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ABSTRACT:  The Low Level Road (LLR) project includes the design and construction of the Neptune/Cargill 
Overpass in North Vancouver, BC.  This two-span bridge structure is 78 m long and 12 m wide with flared 
roadway geometrics. The bridge structure is located directly south of steeply sloping terrain with soil 
conditions in the area comprising of primarily granular fill over native granular deposits. The presence of 
liquefiable granular soil was predicted in the event of a design level earthquake having a return period of 1 in 
975 years. The thickness of the liquefiable soil varied and was estimated to be negligible at the north 
abutment and up to 15 m at the south abutment. Furthermore, the bridge structure site was located 
approximately 300 m northeast of Burrard Inlet and it was estimated that lateral soil spreading in the order of 
300 mm towards Burrard Inlet could occur due to seismic loading conditions.  

Pile foundations were determined to be the preferred foundation option for both abutments and pier. The 
requirement of continued operation of numerous rail tracks between the pier and abutments reduced the 
possibility of implementing ground improvement to mitigate the soil liquefaction and lateral soil spreading 
hazards. Thus, the pile design included consideration of seismically induced soil liquefaction and laterally 
spreading soil conditions. These effects were incorporated into the analytical software programs L-Pile and 
Group by using p-y curves representative of liquefiable soil and including the free-field lateral soil spreading 
movement.  Furthermore, the piles at the south and north abutments were installed behind and relatively 
close to the facing of 9 m high MSE walls, the effect of which was incorporated into the lateral pile design. 

Subsequently, soil-structure-interaction (SSI) analyses were completed to evaluate the effect of seismic 
loading conditions on the entire bridge structure. The bridge superstructure and substructure was modeled 
using CSiBridge software (SAP2000) with the behaviour of the pile foundations represented by linear soil 
springs. These soil springs with six degrees of freedom at each pile head were determined using the Group 
software program. An evaluation was performed of the structure based on site-specific response spectra 
developed for the 975-year design earthquake. Several iterations were completed of the SSI analyses to 
ensure convergence of the results from the CSiBridge and Group analyses. 

 
 

Introduction 

The existing Low Level Road (LLR) will be realigned 
and elevated between St. Andrew Avenue and East 
3

rd
 Street (see Figure 1 for location of the LLR 

alignment). The 2.5 km realignment will allow for two 
new rail tracks directly south of LLR and will involve 
improvements to the stability of existing steep slopes 
along the north side of the LLR corridor. The project 
will include construction of a vehicle overpass in to 
port terminals, resulting in closure of three at-grade 
existing railway crossings. The project will also 
include active transportation enhancements, 
including dedicated bike lanes and upgrades to 
pedestrian connectivity. Overall, the construction cost 
for the project is estimated to be in the order of 

approximately $70M with an anticipated 18-month 
construction period starting Spring 2013. 
 

Fig. 1.  Project Site Plan 
 
 
 
 
 
 
 
 
 
 
 

LLR alignment 



The LLR re-alignment will result in the existing 
roadway shifting to the north onto steeply sloping 
terrain, which will require construction of MSE 
retaining walls to facilitate the new roadway.  In total, 
the project will include construction of 4 km of 
retaining wall with a total wall face area of 37,000 m

2
.  

MSE retaining walls will be required above and below 
the majority of the new 12 m wide LLR alignment, 
resulting in maximum wall heights of 12 m and 14 m 
above and below the new roadway, respectively, with 
a maximum combined wall height of 24 m. 

A total of four new bridges are required with three 
of these structures constructed for bike and/or 
pedestrian traffic only. A vehicular traffic bridge, the 
Neptune/Cargill Overpass, will carry two vehicle 
lanes and a pedestrian sidewalk over 11 rail tracks 
and enhance access to the Neptune and Cargill port 
terminals. This paper pertains to the design of the 
foundation for the proposed Neptune/Cargill 
Overpass. 

Bridge Configuration 

Plan and profile views of the Neptune/Cargill 
Overpass are shown in Fig. 2. The structure will be 
located about 500 m west of the east terminus of the 
LLR alignment, and approximately 300 m north-east 
of Burrard Inlet.  The topography is steeply sloping to 
the north of the new Overpass and relatively flat in 

the other directions with grades from about El. 7 m to 
El. 9 m. 

This two span, steel-plate girder structure will be 
78 m long and 12 m wide with flared roadway 
geometrics. The overpass will be aligned in a general 
north-south direction perpendicular to the LLR 
alignment. Integral abutments will be utilized behind 
9 m high MSE walls at the north and south 
abutments. Early in the design phase, it was decided 
to support the bridge structure on driven steel pipe 
piles. The layout of the foundation piles comprises 18 
piles at the north abutment, 8 piles at an intermediate 
pier and 10 piles at the south abutment. The 
associated pile cap dimensions will be 53 m by 1.3 m 
(north abutment), 16 m by 1.3 m (pier), and 20 m by 
1.3 m (south abutment). 

Subsurface Conditions 

Surficial geology maps published for this area of 
North Vancouver indicate that native soils along the 
steeply sloping terrain directly north of the existing 
LLR alignment generally consist of Vashon Drift and 
Capilano sediments including till, glaciofluvial sand 
and gravel, and glaciolacustrine silt.  These maps 
also show that the flat areas to the south are 
underlain by post-glacial Salish sediments 
comprising mountain stream marine deltaic, medium 
to coarse sand and gravel. 

 
Fig. 2.  Plan and profile of Neptune/Cargill Overpass 



 
Previous phases of the LLR project as well as non-
related nearby projects included implementation of 
geotechnical investigations by others that comprised 
solid stem drilling, Dynamic Penetration Testing 
(DCPTs) and electronic Cone Penetration Tests 
(CPTs). The limited data available at the 
Neptune/Cargill Overpass was supplemented by a 
geotechnical investigation to support the detailed 
design of this structure.  Ultimately, a CPT and solid 
stem test holes with DCPT testing were completed at 
the south abutment.  Additionally, previous data from 
others from seven solid stem test holes and three 
CPTs recorded within 100 m of the bridge structure 
was available to determine the subsurface 
conditions.  An example of CPT data recorded near 
the south abutment is shown on Fig. 3 
 
Fig. 3.  CPT data and interpreted soil conditions near 
south abutment of the Neptune/Cargill Overpass. 

 
In summary, the soil conditions at the overpass 

structure were interpreted to consist of up to 3 m of 
compact sand fill underlain by native sand layers with 
variable silt and gravel contents.  These variable 
sand layers were typically loose to compact and 
underlain by dense to very dense sand and gravel.  
Occasional silt lenses with variable clay, sand and 
organics contents were encountered within the 
variable native sand layers, which were up to 1 m 
thick and of moderate to high plasticity. The surface 
of the dense to very dense sand and gravel is sloping 
down towards south and encountered at approximate 
depths of 2 m, 14 m and 16 m at the north abutment, 
pier and south abutment, respectively. The maximum 

investigated depth (at the south abutment approach 
ramp) indicated the top of the dense to very dense 
sand and gravel deposit at a depth of 24 m. 

Based on CPT dissipation tests as well as 
observations in the open solid stem test holes, the 
groundwater conditions were inferred to be 
hydrostatic with the phreatic level at 2 m to 3 m depth 
(~ El. 5 m). 

Site Hazards 

Liquefaction Triggering Assessment 
Concerns were raised with regards to the potential 
for liquefaction of the loose to compact saturated 
sand deposits in the event of seismic loading 
conditions. A one-dimensional site response analysis 
(SHAKE2000) was completed to assess liquefaction 
susceptibility of these deposits due to the design 
earthquake (975 year return period). 

Ground motion records for use as input to the site 
response analysis were selected from the Pacific 
Earthquake Engineering Research (PEER) Center’s 
Ground Motion Database. Criteria for selection of 
candidate ground motion records included motions 
recorded at stations having similar site 
characteristics as the subject site (e.g., similar Vs30) 
and the acceleration spectra comparable to the site-
specific 2010 National Building Code of Canada 
(NBCC) “firm ground” target spectrum. Additional 
search criteria included ground motion histograms 
from recording sites identified as free-field locations, 
and selecting histograms from each recording site 
only once. 

Based on fundamental periods of vibration of the 
structure determined by the structural bridge 
designer, six selected candidate ground motion 
records were scaled to result in geometric average 
spectra that matched the “firm ground” target 
spectrum for the 975-year return period event 
between periods of 0.2 and 0.5 seconds (5% spectral 
damping). These scaled motions were input as 
outcrop motions for the site response analyses.  The 
associated results included determination of the 
Cyclic Stress Ratio (CSR) profile for the soil column 
above the dense to very dense sand and gravel 
deposit. 

Susceptibility to liquefaction was considered to 
occur at depths where the CSR induced by the 
design earthquake exceeded the Cyclic Resistant 
Ratio (CRR) of the soil (i.e., Factor of Safety against 
soil liquefaction less than unity). 

Based on the results of the site-specific 
assessment, the majority of the loose to compact 
saturated granular soil deposits was considered to 
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have a moderate to high risk of liquefaction in the 
event of the 975-year design level earthquake.  As a 
result, the estimated depth of liquefaction was 
approximately 12 m and 15 m at the pier and south 
abutment, respectively, with no risk of liquefaction 
predicted at the north abutment. The depth of soil 
liquefaction extended deeper to the south of the 
Neptune/Cargill Overpass and it was estimated to 
extend to 22 m depth near the west end of the south 
approach ramp 

Flow Slide Analysis 

A liquefaction induced flow slide analysis was 
completed due to the estimated moderate to high risk 
of soil liquefaction in the event of the 975-year design 
earthquake. The flow slide analysis was completed 
using post-liquefaction residual strength parameters 
for zones predicted to liquefy and a standard limit 
equilibrium slope stability computer software program 
(SLOPE/W™). 

Results of the analysis using limit equilibrium 
methodology and post-liquefaction residual soil 
strength indicated a moderate risk of flow slide 
occurrence due to the design earthquake. Yield 
acceleration that produced a factor of safety of unity 
was obtained from the flow slide analysis for use to 
estimate potential lateral spread displacement at the 
ground surface. 

Lateral Spread Displacement Analyses 
A lateral spread displacement analysis was carried 
out to estimate the range of liquefaction-induced 
horizontal ground displacements that could occur 
due to the occurrence of a potential flow slide.  

A total stress, Newmark-type sliding block 
displacement analysis (Bray and Travasarou 2007) 
was completed using the value of yield acceleration 
estimated from the flow slide analysis. Results of the 
sliding block displacement analyses were compared 
to an empirical method for estimating ground 
displacements (Youd et al. 2002), which indicated 
similar results. 

The mean total lateral displacement of the ground 
surface was estimated to be on the order of 300 mm 
near the south abutment and 250 mm near the 
intermediate pier for the design earthquake. 
Negligible lateral displacement was predicted for the 
north abutment. The vertical distribution of lateral 
spread displacement was modeled to occur in the 
liquefied zone from 5 m to 6 m depth down to the 
base of the liquefied zone (approximately 12 m and 
15 m depth at the intermediate pier and the south 
abutment, respectively) assuming a linear reduction 
of displacement with depth. The overlying silt layers 
and non-liquefied sand was modeled to move as a 
block above the liquefied deposits. 

Soil-Structure-Interaction (SSI) 

General Methodology 
The seismic design of the Neptune/Cargill Overpass 
included utilization of geotechnical and structural 
numerical software programs to complete elastic 
analyses. Conceptually, the elastic analyses were 
completed as outlined in published design manuals 
(WSDOT 2012). 

The structural model was defined upwards from 
the top of pile cap, whereas the geotechnical model 
was used downwards from the pile cap.  Thus, the 
geotechnical model incorporated the soil-structure-
interaction (SSI) effects.  

Six degrees of freedom were assumed at the 
connection between the two models, which was 
represented by a linear foundation spring in x, y and 
z direction as well as a linear rotational foundation 
spring around each of these three axes. This resulted 
in six linear foundation springs developed at the top 
of each pile in the pier and both abutments.  One set 
of six foundation springs was developed for each of 
the abutments, as well as a set for the pier, resulting 
in a total of 18 foundation springs required for the 
entire bridge structure.  Foundation springs were 
developed for both static and seismic conditions. 

The geotechnical model analyses incorporating 
the SSI effects were completed using the computer 
software programs L-Pile (version 6.0.15) and Group 
(version 8.0.12) developed by Ensoft Inc. A three-
dimensional screenshot of the Group model for the 
south abutment, including fill soil for the MSE 
abutment and the lateral displacement profile relative 
to depth below the pile cap, is shown in Fig. 4. 

 
Fig. 4.  Group software model of the south abutment. 



Input Soil and Loading Conditions 

Representative lateral soil springs (i.e., p-y curves) 
were generated by the Group program based on 
subsurface conditions discussed above. However, for 
seismic loading conditions, the soil conditions will 
significantly change due to the anticipated soil 
liquefaction within the vicinity of the intermediate pier 
and south abutment. In light of this, liquefied soil is 
typically modeled using either factored p-y curves, or 
by modeling the liquefied deposits as a soft clay with 
undrained shear strength equal to the residual 
strength of the liquefied soil. The latter approach was 
used to complete the lateral pile analyses discussed 
herein. In particular, p-y curves for liquefied granular 
deposits were generated using a reduced soil friction 
angle, φreduced = 10°, and modulus of subgrade 
reaction similar to soft clay, k = 8,100 kPa/m 
(WSDOT 2012).  

The seismic lateral pile analyses for the 
Neptune/Cargill Overpass were completed using 
superstructure inertia loads determined from a 
structural analytical program using initially assumed 
foundation springs. The distribution of lateral soil 
displacement representing the kinematic effect on 
the substructure was also considered for piles at the 
intermediate pier and south abutment predicted to 
experience lateral soil movement (subsequently 
discussed).  

The application of superstructure inertia loads was 
considered based on two cases as per the 2010 
Canadian Highway Bridge Design Code:  1) 125% of 
dead load plus earthquake inertia load predominantly 
in the transverse direction; and, 2) 125% of dead 
load plus earthquake inertia load predominantly in 
the longitudinal direction. This application of 
superstructure inertia loads formed the basis for 
completing the Group analysis using a 3D model of 
the Neptune/Cargill Overpass foundation elements. 

Kinematic Effects on Pile Foundations 
The kinematic effect of laterally spreading ground 
combined with soil liquefaction was evaluated using 
the static beam-on-nonlinear-Winkler foundation 
method.  This method is capable of incorporating the 
kinematic soil effects induced by seismic loading 
conditions as demonstrated by comparison to 
centrifuge testing (Brandenburg 2007). 

The Group software program contains many 
advantages in comparison to the L-Pile software 
program. However, the Group program is not 
capable of directly incorporating the kinematic soil 
effect of free-field lateral soil movement induced by 
seismic loading conditions. In L-Pile, the vertical 
distribution of the predicted lateral ground movement 
is an input value allowing completion of a pseudo-
static analysis. The L-Pile results of this kinematic 

effect are in the form of shear force, moment and 
displacement profiles. The kinematic effects can 
indirectly be incorporated into the Group program by 
applying an external load distribution on the 
embedded piles.  The external lateral load 
distribution was determining by establishing a 
distribution that resulted in the same shear force, 
moment and deflection profiles as those determined 
by the L-Pile program.  Conceptually, this modeling 
procedure is shown in Fig. 5. 

 
Fig. 5.  Conceptual model of kinematic effect in L-
Pile (a) and Group (b). 

 

Modification to Pile Resistance 
Pile group interaction effects (i.e., p-multipliers) were 
applied to the lateral pile analyses completed for 
foundation elements under transverse loading (i.e., 
loading perpendicular to the overpass). The p-
multipliers used to analyze response under 
transverse loading were based on observations from 
full-scale pile group tests and ranged from 0.5 to 0.9 
(Rollins et al. 2006). 

For loading in the longitudinal direction (i.e., 
loading parallel to the direction of the overpass), a p-
multiplier of 1.0 (i.e., no group effect) was applied in 
the lateral pile analysis for the intermediate pier. Pile 
resistance modification for the north and south 
abutments was necessary in the longitudinal 
direction as the piles were installed near the facing of 
MSE walls. 

The results of full-scale field tests have indicated 
a decrease in lateral pile resistance for pile 
foundations installed behind and near MSE abutment 
wall facings (Rollins et al. 2012). This effect can be 
incorporated by using a p-multiplier (i.e. similar to the 
pile group interaction effects). 

The p-multipliers to account for MSE abutment 
effects were based on distances from the MSE wall 
facing to the centre of the piles of approximately 2.3 
pile diameters and 3.3 pile diameters in the 
longitudinal and transverse directions (i.e., 
approximately 1.4 m and 2.0 m offset distances in 

(a) (b) 



the longitudinal and transverse directions) and MSE 
wall reinforcement length of 110% of the wall height. 
To account for the effect of piles installed behind and 
in close proximity to an MSE wall facing, a p-
multiplier of 0.7 was applied in the lateral pile 
analysis for the north and south abutments under 
longitudinal loading conditions. (Rollins et al. 2012) 

The p-multiplier reduction effect can be eliminated 
by spacing the piles at a distance of 5.2 pile 
diameters from the MSE wall facing and/or 
increasing the length of MSE wall reinforcement 
lengths to 160% of the wall height (Rollins et al. 
2012). However, the results of the lateral pile 
analyses completed for the north and south 
abutments indicated that eliminating this effect would 
not provide a beneficial increase to the lateral 
resistance of the proposed pile arrangements. 

Results of Lateral Pile Analyses 
Lateral deflection and induced bending moment at 
the head of each pile for all three foundation 
elements (i.e., pier and two abutments) were 
obtained from the results of lateral pile analyses 
completed with the Group program. These results 
were subsequently used to develop equivalent 
foundation springs. 

The results of lateral pile analyses completed with 
the Group program also indicated the pile depth 
required to achieve pile toe fixity (i.e. negligible 
lateral deflection of the pile toe). Sufficient 
embedment was considered to occur when the 
lateral pile analysis results indicated negligible pile 
deflection over at least 2 m pile length at the pile toe. 
Generally, this required 1 m to 2 m pile embedment 
into the dense to very dense soil directly underlying 
the liquefaction susceptible soil deposits. 

Equivalent Foundation Springs 
Equivalent foundation springs were developed based 
on the results of the lateral pile analyses. Foundation 
springs for seismic conditions incorporated the 
effects of inertia and kinematic loading on the piles, 
whereas static conditions only considered the design 
superstructure loading. In all cases, passive lateral 
resistance from a partially buried pile cap, lateral pile 
spacing (i.e., p-multiplier for group effects), and pile 
foundations installed behind and near MSE abutment 
wall facings (i.e., p-multipliers for decreased lateral 
pile resistance) were considered in development of 
the equivalent foundation soil springs.  

The software program Group was used to develop 
foundation springs for static and seismic loading 
conditions. The lateral deflections and rotations 
estimated from the Group analyses were used to 
calculate the foundation springs for all foundation 
locations. For seismic foundation springs, this 

included incorporation of the kinematic effects for the 
pier and south abutment. The transverse and 
longitudinal equivalent foundation springs were 
determined by the ratio of the applied shear force at 
the pile head divided by the predicted lateral pile 
head deflection. Similarly, the rotational foundation 
springs were determined by the ratio of the applied 
moment at the pile head divided by the predicted pile 
rotation. 

Axial foundation springs were estimated based on 
axial pile resistance and anticipated pile settlement 
under static and seismic loading conditions. 
Foundation springs to model pile rotation about the 
vertical axis were developed using structural material 
properties (e.g., torsional constant) and the 
foundation rotation observed in the Group models. 
The equivalent foundation springs were developed to 
be applied directly to the structural model along the 
pile cap at the top of each pile location (i.e., a set of 
foundation springs was provided for each of the piles 
in the group). 

Development of the foundation springs required 
multiple iterations that incorporated the results from 
independent structural and geotechnical models. The 
structural modeling was completed using the 
program SAP2000 developed by CSiBridge 
(discussed in the following section of this paper), 
whereas the Group software was utilized to complete 
the geotechnical engineering analyses. These 
iterations were necessary to ensure compliance 
between the results predicted by the structural and 
geotechnical models. 

Multiple iterations were also necessary due to a 
change in the structural connection detail between 
the piles and pile cap.  Initially, the rotational stiffness 
values used for the pier represented a ‘free’ and 
‘fixed’ connection in longitudinal and transverse 
direction, respectively. However, a value engineering 
decision during the design development resulted in 
modification to the rotational stiffness values 
representing a ‘fixed’ connection in both directions in 
order to provide an integral connection. 

The project engineering analyses commenced 
with an initial structural model of the Neptune/Cargill 
Overpass. The purpose of this initial structural model 
was to estimate preliminary static and seismic 
(inertia) loads at the pile heads necessary to 
complete a lateral pile analysis. Equivalent 
foundation springs from this lateral pile analysis were 
then used as input to the second iteration of the 
structural modeling, and the process repeated. In all, 
four iterations of the structural model and three 
iterations of the geotechnical model were completed 
to achieve compliance of the results. Table 1 
provides the results of the three geotechnical model 
iterations completed for the south abutment under 
seismic loading conditions. 



Table 1.  Variation in equivalent foundation springs per pile for the South Abutment under seismic loading 
conditions due to analysis iterations. 
 

Equivalent Soil Spring First Iteration Second Iteration Third (Final) Iteration 

Longitudinal Spring, K11 (kN/m) 1,750 195 1,500 

Axial Spring, K22 (kN/m) 145,000 145,000 500,000 

Transverse Spring, K33 (kN/m) 1,480 615 1,000 

Rotation around Longitudinal Axis, K44 (kN-m/rad) 308,000 237,000 30,000 

Rotation around Vertical Axis, K55 (kN-m/rad) 8,500 8,500 8,500 

Rotation around Transverse Axis, K66 (kN-m/rad) 308,000 235,000 35,000 

Structural Modeling 

The superstructure is comprised of four primary steel 
plate girders, multiple secondary plate girders, rolled 
steel sections for diaphragms and cross frames, and 
a cast-in-place concrete composite deck with 
concrete parapets. The substructure includes the 
following cast-in-place reinforced concrete 
components: pier wall, pier diaphragm, pier pile cap, 
abutment diaphragms, and abutment pile caps.  The 
bridge is supported by closed-ended steel pipe pile 
foundations. 

A three-dimensional, multi-girder analysis model 
(see Fig. 6) was developed to simulate response of 
the Neptune/Cargill Overpass using the CSiBridge 
software (latest version of SAP2000, with integrated 
bridge analysis/design features). 
 

Fig. 6.  CSiBridge 3D analysis model (SAP2000).  

 
The model utilizes frame elements, finite shell 

elements, link elements and other program features 
to define the geometry and articulations for each 
bridge component. An equivalent foundation spring 
set was assigned at each pile head location using 
multi-linear elastic link elements. A separate model 
was used for gravity load cases and seismic load 
cases, which involved a different set of equivalent 
soil springs for each model. Applicable load effects 

were investigated based on the requirements of the 
latest BC MoTI Supplement to CHBDC S6. 

Axial Pile Design 

The ultimate axial pile resistance will reduce for 
seismic loading conditions due to soil liquefaction 
predicted to occur at the pier and south abutment.  
Specifically, no shaft resistance was considered 
within the liquefiable soil. A resistance factor of 0.9 
was then used to determine the factored Ultimate 
Limit State (ULS) value for seismic conditions. 

Pile down-drag due to soil liquefaction was 
addressed by achieving a static neutral plane below 
the liquefiable soil. Back-analysis of full-scale pile 
load testing in liquefiable soil completed by (Rollins 
et al, 2006) confirmed negligible post-earthquake pile 
settlements for conditions with liquefiable soil above 
the static neutral plane determined in conformance 
with the Unified Pile design method. 

Summary 

The proposed Neptune/Cargill Overpass associated 
with the LLR project will be located within an area 
with subsurface conditions including seismically 
induced liquefiable soil as well as laterally spreading 
ground. The liquefaction susceptible soil is estimated 
to extend to depths of 12 m and 15 m at the pier and 
south abutment, respectively, with no liquefaction risk 
at the north abutment. 

Pile analyses indicated that it would be feasible to 
support the pier as well as the north and south 
abutments on driven steel pipe piles (610 mm x 19 
mm) without the requirement for mitigation of the 
liquefaction hazard.  Furthermore, these analyses 
showed that the lateral pile design governed the 
foundation configuration. It was determined that 
sufficient geotechnical toe fixity would require piles 
be driven 1 m into the dense to very dense sand and 
gravel at the north abutment and at least 2 m into the 



dense to very dense, sand and gravel at the pier and 
south abutment.  Ultimately, this resulted in pile 
embedment lengths of 3 m, 16 m and 18 m at the 
north abutment, pier and south abutment, 
respectively.  An additional pile length of 9 m would 
be required for the pile section within the backfill of 
the proposed MSE wall at the integral abutments. 

The performance of the proposed Overpass 
structure due to seismic loading conditions was 
evaluated using both a geotechnical (Group) and 
structural (CSiBridge/SAP2000) software programs.  
The SSI evaluation incorporated the effects of soil 
liquefaction and laterally spreading ground.  The sub-
structure was represented in the structural model by 
six-degrees of freedom linear foundation springs.  
Multiple iterations were required to achieve 
convergence of the results from the two models.  
Ultimately, the static and seismic structural analyses 
for the pier as well as the north and south abutments 
were based on the foundation springs presented in 
Table 2 

Incorporating the soil liquefaction and kinematic 
effects in developing the seismic foundation springs 
resulted in a reduction to the structural bridge 
demand.  Considerations were given to also develop 
seismic soil springs for non-liquefiable conditions 
without laterally spreading ground.  However, it was 
deemed unlikely that such conditions would prevail in 
the event of the 975-year design earthquake. 
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Table 2.  Equivalent foundation springs per pile for the Neptune/Cargill Overpass. 
 

Location and Analysis Type 
Trans. 

Spring, K33 
(kN/m) 

Long. 
Spring, K11 

(kN/m) 

Axial Spring, 
K22 

(kN/m) 

Rotation 
around 

Trans. Axis, 
K66 

(kN-m/rad) 

Rotation 
around 

Long. Axis, 
K44 

(kN-m/rad) 

Vertical 
Rotational 

Spring, K55 

(kN-m/rad) 

North Abutment – Seismic 25,000 7,500 500,000 40,000 300,000 22,500 

North Abutment – Static ULS 30,000 10,000 500,000 40,000 300,000 22,500 

Intermediate Pier – Seismic 500 200 500,000 40,000 7,000 14,500 

Intermediate Pier – Static ULS 40,000 15,000 500,000 45,000 300,000 14,500 

South Abutment – Seismic 1,000 1,500 500,000 35,000 30,000 8,500 

South Abutment – Static ULS 20,000 10,000 500,000 45,000 250,000 8,500 

 


