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ABSTRACT 
A winning design often challenges conventional code requirements with a performance based design approach.  This can 
test a designer faced with having to push the design to the limit to be competitive but at the same time having to maintain 
a defendable design to remain credible.  The ever-challenging nature of geotechnical earthquake engineering adds even 
further demands, emphasizing a need for skilful application of sound engineering principles.  This paper discusses some 
examples of such approaches taken on a bridge, a building and a port project. 
 
Liquefaction features in both the bridge and building projects, alerting the designer to possible loss of ground strength and 
stiffness, and the possibility of the foundations having to withstand forces and moments resulting from the lateral and 
vertical ground movements that could be caused by liquefaction or cyclic softening.  While procedures for assessing 
liquefaction potential are well established and provide the basis for detecting liquefiable layers, challenges still remain in 
assessing the extent that the liquefiable layers affect foundation behavior, as well as what liquefied strengths to assign.  
Spatial variability of liquefaction is thus an important design driver, as is detail and scale affecting kinematic interpretations. 
 
The port project tackles the seemingly age-old question of seismic coefficient selection when using a force-based design 
approach that is inherent to most design codes.  In the context of a large counterfort retaining structure, this resorted to 
dynamic modeling to provide greater insight into failure modes and helped to dispel fears of seismically induced global 
bearing failure. It also served to justify the use of Newmark sliding block analyses to characterize dynamic wall behavior. 
 
 
 
1 INTRODUCTION 
 
Performance-based design (PBD) is defined here as a 
design approach that has not been codified and is therefore 
considered an alternative solution requiring substantiation.  
Often when in pursuit of a project a designer must “sharpen 
the pencil” and draw upon a PBD approach to put forward 
a winning design.  Other instances are when faced with 
non-conventional solutions for retrofit projects.  This 
deviation from the “tried and true” calls for rational 
approaches based on accepted engineering principles. 

In the context of earthquake geotechnical engineering 
there are plenty of opportunities to exercise a PBD 
approach because conditions are usually not so well 
defined.  Typical reasons are variability and/or uncertainty 
in ground conditions, and/or the dynamic nature of the 
problem.  A down side of not so well defined is that this can 
attract more opportunity for disagreement by others if the 
PBD approach put forward is not clear.  Along these lines, 
the intent of this paper is to share some examples of design 
approaches used by the author on actual projects that 
helped steer some PBD aspects to a successful 
conclusion, as well as highlight some aspects in need of 
attention. 
 
 
2 BRIDGE EXAMPLE 
 
The Gerald Desmond Bridge Replacement (GDBR) project 
in Long Beach, California, is a complete replacement of the 
existing through arch bridge constructed in 1968.  The new 
bridge will be a cable stayed structure providing 60m 
vertical clearance via two 150m tall main towers supporting 

a 300m long main span flanked by two 150m long back-
spans. Over 1,800m of approach viaducts will complete the 
bridge structure, providing three lanes in each direction. 
Located on a roughly east-west alignment, the bridge 
crosses the Back Channel, a navigable waterway. The 
existing bridge is deteriorating, has two through lanes in 
each direction, steeper grade and no emergency 
shoulders. The new bridge will have three lanes in each 
direction, shoulders both sides of the travel lanes and a 
milder grade. It is a vital part of US infrastructure, with 
nearly 15 percent of waterborne cargo transported across 
the bridge in the current condition.  Figure 1 illustrates a 
rendering of the new bridge. 

 
 

 
Figure 1.  Rendering of new bridge 

 
The new bridge is being supported on groups of “cast-

in-drilled-hole” (CIDH) pile foundations (also known as 
bored piles) that are pressure grouted at their tip to 
maximize efficiency.  Earthquake geotechnical challenges 
at the site include close proximity to major faults capable of 
generating large magnitude earthquakes, coupled with 



 

some soils susceptible to liquefaction or cyclic softening. 
The seismically susceptible soils are seated in Holocene 
sediments comprising near-shore, marine and non-marine 
strata, including beach, estuary, tidal flat, lagoon, shallow 
water bay sediments and shoreline terrace deposits.  This 
has provided for a highly stratified ground where alternating 
layers or lenses of sands, silts and clays are typically 
present. 

Categorizing this variable ground for design purposes 
was first guided by geologic considerations and site 
investigation data to establish idealized layers of 
predominantly cohesionless and cohesive soil. Evaluation 
of SPT and CPT site investigation data according to Youd 
et al. (2001), Boulanger and Idriss (2006), Bray and Sancio 
(2006) and Boulanger and Idriss (2007) was then used to 
identify layers of sand-like material susceptible to 
liquefaction and clay-like material susceptible to cyclic 
softening. Figure 2 illustrates a generalized account of 
these idealized ground conditions together with pile 
configurations east and west of the Back Channel, noting 
there are no over-water foundations.  The extent of 
liquefaction reported refers to the extreme earthquake, 
corresponding to a 1,000-year return period event. 
 
 

 
Figure 2. Generalized ground and pile configurations 

 
The intent of Figure 2 is twofold.  Firstly, the varying 

percentages of liquefiable thickness apparent within each 

idealized soil layer serve to illustrate the highly stratified 
nature of the ground where liquefiable layers will be 
sandwiched between non-liquefiable layers and vice versa, 
within both predominantly cohesionless and cohesive 
idealized soil layers. As an aside, rationalizing such detail 
with reasonable accuracy was only possible by performing 
CPT investigations. This allowed subdividing the ground 
into 300mm (1-foot) thick sub-layers for liquefaction 
evaluation purposes and assigning a liquefiable or non-
liquefiable condition based on the average CPT tip 
resistance and friction ratio value calculated for each sub-
layer. Summing up the liquefiable sub-layers then provided 
a means for determining the percentage of the overall 
thickness of the idealized layer susceptible to liquefaction. 
Figure 3 illustrates this approach. 
 
 

 
Figure 3: CPT-derived liquefiable sub-layers to determine 
liquefiable and non-liquefiable percentages 

 
Secondly, the generalized extent of the pile foundations 

shown in Figure 2 (drawn to the same scale as the 
generalized ground profile) serves to illustrate the relative 
scale of the problem, which in turn provides a sense of how 
the possible loss of ground strength and stiffness due to 
liquefaction and cyclic softening could have an impact on 
pile performance. This aspect of the design was especially 
important given that the pile foundations are designed to 
accommodate potential earthquake-induced loss of ground 
strength and stiffness. This is certainly a PBD 
consideration needing attention, requiring the designer to 
assess the impact on the pile foundations from both lateral 
and axial loading standpoints. 
 
2.1 Lateral Loading 
 
Designing piles to withstand lateral loading is very much a 
soil-structure interaction problem and typically considered 
in practice using a structural “stick” model to represent the 
pile, and p-y curves to represent the lateral soil resistance 
mobilized against the pile. The p-y curves represent 
discrete, nonlinear load-transfer mechanisms along the 
pile length depicting the soil reaction to pile deflection 
relationship. Various empirical p-y formulations for static 
(non-liquefied) conditions have been developed since the 
pioneering work of McClelland and Focht (1958), well 
known examples being the p-y curve models for soft, 
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plastic clays in the presence of free water (Matlock, 1970) 
and medium dense to dense sands (Reese, Cox and Koop, 
1974). Such empirical p-y formulations look to idealized 
mechanistic models to rationalize the ultimate soil 
resistance exerted against a pile, as initiated by Reese 
(1958). 

Figure 4 illustrates the idea proposed by Reese (1958) 
to characterize shallow resistance, where he envisaged a 
mobilized wedge of soil moving up and out of the ground in 
response to a laterally deflected pile. This notion of a 
mobilized passive wedge of soil resisting a laterally loaded 
pile is now well established and incisive given that the 
behavior of the soil near the ground surface plays the most 
important role in defining laterally loaded pile behavior. The 
wedge is also a reminder of the volume of soil mobilized to 
provide lateral resistance, drawing on the collective 
resistance of various layers. Now enter the need to 
consider lateral resistance for liquefied and softened 
ground conditions, where the highly stratified ground at the 
GDBR site presented the design challenge of rationalizing 
an appropriate liquefied/softened resistance for pile 
design. 
 
 

 
Figure 4: Wedge-type ultimate resistance model (after 
Reese and Van Impe, 2001) 

 
Guidance on assessing the lateral resistance of piles in 

liquefied soil is available (e.g. Ashford et al., 2011; 
Caltrans, 2013; Murashev et al., 2014), where it is usual to 
employ the same framework as just described for non-
liquefied conditions except the p-y curves are modified to 
reflect much lesser stiffness and ultimate resistance 
(strength) associated with liquefied conditions.  Decreased 
stiffness and strength will also apply to clay-like layers that 
are softened during seismic shaking, but in either a 
liquefied or softened layer case the guidance is limited to 
such layers being distinct. For the highly stratified ground 
at GDBR assigning each and every liquefied layer its own 
liquefied p-y curve would require a ridiculous level of detail 
and result in the design being unwieldy. 

Instead, the approach taken on GDBR was to employ a 
modeling economy utilizing the idealized layers and CPT-

derived liquefaction evaluation previously noted. This 
approach proceeded by first considering the percentage of 
an idealized layer liquefiable, and if this equaled or 
exceeded 50% then the entire layer was considered 
liquefied and liquefied p-y curves assigned throughout. 
However, if the percentage liquefiable was less than 50% 
then the contribution of non-liquefied sub-layers to lateral 
resistance was considered sufficient not to assign liquefied 
p-y curves throughout, but rather a weighted average of the 
non-liquefied and liquefied p-y curves (i.e. a “partially-
liquefied” p-y curve), as illustrated in Figure 5. In this way 
a workable and defendable design approach for lateral pile 
resistance for liquefied conditions was achieved based on 
a rational and reasonable adjustment that recognized the 
collective contribution of both liquefied and non-liquefied 
layers in resisting pile movement. 
 
 

 
Figure 5: Partially liquefied p-y curve determination, using 
liquefied and non-liquefied percentages shown in Figure 3 

 
2.2 Axial Loading 
 

Axial loading design of the piles for the GDBR project 
followed AASHTO (2007) as amended by Caltrans (2011), 
in accordance with specified project design criteria. This is 
a load and resistance factor design (LRFD) methodology 
employing a force-based procedure to assess the axial 
resistance of the piles for the strength and extreme event 
(earthquake) limit states. In terms of earthquake loading, 
Article 10.5.4.2 of AASHTO directs the designer to 
evaluate the effects of potential liquefaction on the 
foundations and Article 10.7.4 provides more detail 
regarding liquefaction-induced downdrag. It is in regards to 
the interpretation of Article 10.7.4 that attention is required, 
namely consideration of the following sentence:  
“For seismic design, all soil within and above the liquefiable 
zone, if the soil is liquefiable, shall not be considered to 
contribute axial compressive resistance”. 

On GDBR this sentence was interpreted in two 
different, opposing ways when assessing axial pile 
resistance during earthquake shaking, as illustrated in 
Figure 6. Whether or not the non-liquefiable layers located 
above the lowest liquefiable layer can be relied on is 
embroiled in the timing of liquefaction. The timing of 
liquefaction is a topic now receiving serious attention (e.g. 
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Kramer et al., 2015), but in any bridge design the interplay 
between inertial loading imposed on piles during shaking 
and the triggering of liquefaction and its manifestation in 
the form of ground settlement is by no means precisely 
defined. While such uncertainty invites disagreement it is 
not the intent of this paper to discuss this further, but rather 
highlight that the force-based approach is mostly to blame 
for the opposing interpretations indicated in Figure 6. 
 
 

 
Figure 6: Different interpretations of Article 10.7.4 in 
AASHTO (2007) 

The AASHTO (2007) treatment of liquefaction-induced 
downdrag (settlement) as a load and resistance problem is 
simply a code-based approach that does not reflect actual 
axial response of a pile during liquefaction. Indeed, 
Fellenius and Siegel (2008) considered the AASHTO 
approach fundamentally flawed and advised to treat the 
problem as a settlement issue instead. Figure 7 conveys a 
suitable approach along these lines, incorporating a 
structural “stick” model of the pile with appropriate t-z 
springs and a q-z spring representing side and base 
resistance behavior respectively. Indicative liquefaction-
induced settlement is applied to ground nodes of affected 
t-z springs with 100mm and 25mm values called out to 
illustrate. Axial loads are then applied at the pile head to 
reflect inertial demands from the bridge.  

The approach depicted in Figure 7 is displacement-
based and simulates axial pile response to liquefaction-
induced dragload and inertial loading in a far more realistic 
manner. Moreover, it brings to attention the fact that 
seismic loading results in imposed deformation (additional 
pile settlement in the present case) that the bridge structure 
is designed to tolerate. This is the spirit of PBD and looking 
at in this way avoids any of the aforementioned 
disagreement associated with the force-based approach. 

Designers must therefore be wary of force-based 
simplifications when entertaining a PBD approach as 
codified requirements such as Article 10.7.4 can thwart the 
design process. 
 
 

 
Figure 7: Axial soil-structure interaction model for 
displacement-based seismic downdrag assessment 

 
3 BUILDING EXAMPLE 
 
The building example draws on a seismic retrofit project for 
the Trafalgar Center (TC), a multipurpose events center 
located in Nelson, New Zealand.  Owned and operated by 
Nelson City Council, the complex underwent an upgrade in 
2015/2016 to satisfy New Zealand building regulations 
accentuated following the Canterbury Earthquake 
Sequence of 2010 and 2011. With liquefaction 
susceptibility identified in recent alluvium deposits at the 
site, the retrofit design effort included enhancing the 
earthquake geotechnical engineering performance of the 
facility as well as the earthquake structural engineering 
performance. In assessing the earthquake geotechnical 
engineering performance some aspects encountered are 
worthy of mention here. 

The TC building is located on reclaimed shoreline that 
forms a flat, protruding tract of land surrounded on three 
sides by a creek and river. Figure 8 shows a sketch plan of 
this layout. The soil profile comprises reclamation fill (~3m 
of soil mixed with refuse), overlying Holocene estuarine 
deposits and river alluvium (sandy gravel), with a Pliocene 
indurated conglomerate at approximately 30m depth. With 
some seismic strength loss predicted in the recent alluvium 
deposits, both the vertical and lateral support of the ground 
during and following earthquake shaking was a primary 
consideration. 
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3.1 Lateral Support 
In terms of lateral support proximity of the man-made 

Saltwater Creek to the TC building directed attention to 
spreading ground tendencies associated with seismic 
instability of the creek bank. Pseudostatic limit equilibrium 
seismic slope stability analysis identified critical slope 
failure mechanisms immediately adjacent to the bank 
following which a Newmark sliding block model (Jibson et 
al., 2007) was utilized to estimate lateral movement. 
 
 

 
 
Figure 8: Plan sketch of Trafalgar Center (TC) site 

This approach predicted lateral displacements of the bank 
in the order of 150mm, which then posed the question of 
how much lateral ground movement to expect adjacent to 
the TC building. 

Deliberating the distribution of lateral spreading with 
distance from the creek bank back towards the TC building 
first looked to geometrical implications afforded by the tract 
of reclaimed land on which the TC building is located. As 
apparent in Figure 8, the TC building has free faces either 
side of it (i.e. Saltwater Creek and Matai River banks). 
Lateral spreading is therefore possible towards either 
waterway demanding that the length of the lateral 
spreading area be limited to half the width of the tract of 
land. Figure 8 indicates a centerline to denote this division 
for lateral spreading assessment purposes. 

In order to determine the distribution of lateral 
spreading with distance from the free face, the empirical 
relation established by Tokimatsu and Asaka (1998) was 
adopted as given by Equation 1. 
 
 

D(x)/D0 ~ 0.5(5x/L)      [1] 
 
where: 
 
D(x) = displacement at a distance x from the free face; 
D0 = estimated displacement at the free face, and; 
L = length of lateral spreading area. 

 
Resulting lateral ground movement adjacent to the TC 
building in the order of 50mm was estimated using this 
approach, but for robustness a lateral ground movement of 

up to 100mm and vertical movement of up to 60mm was 
adopted as a ground movement allowance. This approach 
limited the extent of ground improvement necessary, 
encompassing an approximately 7m wide by 50m strip of 
ground between the TC building and Saltwater Creek at the 
south-west corner. 
 
3.2 Vertical Support 

Pile foundations support the TC building but in 
evaluating performance under earthquake loading it was 
deemed a possibility that the moment capacity of the piles 
could be exceeded. This required an alternative load path 
for vertical support of the TC building in the event that pile 
damage or failure occurred during an earthquake. Working 
on the presence of a non-liquefied crust blanketing the site 
and a generally disorganized pattern of underlying 
liquefiable layers apparent from SPT and CPT data, 
augmented shallow foundations (strip footings) were 
conceived to provide the alternative means of supporting 
the building if piles failed. Formed by affixing new 
reinforced concrete strip footings to the sides of existing 
reinforced concrete ground beams using epoxy grouted 
dowel reinforcing bars, a key design aspect for the 
augmented strip footings was bearing resistance. 

A challenge here was accounting for not only vertical 
loads but appreciable horizontal loads needing to be 
transferred into the ground whilst allowing for weakening of 
the underlying strata due to liquefaction, all the result of 
seismic induced effects. To this end the two-layered soil 
system solution for bearing resistance provided in 
AASHTO (2007) was called upon, as illustrated in Figure 
9. Based on standard bearing capacity theory that includes 
for load eccentricity and load inclination effects, the two-
layer solution also checks for potential punching shear 
failure as a matter of course.  In this way a well-established 
solution for assessing bearing resistance could be applied 
to a not so well-established condition. 
 
 

 
Figure 9: Illustration of the two-layer soil profile considered 
for augmented strip footing bearing resistance (after 
AASHTO, 2007) 

 
4 PORT EXAMPLE 
The port example considers the design-build project that 
expanded Port Botany, Australia’s second largest 
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container port located in Sydney. The project involved 
reclamation covering an area of approximately 63 hectares 
to construct an additional container terminal with 1,850m of 
wharf face to accommodate five new post panamax 
shipping berths. Completed in 2011, the wharf face was 
formed using large, precast concrete, free-standing 
retaining wall structures, referred to as counterfort units, as 
illustrated in Figure 10. Given the scale of the counterfort 
units, each measuring 20 m high by 15 m deep by 9 m 
wide, assessment of both stability and movement under 
imposed loadings were prominent aspects of the design. 
This came to the fore when considering seismic loading 
and its effect on stability (Davies et al., 2011). 

 
 
 

 
Figure 10: Typical counterfort unit for the Port Botany 
expansion 

The issue in this case was unreasonable design 
behavior when utilizing standard pseudostatic limiting 
equilibrium analysis to assess seismic loading. Results of 
the pseudostatic approach indicated the counterfort unit as 
being most vulnerable to bearing capacity failure rather 
than sliding or overturning failure modes. However, bearing 
capacity in the context of the counterfort structure could not 
develop without invoking fully global mechanisms (shown 
conceptually in Figure 11) that were not realistic. This 
required recourse to dynamic finite element modeling in 
order to more accurately assess potential failure modes 
and wall performance. 

The dynamic finite element analysis results reinforced 
the notion of more localized acceptable bearing behavior 
that had been suspected of the counterfort structure. 
Nevertheless, a method was still required to reconcile the 
more onerous design implications of the pseudostatic 
analysis work with the dynamic analysis. Playing a key role 
in the pseudostatic analysis was the seismic coefficient, 
being the dimensionless horizontal acceleration coefficient 
expressed as a fraction of gravity, which equates to a 
horizontal force when multiplied by the weight of the 
potential failure mass retained by the counterfort unit. With 

this horizontal force simulating the earthquake in a 
statically applied fashion, the crux of the matter became 
establishing an appropriate value for the seismic 
coefficient. 
 
 

 
Figure 11: Conceptual failure mechanisms for conventional 
bearing capacity shear failure considered unrealistic. 

 
Guided by horizontal seismic coefficient recommendations 
in practice (e.g. Hynes-Griffin and Franklin, 1984; Wood 
and Elms, 1990; Eurocode 8, 1998; PIANC, 2001; AS 
4678, 2002), the matter was resolved by employing a 
Newmark sliding block analysis to vindicate a design value 
of half the earthquake peak ground acceleration (PGA) for 
the seismic coefficient. Depicting the counterfort unit as a 
Newmark sliding block model (Newmark, 1965) was 
prompted by the predominantly translational mode of 
movement exhibited in the dynamic finite element analysis 
and reasoning that the self-stabilizing nature of the 
counterfort unit would also act to enforce such behavior. 

The logic here is that by designing the counterfort units 
to resist 0.5 x PGA this is in effect the yield acceleration of 
the system, where the yield acceleration corresponds to a 
factor of safety equal to unity. A Newmark displacement 
analysis can be used to determine the amount of 
movement that would occur when the yield acceleration 
equals 0.5 x PGA. As this movement was compatible with 
the movement given by the dynamic finite element model, 
equivalency in behavior was obtained and the use of 0.5 x 
PGA justified on a rational basis. 
 
 
5 CLOSING COMMENTS 
 
The bridge, building and port examples feature 
displacement-based approaches that PBD lends itself to. 
Nevertheless, force-based approaches cannot be forgotten 
as these often form the basis of the “tried and true” or 
codified design solutions that certainly enjoy attendant 
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benefits such as transparency of design, familiarity, and 
general ease of understanding. These all promote 
acceptance of a design. At the same time, force-based 
solutions may not provide the answer sought and need to 
be carefully tempered with displacement-based solutions 
when navigating a PBD approach. 
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