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ABSTRACT 
A state-of-the-art methodology was applied to the seismic design of pile group foundations for the Richmond-Airport-
Vancouver (RAV) Rapid Transit Project, the Canada Line. The Richmond and Airport sections consist of elevated 
guideways founded on potentially liquefiable sand and compressible silt zones. The design philosophy was based on 
selecting a foundation system that met both the deformation criteria and flexibility demands under the design 
earthquake. Modified expanded-base piles with permanent steel casing were selected after a comprehensive review of 
a number of other options. A series of advanced numerical analyses using FLAC integrated with the UBCSAND 
constitutive model were completed. These dynamic analyses provide a better representation of the seismic performance 
of pile foundations compared to standard approaches. The selected option had a significant advantage in terms of 
construction costs, schedule and property issues. 
  
RÉSUMÉ 
Une approche utilisant  les technologies de pointe a été retenue pour la conception sismique des fondations sur pieux 
de la ligne de transport urbain sur rail « Canada Line » faisant partie du projet « Richmond-Airport-Vancouver (RAV) 
Rapid Transit Project ».  Sur cette  ligne, les voies situées à Richmond et celles donnant accès à l’aéroport sont portées 
par des structures aériennes fondées sur du sable potentiellement liquéfiable et des zones de silt compressible.  
L’approche conceptuelle des fondations de ces structures  visait à mettre au point une type de fondation respectant à la 
fois les exigences de déformation et de capacité imposées par les charges du séisme de conception. Suite à l’examen 
de plusieurs variantes, le choix s’est arrêté sur l’utilisation de pieux à base élargie, modifiés, conservant le tubage en 
acier de façon permanente. Plusieurs analyses de modèles utilisant la méthode des éléments finis on été réalisées à 
l’aide des programmes FLAC et UBCSAND.  Comparées à des approches standard, ces analyses dynamiques ont 
donné une meilleure représentation du comportement sismique des fondations sur pieux. La variante choisie possède 
des avantages importants en terme de coûts de construction, d’échéancier et de droit de propriété. 
 
 
 
1 INTRODUCTION 
 
Richmond-Airport-Vancouver (RAV) Rapid Transit 
Project, the Canada Line, in British Columbia, connects 
Downtown Vancouver to Vancouver International Airport 
(YVR) and Richmond to the south. As illustrated in Figure 
1, it consists of an underground and a cut-and-cover 
tunnel in Vancouver, elevated guideways in South 
Vancouver, Richmond and Airport, two river crossings 
(Fraser River North & Middle Arm Bridges), and an at-
grade section, with a total length of approximately 19 km. 
A total of 16 stations (four in Richmond, three in Airport 
and nine in Vancouver) and a number of other facilities 
such as the Operation and Maintenance Center (OMC) 
are also included. The Canada Line is being partially 
funded, designed, built and operated under a 35-year 
concession agreement by InTransitBC, a company owned 
by SNC-Lavalin Inc. (SLI), the Investment Management 
Corporation of BC (bcIMC) and the Caisse de Dépôt et 
Placement du Québec (http://www.canadaline.ca/). SLI is 
the EPC (Engineering, Procurement, and Construction) 
contractor. 

EBA Engineering Consultants Ltd. (EBA) was retained by 
SLI and Rizzani-SLI Joint Venture (RSL) to complete 
geotechnical investigations and design analyses for the 
South Vancouver, Airport and Richmond guideway 
sections and stations, as well as the Middle Arm Bridge 
and OMC. 
 
A state-of-the-art methodology was applied to the seismic 
design of pile group foundations of the Richmond and 
Airport sections of the project. The elevated guideway, 
using 6 to 10 m high piers is supported by groups of 4 to 
12 piles. Bigger clusters of 16 to 20 piles were required at 
Stations. 
  
The design philosophy was based on selecting a 
foundation system that meets both the deformation 
criteria for acceptable performance of the 
superstructure/guideway and flexibility (ductility) demands 
of all structural elements, including piles, under 
earthquake loading.  
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Soil conditions generally consist of 4 m of compressible 
silt over potentially liquefiable sand to about 20 m depth 
over normally consolidated silts to extensive depths. 
 
Modified Franki (MF) expanded-base piles, which consist 
of the traditional expanded-base, reinforced concrete 
(Franki) piles with permanent steel pipe casing, were 
selected after a comprehensive review of a number of 
other options. The primary benefits of this pile included a 
compacted base which provides the required ultimate 
capacity and a flexible/ductile shaft which can tolerate the 
large bending moments and soil movements associated 
with liquefaction.  
 
To examine adequate performance of the chosen piles, a 
series of advanced numerical analyses using the 
computer program FLAC implemented with the 
UBCSAND constitutive model that simulates the behavior 
of liquefiable sands were completed. In this type of 
analysis, the interaction between soil and structural pile 
elements during and after earthquake shaking was 
considered.  
 
Other foundation types, not discussed in detail in this 
paper, were selected for other sections of the project, i.e. 
South Vancouver, and Middle & North Arm Bridges. 
These included spread footings and concrete-filled pipe 
piles with 600, 914 and 2000 mm diameter driven into 
glacial till.  
 
 
2 SITE CONDITIONS 
 
Preliminary site investigations of the elevated guideway 
alignment provided geotechnical data at reasonable 
spacing along the alignment to develop design concepts. 
Further investigation was carried out in 2005 to develop 
soil variability profiles along the alignment. These tests 
were completed at about every 2nd or 3rd pier.  
 
The collected data included regular and Seismic Cone 
Penetration Tests (CPT and SCPT), Standard Penetration 
Tests (SPT), and auger/mud-rotary boreholes. The auger 
holes were generally to depths of 10 to 12 m, CPT/SCPT 
to 30 to 40 m depth, and the mud-rotary holes to 30 to 60 
m depth. Total number of CPT’s was over 100. One 
SCPT test, adjacent to the Airport Terminal structures, 
was extended to 100 m depth.  
 
A significant database was also available from 
geotechnical reports of the areas and a number of 
publications on in-situ geotechnical/geophysical and 
laboratory tests on Fraser Delta soils. 
 
Figure 2 presents the soil profile for the Airport section. 
Representative soil conditions for the Richmond and 
Airport sections consist of fill over silt to depths of 3 to 4 
m, underlain by loose to medium dense sand extending to 
18 to 24 m depth. The silt crust is stiff near the surface 
and grades to soft near its base. Zones within the sand 
were assessed to be potentially liquefiable under the 1-in-
475-year design earthquake. The extent of liquefaction 
varies along the alignment. Below the sand is a deep, 

near normally consolidated clayey silt to silty clay to 
depths varying from 40 to 300 m along the alignment, 
overlying glacial till-like soil. The shallowest till is near the 
North Arm Bridge and the deepest is near Richmond 
Centre. Pockets of silty sand exist at some locations 
within the sand and upper parts of the lower clayey silt. 
 
The surface grade is relatively flat, generally varying from 
elevations of 1 to 2 m. However, for purposes of local 
drainage and topography, longitudinal and cross slopes 
vary from 0.2 to about 0.8%.   
 
Groundwater throughout the alignment is generally close 
to zero elevation or mean tide level; and, fluctuates with 
tidal action, heavy runoff and other climatic conditions, 
within a range of about 1 m. 
 
 

 
Figure 1. The Canada Line (RAV) alignment 
(http://www.canadaline.ca/) and elevated guideway 
near Airport (Photo: A. Azizian, Dec. 2006). 

North Arm Bridge 

Middle Arm Bridge 
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Figure 2. Airport section soil profile & alignment. 
 
3 SEISMIC DESIGN OF FOUNDATIONS 
 
3.1 Design Overview 
 
The governing design for pile foundations was the 
seismic event. Earthquake-induced liquefaction of loose 
sand or silty sand layers could result in large ground 
displacements and consequently large deformations, 
shear forces and bending moments in the foundation 
elements. The design options considered a system that 
could resist these earthquake loads with tolerable 
deformations. 
 
The Design Manual (SLI, 2005) for the project required 
the elevated guideway to survive a major seismic event 
with repairable damage and a moderate seismic event 
with no significant damage. A major seismic event was 
defined as one with a 10% probability of exceedance in 
50 years (0.0021 per annum or 475-year return period). A 
moderate event was defined as one with a 40% 
probability of exceedance in 50 years (0.01 per annum or 
100-year return period). 
 
The structural design criteria limited: 1) post-shaking 
permanent lateral deformations to 150 and 300 mm, at 
the pile cap and guideway levels, respectively; 2) plastic 
bending moments in piles to 900 kN.m (beyond which 
piles deform with no resistance); and 3) axial forces in 
piles to 4,000 to 4,500 kN in compression and 1,000 to 
1,200 kN in tension (depending on soil conditions). 
 
Resistance factors of 0.8 to 0.9 in compression and 1.0 in 
tension were adopted for assessing pile performance 
under peak inertial loading of the 1/475-year design 
earthquake, depending on the analytical technique used 
for estimating these loads. Code-based factors (CAN-
CSA S6-00) were used for the 1/100-year event and 
service loads.  

 
 
 
The seismic analyses of foundation elements were 
carried out using both de-coupled and coupled methods. 
The focus of these analyses was on estimating 
earthquake-induced forces in piles and the post-shaking 
deformations of the structures.  
 
Effects of post-earthquake settlements, which could occur 
due to soil liquefaction, were also considered. The post-
liquefaction volumetric strains could cause significant 
vertical displacements as well as the potential for bearing 
failure of the underlying soil. 
 
Another factor in the selection of the optimal foundation 
option was the presence of deep compressible clayey silt 
that underlies the bearing sand. The preferred piling 
system would minimize the required penetration into the 
sand.  
 
3.2 Foundation Options 
 
Preliminary assessments of a number of foundation 
options were completed including: concrete-filled driven 
steel pipe piles (generally 914 mm diameter), large-
diameter (2.5 to 3.0 m) reinforced concrete single 
caissons, a composite caisson system which included a 
ring of cast-in-place concrete piles formed by a series of 
CFA (continuous flight auger) and MIP (mixed-in-place 
soil-cement piles) to form a large diameter foundation, 
Spin Fin™ piles (pipe piles with fins at the tip to enhance 
uplift resistance) as well as standard and modified 
expanded-base (Franki) pile groups. The latter option was 
selected for the final design.  
 
The spacing and arrangements were selected to minimize 
the width of the pile cap perpendicular to the alignment 
because of right-of-way restrictions along busy traffic 
corridors, and to minimize utility/property conflicts.  
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3.3 Modified Expanded-Base Piles 
 
Modified Franki (MF) piles are expanded-base piles with 
the driving pipe left in place to provide enhanced moment 
capacity and flexibility under earthquake loading. The 
chosen design included a 508 mm diameter, 16 mm wall 
thickness steel pipe driven to depths of 9 to 11.5 m below 
grade. The piles were installed by placing a dry mix 
concrete plug at the end of the pipe and bottom driving 
the pipe to the required depth using a large “down the 
hole” hammer. 
 
After reaching the design depth, an expanded base of dry 
mix concrete was formed using 3 to 6 buckets of concrete 
(0.14 m3 volume each). A tension base was then formed 
after placing a reinforced steel cage to the base of the 
pipe. The pipe was raised about 0.3 m while driving 
another 2 buckets of dry mix concrete. The process was 
then completed by filling the pipe with 150 mm slump 
concrete.  
 
The original design concept considered ultimate 
capacities of up to 5,000 kN. However, before 
construction, pile load tests were required for verification. 
Over the period from just prior to construction through its 
first phase, the contractor completed six load tests on MF 
piles.  Soil and driving conditions at each test were 
reviewed to relate pile capacity to initial equivalent SPT 
blow counts, the number of buckets of concrete to place 
the compression bulb, the penetration resistance of the 
pipe during driving to tip elevation and the number of 
blows per compression bucket. Other important factors 
were set-up (delayed test) and soil properties (most 
importantly the existence of soft silt to silty sand pockets).  
 
Based on the load tests, ultimate capacities used for 
design ranged from 4,000 to 4,500 kN in compression 
and 1,000 to 1,200 in tension depending on soil 
conditions. The pile lengths and number of concrete 
buckets for developing the compaction base were then 
adjusted based on the calculated loads for each pile to 
optimize the costs.  
 
Practical methods of capacity estimation such as the 
general CPT-based LCPC method (Bustamante and 
Gianeselli, 1982) as well as the method proposed by 
Neely (1990a & b) for expanded-base piles, provided 
relatively good estimates of the observed capacities. The 
load tests were also simulated using FLAC in axi-
symmetric mode to provide a better estimate of pile 
depths for various soil profiles. 
 
Settlements of the guideway piers under static loads were 
estimated at 30 to 75 mm depending on location-specific 
soil conditions, well within tolerance for the guideway 
structure. 
 
 
4 GROUND RESPONSE ANALYSIS & 

LIQUEFACTION ASSESSMENT 
 
Based on published data (Figure 3), along the Richmond 
section of the alignment, the depth to firm ground (till 

layer) varies from about 30 to 300 m. Therefore, a 
significant change in amplification characteristics of the 
ground motion, during the design earthquake, could be 
expected, which has significant effects on structural 
design spectra and the liquefaction assessment. 
 
Site-specific studies were completed for better estimates 
of structural response spectra and extent of liquefaction. 
The major implications of the site-specific study, as 
discussed in detail in the following sections, were that for 
some areas along the alignment: 1) the value of 
maximum ground surface acceleration of 0.3g for 
liquefaction assessments in the Fraser Delta (Byrne and 
Anderson, 1991) is conservative (in cases where the 
depth to till exceeded 50 m); and, 2) the firm ground 
spectrum combined with a foundation factor of 2 can be 
unconservative for typical fundamental periods of the 
elevated guideway piers. 
 
4.1 Earthquake Records 
 
Four synthesized earthquake records were selected for 
the seismic design. These records were compatible with 
the Uniform Hazard Spectra given by Adams and Halchuk 
(2004) and were provided by Professor D. Anderson at 
UBC (personal communication). The original (non-
modified) records were from the following events: Loma 
Prieta (1989, at Capitola site, East-West & North-South 
components) and San Fernando (1971, at CalTech site, 
East-West & North-South components).  
 
Based on information provided by Pacific Geoscience 
Centre, the values of maximum acceleration at firm 
ground (till) were selected as 0.23g and 0.10g for the 
major and moderate earthquakes, i.e. 1/475- and 1/100-
year events, respectively. 
 
4.2 Structural Response Spectra 
 
To calculate the structural response spectra and assess 
the effects of the depth to firm ground on amplification of 
earthquake motion, ground response analyses using the 
computer program SHAKE (e.g. Ordonez, 2005) were 
carried out. In addition to the soils data obtained during 
the site investigation program, the GSC deep borehole 
(Dallimore et al., 1996) at Richmond City Hall (just south 
of the Richmond-Brighouse Station) was also used. This 
investigation included shear wave velocity measurements 
and Atterberg limits to over 300 m depth.  
 
Till depths of 35, 70, 150, 220, and 300 m were selected 
for the SHAKE analyses. Spectral accelerations for these 
depths to the till layer (firm ground) were calculated. 
Figure 4 shows the spectra for 35 and 300 m depth to till 
cases for both events. The spectral values were average 
values obtained using the four earthquake records. For 
most cases, there is de-amplification of motion for short 
periods. For longer periods, however, there is a 
significant amplification especially for shallower till 
depths.  
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Figure 3. Contour map of depth to firm ground (i.e. 
thickness of Holocene sediments, after Ventura et 
al., 2004). 
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Figure 4. Structural response spectra as a function 
of depth to firm ground for both earthquake events. 

Figure 5. Variation of peak ground acceleration with 
the depth to firm ground for both events. 
 
4.3 Liquefaction Potential 
 
The assessment of liquefaction potential was based on 
the procedure recommended by Youd et al. (2001), using 
CPT and equivalent SPT data (EBA, 2005). The following 
assumptions were made based on the criteria/parameters 
recommended by Byrne and Anderson (1991) for 
earthquake design in the Fraser Delta: 1) earthquake 
magnitude: 5.8 and 7.0 (in Richter scale) for 1/100- and 
1/475-year events, respectively; 2) ground surface 
maximum acceleration (amax) values of 0.2g and 0.3g, 
respectively. A limiting factor of safety of 1.1 was selected 
as the threshold value for the occurrence of liquefaction. 
 
The analyses indicated that for the moderate earthquake, 
the extent of liquefaction was very limited and hence 
negligible for foundation design. For the major event, 
however, it was found that about 40 to 80% of the sand 
and silty sand layers above 20 m depth could liquefy 
(depending on CPT data). 
 
The variation of estimated maximum acceleration at 
ground surface (amax) with depth to firm ground, for use in 
the simplified liquefaction assessment, based on the site-
specific ground response analysis, is presented in Figure 
5. These results indicate that, in areas closer to the North 
Arm of the Fraser River, the earthquake-induced 
accelerations (on the structure and at the ground surface) 
would be larger than those in areas away from it. 
 
One of the recorded case histories supporting this trend 
is reported by Yang et al. (2000) for the Kobe 1995 event. 
Recorded accelerations de-amplified from 0.48 – 0.52g at 
depth 83 m to 0.28 – 0.34g at surface. Cassidy and 
Rogers (1999) have also evaluated the existing motion 
records of two moderate events in the greater Vancouver 
area that occurred in 1996 and 1997. They concluded 
that the largest amplification was observed near the edge 
of the Delta (thinner Holocene and Pleistocene deposits).  

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 100 200 300
Depth to Firm Ground (m)

P
ea

k 
G

ro
un

d 
A

cc
el

er
at

io
n 

(g
)

Surface, 475 

Till, 475

Surface, 475 (Byrne-Anderson)

Surface, 100 

Till, 100

OttawaGeo2007/OttawaGéo2007

939



 
Figure 6. Liquefaction assessment using CPT data. 
 
The site-specific liquefaction assessment used the Cyclic 
Stress Ratio (CSR) calculated by SHAKE as well as those 
calculated using the simplified relationships, proposed by 
Seed (see Youd et al., 2001) or by Byrne and Anderson 
(1991) for the Fraser River Delta, combined with amax 
predicted by SHAKE. An example CPT-based liquefaction 
assessment is shown in Figure 6, in which Cyclic 
Resistance Ratio (CRR – an indication of soil resistance 
to liquefaction triggering inferred from CPT data) is 
compared with CSR (an indication of earthquake loading). 
Figure 6 demonstrates the effect of the reduced CSR, as 
predicted by SHAKE, because of the depth to firm ground 
(depth to till = 75 m, amax from SHAKE = 0.22g). 
 
The silt crust is commonly assumed as non-liquefiable 
under the 1-in-475-year event; however, some allowance 
for softening of the material was accounted for in the soil-
structure interaction analyses. 
 
 
5 SOIL-STRUCTURE INTERACTION ANALYSIS 
 
5.1 Free-field analysis  
 
Seismic analyses of free-field ground deformations (i.e. 
without structure) were carried out using the computer 
program FLAC (Itasca, 2003 & 2005) integrated with the 
UBCSAND constitutive model for simulating the dynamic 
behaviour of Fraser River sand (Byrne et al., 2004; 
Naesgaard et al., 2005). 
 
In this approach, the upper 20 m of soil strata was 
modelled as a single column representing a one-
dimensional (1D) type of analysis. The earthquake motion 
at the base of the FLAC model was calculated using the 
computer program SHAKE.  
 

 
 
 
The key parameters of the UBCSAND model are: the 
friction angle of soil at constant volume or phase 
transformation (φcv); the friction angle at failure (φf), which 
is correlated to φcv and SPT blow count; and shear and 
bulk moduli (elastic & plastic), which were also correlated 
to SPT values. Silt materials were modelled using Mohr-
Coulomb, with their undrained shear strength estimated 
from CPT data. Porosity and permeability properties of 
the soil layers were also required for groundwater flow 
modelling in FLAC. 
 
For the free-field analyses, a minimum ground slope of 
0.5% was used unless ground profiles indicated greater 
slopes, particularly near the river. This was based on 
experience from previous earthquakes, e.g. Loma Prieta 
(1989) and Kobe (1995), which indicate that even gentle 
ground slopes (less than 1%) can trigger significant 
lateral spread of the ground and cause surficial cracks 
(see e.g. Youd et al., 2002).  
 
Depending on the location, and the CPT data, the 1D 
FLAC analyses predicted free-field, ground surface 
displacements ranging from 300 to 500 mm for 0.5% 
ground slope. Higher displacements, in the order of 1 to 2 
m, were predicted near river banks from two-dimensional 
(2D) analyses, with rapid reduction towards land. 
 
The predicted free-field displacements were in fair 
agreement with the empirical MLR (multi-linear 
regression) formula proposed by Youd et al., (2002) 
based on case histories from US and Japan earthquakes.  
 
The seismic post-liquefaction settlements were estimated 
to range from 50 to 150 mm using SPT- and/or CPT-
based methods (e.g., Zhang et al., 2002).  
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5.2 Coupled vs. De-coupled Methods 
 
The seismic analyses of foundation elements were 
carried out using both de-coupled and coupled methods. 
In the de-coupled approach, the emphasis was on 
assessing the inertial and kinematic effects of earthquake 
loading in two separate analyses based on the commonly 
accepted assumption, for the 1/475 event, that: 1) 
maximum inertial loads on super-structure occur during 
shaking when the ground has not yet liquefied, and 2) 
maximum kinematic loads occur towards the end of 
shaking when the accumulated lateral spreading of the 
ground is applying the peak lateral pressure on the 
foundation elements. The industry-standard programs 
GROUP and LPILE (Ensoft, 1996, 2005) were used for 
the de-coupled analyses. These programs are based on 
representing soil resistance as non-linear p-y, t-z, and q-z 
springs.  
 
For the kinematic component of the de-coupled 
approach, the estimated free-field movements from FLAC 
1D analysis, or empirical relationships, were used in 
combination with LPILE. Reduction in soil strength due to 
liquefaction was accounted for according to the p-
multiplier approach proposed by Boulanger et al. (2003).  
 
The coupled analyses were carried out using FLAC 
integrated with the UBCSAND constitutive model. This 
type of analysis had the advantage of capturing the 
dynamic interaction effects, during and after strong 
shaking in one analysis. It predicts the dramatic reduction 
in soil strength and stiffness due to pore pressure build-
up, which in turn results in lateral ground spreading and 
permanent deformation of the structure. Modelling the 
representative soil-structure system allows estimation of 
the variation of pile axial/shear forces and bending 
moments with time as well as deformations at the 
guideway or pile cap levels for a performance-based 
design. This state-of-the-art method, however, requires 
significant computational effort and long computer runs. 
 
Several techniques were used to estimate the peak 
inertial forces. These techniques were divided into 4 
categories, which differ in terms of the emphasis on 
structural/geotechnical aspects of the system behaviour: 
1) structural model for three-dimensional (3D) spectral 
analysis of several piers where piles were modelled with 
beam elements to depths of fixity, without soil springs; 2) 
structural model for 3D pseudo-static analysis of single 
piers where piles were modelled with full length supported 
by soil springs; 3) geotechnical model using GROUP for 
pseudo-3D, pseudo-static analysis where piles interact 
with soil through lateral (p-y) and vertical (q-z) springs 
and loads at the top of pile cap were based on spectral 
analysis; and, 4) geotechnical model using FLAC for 
coupled, dynamic, 2D, plane-strain analysis where piles 
were modeled as beam elements with interacting 
(coupling) normal and shear springs connected to a grid 
representing the soil properties.  
 
The nonlinear constitutive model (UBCSAND) defines soil 
behaviour before and after liquefaction. Inclusion of 

coupling springs also allows simulating the flow of 
liquefied soil around piles in a pseudo-3D manner. 
 
The conceptual behaviour of the selected option of MF 
piles, as predicted by FLAC, and its advantage over a 
standard expanded-base pile is demonstrated in Figure 7. 
Because of the lower bending moment resistance of the 
standard type (by a factor of >2), liquefaction-induced 
movements result in significantly higher deformation and 
rotation of the super-structure pier and guideway as well 
as the ground. Steel casing, of the MF pile, increases the 
plastic moment capacity of the pile and enhances its 
ductile behaviour, thus reducing structural deformation 
and ground movement near the piles. 

      

      
Figure 7. Improved performance of modified expanded-
base piles (top) vs. standard type (bottom).  
 
6 GROUND DENSIFICATION 
 
In the vicinity of the river banks (Middle and North Arms), 
ground densification was completed for a few piers 
founded on MF piles based on FLAC analyses that 
indicated excessive movements at guideway or ground 
levels and potential yielding of piles. Densification by 

Horizontal 
Disp. (m) 
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vibro-replacement using stone columns to depths of 
about 15 m was required for adequate foundation 
performance. 
 
 
7 CONCLUSIONS 
 
The use of the coupled analyses by the computer 
program FLAC combined with the UBCSAND constitutive 
model, and some additional routines to better represent 
soil-structure interaction conditions, resulted in the design 
of a system, i.e. the MF pile group, that was able to 
provide support for adequate guideway performance 
without the need for densification over most of the 
alignment. This solution ensured that the base of piles 
was located as high as possible relative to compressible 
clayey silts, below the potentially liquefiable sands, while 
providing flexibility during earthquake loading. After 
earthquake loading, piles would move less than the free-
field soils, resulting in guideway movements within the 
design criteria. The chosen foundation system provided 
significant economic benefit to the project over more 
traditional design options that would require densification 
or more piles. In addition, the foundation footprint was 
minimized thus reducing the impact on existing services 
and properties located near the busy roads along, and 
transverse, to the alignment. 
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