief Engineer and 
Evergreen project’s Geotechnical Manager, passed away 
on December 25, 2016. Brian was a brilliant geotechnical 
engineer and mentor. His great depth and breadth of 
knowledge and nearly 40 years of experience from sub-
Saharan Africa to North America was unique. His legacy 
includes over 60 technical papers and many engineers 
who have been profoundly influenced by his mentorship. 
He always encouraged us to publish our project 
experience and findings for the engineering community to 
advance our collective knowledge. May his soul rest in 
peace. 

12 REFERENCES 

American Petroleum Institute (1987). Recommended 
Practice for Planning, Designing and Constructing 
Fixed Offshore Platforms, API Recommended Practice 
2A (RP 2A), 17th Edition. 

Armstrong, R.J., Boulanger, R.W., and Beaty, M.H. 
(2013). “Liquefaction Effects on Piles Bridge 
Abutments: Centrifuge Tests and Numerical 
Analyses.” ASCE J. Geot. and Geoenv. Eng., 139(3), 
pp. 433-443. 

ASTM D1036-99, 2012. Standard Test Methods of Static 
Tests of Wood Poles. ASTM International, West 
Conshohocken, PA, 2012, DOI: 10.1520/D1036-
99R12.  

Azizian, A., Hall, B.E., Weerasekara, L., Naesgaard, E., 
Amini, A., Khan, S., Knaus, M. and Preece, M.L. 
(2015). Soil-Structure Interaction Analyses for an 
Elevated Guideway Structure of Evergreen Line. 
Vancouver Geotechnical Society’s 23rd Symposium. 

Beaty, M.H. and Byrne, P.M. (2008). Liquefaction and 
Deformation Analysis Using a Total Stress Approach. 
ASCE Journal of Geotechnical and Geoenvironmental 
Engineering, 134(8), 1059-1072.  

Beaty, M.H. and Byrne, P.M. (2011). UBCSAND 
Constitutive Model Version 904aR: Documentation 
Report.  http://www.itasca-udm.com/ 

Beaty, M. and Dickenson, S. (2015). Numerical Analysis 
for Seismically-Induced Deformations in Strain-
Softening Plastic Soils. 6th International Conference 
on Earthquake Geotechnical Engineering, 
Christchurch, New Zealand. 

Byrne, P.M., Park, S., Beaty, M., Sharp, M., Gonzalez, L., 
and Abdoun, T. (2004). Numerical Modeling of 
Liquefaction and Comparison with Centrifuge Tests. 
Canadian Geotechnical Journal, 41(2), 193-211.  

CALTRANS (2012) Guidelines on Foundation Loading 
and Deformation Due to Liquefaction Induced Lateral 
Spreading, California Department of Transportation. 

Ensoft Inc., (2012) LPile Plus 6.0: A computer program for 
the analysis of piles and drilled shafts under lateral 
loads, version 2012.6.29. 

Hall, B.E., Azizian, A., Naesgaard, E., Amini, A., Baez, 
J.I., and Preece, M.L. (2015). Evergreen Line Rapid 
Transit Project: Analysis and Design of Deep Soil Mix 
Panels to Mitigate Seismic Lateral Spreading. Deep 
Foundations Institute’s Deep Mixing Seminar, San 
Francisco, CA. 

Idriss, I.M. and Boulanger, R.W. (2003).  “Estimating Kα 
for use in Evaluating Cyclic Resistance of Sloping 
Ground,” In Proc., Eighth U.S.-Japan Workshop on 
Earthquake Resistant Design of Lifeline Facilities and 
Countermeasures Against Liquefaction, Technical 
Report MCEER-03-0003.  

Ishihara, K., and Yoshimine, M. (1992). “Evaluation of 
settlements in sand deposits following liquefaction 
during earthquakes,” Soils and Foundations, 32(1), pp. 
173-188. 

Itasca (2011). “FLAC, Fast Lagrangian Analysis of 
Continua, Version 7.0.” Itasca Consulting Group, 
Minneapolis, MN.   

Idriss, I.M., and Boulanger, R.W. (2008). “Soil 
Liquefaction during Earthquakes.” Earthquake 
Engineering Research Institute, Monograph MNO-12. 

Lee, M.K., Byrne, P.M., and Wong, J.Y. (1994). Behaviour 
of Timber Piles Subject to Large Lateral Displacement 
– Laboratory and field Tests. Deep Foundations 
Seminar, Vancouver Geotechnical Society. 

Matlock, H. (1970). Correlations for design of laterally 
loaded piles in soft clay, Proc. of the Offshore 
Technology Conference, Houston, Texas, OTC 1204. 

Pellett, J., Brian Hall, B.E., and Mason, N. (2016). 
Evergreen Line Rapid Transit Project: Subsurface 
Conditions and Geotechnical Challenges. Canadian 
Geotechnical Society Conference, Vancouver, BC. 

Reese, L.C. and Van Impe, W.F. (2011). Single piles and 
Pile Groups under Lateral Loading, 2nd Ed. CRC 
Press. 

Stark, T.D., Beaty, M.H., Byrne, P.M., Castro, G.V., 
Walberg, F.C., Perlea, V.G., Axtell, P.J., Dillon, J.C., 
Empson, W.B., and Mathews, D.L. (2012). Seismic 
Deformation Analysis of Tuttle Creek Dam. Canadian 
Geotechnical Journal, 49(3), 323-343. 

Tomlinson, M. and Woodward, J. (2008). Pile Design and 
Construction Practice. Taylor & Francis, 5th Edition. 

Youd et al. (2001). Liquefaction Resistance of Soils: 
Summary Report from the 1996 NCEER and 1998 
NCEER/NSF Workshops on Evaluation of Liquefaction 
Resistance of Soils. ASCE, ASCE J. Geot. and 
Geoenv. Eng., Vol. 127, pp. 817-833. 

 
 

http://www.itasca-udm.com/

