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Abstract:  Fragility curves are developed for damage caused to the Landing Road Bridge by 
liquefaction and lateral spreading of the surrounding soils.  The bridge suffered moderate damage due to 
lateral spreading of up to 2 m of the surrounding soils due to the 1987 Edgecumbe earthquake.  Suites of 
beam on nonlinear Winkler foundation analyses are performed using the software package OpenSees to 
characterize the influence of uncertainty in the input parameters and loading conditions on the predicted 
damage.  The fragility curves predict an 82% probability of the bridge being in at least damage state 3 
(moderate damage), a 42% probability of being in at least damage state 4 (extensive damage) and a 5% 
probability of collapse for 2 m of lateral spreading displacement.  These results are consistent with the 
moderate damage observed to the Landing Road Bridge.  Crust load and soil displacement profile were 
the input parameters whose uncertainty most affected the analysis results.  Increasing the crust thickness 
from 1.2 m to 1.7 m causes the predicted probability of collapse to increase from 5% to 60%. 

 
 
1.  INTRODUCTION 
 

Bridges are susceptible to damage in areas of liquefaction, particularly when a nonliquefied 
crust spreads laterally on top of underlying liquefiable layers.  Recent research has clarified many 
aspects such as load transfer behavior between piles and liquefied sand, load transfer between pile 
caps and laterally spreading crusts, and effects of pinning forces exerted by bridge components on 
spreading finite-width approach embankments (e.g., Boulanger and Tokimatsu 2005).  These 
fundamental findings provide important guidance for improving our analytical predictions of bridge 
response, but evaluation with case history data is required to assess the reliability of the design 
methods. 

A range of bridge damage has been observed in areas of liquefaction and lateral spreading in 
past earthquakes.  Analytical methods are often calibrated based on their ability to predict collapse 
(e.g., Dobry et al. 2003), while the ability to predict intermediate structural damage is often left 
unexplored.  However, there is a need for analyses to be able to predict the gamut of potential 
damage states, and to account for the various sources of uncertainty in the input parameters and 
loading conditions.  Kiremidjian et al. (2006) performed transportation network analyses that used 
the fragility curves for liquefaction-induced damage to bridges inherent to the program HAZUS 
(1999), and predicted unrealistically widespread bridge collapse caused by liquefaction.  These 
analyses identified a need for improved, more realistic fragility curves for probabilistically 
predicting damage to bridges caused by liquefaction and lateral spreading.  Furthermore, the 
California Department of Transportation (Caltrans) has screened its approximately 13,000 bridges 
for damage potential due to ground shaking, while damage caused by liquefaction and lateral 



 

 

spreading has not been systematically evaluated for every bridge.  Improved fragility functions are 
needed to screen these bridges for liquefaction-induced damage because the large number of 
bridges prohibits individual analysis. 

This paper uses static pushover methods recommended by Brandenberg (2005) to derive 
fragility curves that relate damage state to free-field ground displacement for the Landing Road 
Bridge, which experienced moderate damage as a consequence of lateral spreading during the 
1987 Edgecumbe earthquake in New Zealand (Berrill et al. 2001).  The fragility curves inherent to 
HAZUS unrealistically predict the bridge would collapse.  Hence this case history provides an 
opportunity to (1) use recent design guidelines to analyze a bridge that experienced some damage, 
but did not collapse, and (2) evaluate the ability of static pushover methods to generate improved 
fragility curves for bridges in lateral spreads. 

 
2. LANDING ROAD BRIDGE CASE HISTORY 
 

Lateral spreading affected the Landing Road Bridge as a result of the ML 6.3 1987 
Edgecumbe Earthquake.  The case history was thoroughly documented by Berrill et al. (2001), 
Berrill et al. (1997) and Keenan (1996).  The bridge was constructed in 1962 and comprises 13 
spans, each 18.3 m long, constructed of five precast post-tensioned concrete I-beams bearing on 
16 mm rubber pads.  The spans are bolted together and to the abutments, and the beams are bolted 
to the piers, forming stiff, moment-resisting connections. The substructure comprises concrete pier 
walls running the full width of the superstructure, each supported by eight 0.41 m square 
prestressed concrete piles at a 6:1 batter.  The piles were fixed into pile caps embedded about 
0.5 m below the ground surface, and pile cap dimensions were approximately 10 m long (in the 
transverse bridge direction) 2 m wide and 0.76 m thick. 

The liquefiable geologic feature was the flood plain on the left bank of the Whakatane River 
in which five of the bridge piers and the left abutment were founded.  The deposit consisted of a 
nonliquefiable silty crust over loose liquefiable clean sand, over dense nonliquefiable material.  
Lateral spreading of the crust layer extended 300 meters back from the river bank, and spread by 
as much as 2 m at the river bank.  Spreading is believed to have occurred in a static mode after 
strong shaking based on eye witness accounts that the road was passable immediately after the 
earthquake, but not an hour later.  Such delayed failures can be caused by void redistribution (e.g., 
Kulasingam et al. 2004).  The 1.2-m thick nonliquefiable crust was composed of silty materials 
with mixed in wood chips that had been deposited on the banks of the river by a nearby cardboard 
mill.  The unit weight of the crust material was about 12.5 kN/m3, which is lower than for typical 
soils due to the presence of the wood chips.  Sampling and soil strength testing was complicated 
by the wood chips, and their tensile reinforcing behavior resulted in a high friction angle over 40o 
based on large-scale in situ direct shear tests near one of the piers.  The cohesion intercept was 
about 10 kPa.   

The bridge superstructure did not sustain any significant damage as a result of the lateral 
spreading, though buckled footpaths indicated compressive forces were mobilized in the 
superstructure.  Cracks observed in some of the piers were repaired with epoxy resin.  Small 
cracks were also observed near the heads of some of the piles.  Rotations of about 1o were 
measured at some of the piers.  Ground settlements of 0.3 to 0.5 m were observed at the northern 
abutment.  Structural analyses by Berrill et al. (2001) predicted that collapse loads were nearly 
mobilized against the bridge, and they acknowledged significant sources of uncertainty in 
estimating the loads and resistances for the bridge.  The Landing Road Bridge is a particularly 
interesting case history to evaluate because it performed reasonably well despite widespread 
liquefaction and lateral spreading. 

 



 

 

3. ANALYTICAL METHOD 
 
Beam on nonlinear Winkler foundation 

analyses were performed using the finite 
element modeling platform OpenSees.  The 
piles and pier wall were modeled using 
nonlinear beam column elements, while the 
pile cap was modeled using stiff (essentially 
rigid) elastic beam column elements (Fig. 1).  
The nonlinear beam column elements were bi-
linear, with the elastic stiffness based on the 
cracked section modulus.  Plastic moments for 
the piers and piles were computed by Berrill 
et al. (2001) based on section analyses that 
utilized nominal material strengths, and these 
values were adjusted up by 13% for this study 
to account for the average discrepancy 
between actual and nominal steel strengths (Table 1).  Post-yield stiffness was set to 5% of the 
elastic stiffness.  The moment resisting connection at the top of the pier was represented by fixing 
the translational and rotational degrees of freedom of the pier wall beam column element.  The 
actual restraint at the top of the pier is likely flexible due to deformations of the bridge 
superstructure, but was modeled as a fixed connection for simplicity.   

Soil-structure interaction was modeled using p-y springs distributed along the embedded 
portion of the pier wall, on the pile cap, and along each pile.  The p-y springs on the piles were 
oriented perpendicular to the pile axis.  Soil-structure interaction along the axis of the piles was 
modeled using t-z springs along the pile shaft, and q-z springs at the pile tips.  The t-z and q-z 
springs were oriented parallel to the pile axis.  Each of the two rows of four piles was modeled as a 
single pile with the structural properties and p-y and t-z material properties multiplied by four.  
Lateral spreading demands were modeled by imposing displacements on the free ends of the p-y 
springs, with a maximum crust displacement of 2 meters (sufficient to mobilize passive pressures).  
Passive pressure was estimated using Rankine theory based on the soil properties in Table 2.  A 
correction for three-dimensional loading 
conditions was applied (Ovesen 1964).  Friction 
forces between the pile cap and the crust were 
found to be important for the pile groups tested 
by Brandenberg et al. (2005), but were relatively 
insignificant contributors (i.e. only about 1% of 
the passive pressure) for the pile caps in Landing 
Road Bridge because (1) the area on the sides of 
pile cap in contact with the crust was small, (2) 
the shear strength of the soil was relatively small, 
and (3) the base of the pile cap was not in contact 
with the crust.  Nevertheless, the friction forces 
were included in the estimate of crust load.  Load 
transfer between pile groups and spreading crusts 
was observed by Brandenberg et al.  (2007) to be 
much softer when underlying layers are liquefied, 
hence the springs in the crust layer were softened 
to account for this effect.  Inertia forces can occur 

Figure 1: Schematic of Landing Road Bridge and beam 
on nonlinear Winkler foundation analyses. 

EI (kN·m2) My (kN·m) Length (m)

Pier 119000 690 4.2

Piles 1900 230 9

Table 1: Structural Properties. 

Soil 
Layer

Depth to 
Top of 

Layer (m)

Unit 
Weight, γ 
(kN/m3)

Friction 
Angle, φ 

(deg)

Cohesion, 
c (kPa)

Crust 0 12.5 42 8

Loose 
Sand 1.2 17 35 0

Dense 
Sand 6.2 18 38 0

Table 2: Soil Properties. 



 

 

simultaneously with lateral spreading loads (Brandenberg et al. 2005), but were not imposed 
simultaneously with ground displacements based on eye witness accounts of the bridge damage 
occurring after shaking. 

Results for the baseline analysis utilizing the mean values from Tables 1 and 2 are presented 
in Fig. 2. The lateral spreading demands yielded the pier wall beam columns, mobilizing a pier 
drift of about 1%, which matches post-earthquake measurements of pier rotations, and is 
consistent with the damage experienced by the bridge.  The reasonable agreement between 
predicted and observed bridge damage suggests that the mean values of the parameters are 
reasonable, and that static pushover methods have the ability to accurately predict performance 
levels.    

 

4. FRAGILITY CURVES 
 

Fragility curves that relate bridge 
damage state to free field ground 
displacement were derived by treating 
the following variables probabilistically: 
maximum crust load, maximum 
subgrade reaction load from the 
liquefiable layer, structural strength of 
the piles and pier, ground displacement 
profile, stiffness of the p-y springs in the 
crust layer, and the capacity of the t-z 
and q-z springs.  Mean values and 
standard deviations are presented in 
Table 3.  Measurements were used when 
available to estimate the standard 
deviations or ranges in the variables, but 
the data, if available, are insufficient to 

Figure 2: Analysis utilizing baseline input parameters. 

Table 3: Probabilistic variables. 

Parameter Mean Distribution

Standard 
Deviation or 

Range1

Crust Load 850 kN Normal 250 kN

Δsand / Δcrust 
2 0.5 Uniform 0 - 1

Yield Moment, Piles 230 kN·m Normal 23 kN·m

Yield Moment, Pier 690 kN·m Normal 69 kN·m
P-multiplier 0.05 Normal 0.02

y50 for p-y springs in crust 3 0.1 m Normal 0.05 m

Axial Capacity 500 kN Normal 250 kN

3 y50 = displacement in p-y spring at ½ of ultimate capacity.

1 Standard deviations are assigned to normally distributed parameters, 
and ranges to uniformly distributed parameters.
2 Δsand / Δcrust is the ratio between the displacement at the top of the 
loose sand to the displacement of the crust.



 

 

accurately characterize the uncertainty in these input 
parameters. Hence, the values selected for the standard 
deviations are admittedly subjective.  Standard deviation 
for the maximum crust load was estimated based on 
scatter in direct shear measurements (Berrill et al. 1997).  
Standard deviations for yield moment were based on the 
observation that the strength of steel has a coefficient of 
variation of approximately 10%. 

The probability density functions for each parameter were discretized into three bins with 
equal areas of 1/3, and representative values were selected at the centroid of each bin.  A total of 36 
= 729 analyses were performed using the automation capabilities of the Tcl scripting language that 
controls OpenSees.  Basoz and Mander (1999) related bridge damage states to pier drift ratios for 
bridges with weak piers and strong bearings (Table 4), and these relations were adopted in this 
study.  Ground displacements were imposed incrementally and the drift ratio was monitored at 
each increment.  Ground displacement was recorded at transition points from one damage state to 
the next.  After all analyses had finished, ground displacements associated with each damage state 
were sorted and represented as a cumulative distribution of probability of exceeding the damage 
state at each ground displacement.  These 
fragility curves are plotted in Fig. 3.  Some 
fragility curves do not reach a cumulative 
probability of 1 because the ground breaks up 
and flows around the bride foundation without 
causing collapse.  The free-field ground 
displacements measured at Landing Road 
Bridge were about 1 to 2 m, which corresponds 
to about a 40% probability of being in damage 
state 4 or worse, and a 80% probability of being 
in DS3 or worse.  DS5 had 5% probability of 
being exceeded, while DS2 had 100% 
probability of being exceeded.  These results are 
consistent with the moderate reparable damage 
observed following the Edgecumbe earthquake.  The fragility curves inherent to HAZUS would 
predict collapse of the bridge since the ground displacement exceeded 0.35 meters.  Hence, the 
fragility curves generated by the static pushover analyses provide a marked improvement over the 
existing fragility functions. 

 
5. DISCUSSION 
 

Disaggregation of probabilistic analyses can identify the variables whose uncertainty has the 
largest impact on the predictions.  Disaggregation was performed by independently varying each 
parameter by a constant number of standard deviations with all other parameters set to their mean 
values, and observing the ground displacement required to reach a given damage state.  In this 
case the variables the points were selected at the centroids of the equal-probability bins for the 
analyses performed in the Monte-Carlo simulations.  The range in ground displacement associated 
with the variation in each parameter was computed, results were sorted and presented as floating 
bar charts (sometimes called tornado diagrams due to their characteristic shape) in Fig. 4 for 
damage states 2 and 3.  Displacement of the sand layer had the most influence on crust 
displacements that mobilized DS2, while crust load had the most influence on crust displacements 
that mobilized DS3.  The range in the tornado diagrams for each parameter reflects a combination 

Damage 
State Description Drift (%)

1 No Damage < 0.5
2 Slight / Minor 0.5 - 1.0
3 Moderate 1.0 - 2.0
4 Extensive 2.0 - 5.0
5 Collapse > 5.0

Table 4: Damage states. 

Figure 3: Fragility curves for Landing Road Bridge. 
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the importance of the parameter on the analysis results and the parameter's uncertainty.  
Displacement profile is highly uncertain, and hence has a high influence.  Structural strength may 
be very important, but is not highly uncertain compared with the other inputs and appears at the 
bottom of the tornado diagrams.  The relative influence of probabilistic variables can depend on the 
target performance level.  Tornado diagrams are analysis-specific and should not be generalized to 
other cases (e.g., see Brandenberg 2005). 

Crust load was identified to be an important parameter in the analyses in this paper, and Berrill 
et al. (2001) concluded that the bridge could not structurally tolerate any additional crust loads.  The 
impact of increasing the crust thickness by 0.5 meters (approx. 80 % increase in crust load) is 
shown in the fragility curves in Fig. 5.  There is now a 60% probability of collapse (DS5) and a 
96% probability of at least extensive damage (DS4) for a free-field ground displacement of 2 m.  
This significant change in the fragility curves verifies the observation that the bridge could not 
tolerate a modest increase in crust load, and illustrates that the thickness and strength of any 
nonliquefiable crust layer is likely an important design consideration. 

Estimation of bridge damage in a transportation network due to liquefaction and lateral 
spreading involves (1) prediction of liquefaction triggering, (2) prediction of ground displacement, 
and (3) prediction of bridge damage associated with estimated ground displacement.  Predictions of 
liquefaction triggering and lateral spreading 
displacements carry their own uncertainties that 
must be considered in probabilistic analyses of 
bridge damage. 

Free-field ground displacements may not be 
an appropriate representation of lateral spreading 
demands for cases where a finite-width approach 
embankment spreads against a bridge (TRB 
2002, Boulanger et al. 2005).  Forces mobilized 
by the foundation and bridge superstructure can 
pin the spreading embankment, thereby reducing 
the lateral spreading demands.  Pinning effects 
were not included in the analyses in this paper 
because the analyses were restricted to a single 

0 0.1 0.2 0.3 0.4
Ground Displacement (m)

Structural Strength

Axial Capacity

P-multiplier in Sand

Y50 in Crust

Crust Load

Sand Disp

Lowerbound
Upperbound

0 0.2 0.4 0.6 0.8 1
Ground Displacement (m)

Structural Strength

Y50 in Crust
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(a)                             (b) 
Figure 4: Tornado diagrams for (a) damage state 2 and (b) damage state 3. 

Figure 5: Fragility curve for Landing Road Bridge, 
but with crust thickness increased from 1.2 m to 1.7 



 

 

bridge bent embedded in a large mass of spreading soils, and spreading of the approach 
embankment at the left abutment was left unexplored.  Future analyses are required to assess the 
influence of pinning at the left abutment. 

Inertia forces can occur simultaneously with lateral spreading forces (Tokimatsu 2003, 
Brandenberg et al. 2005), and constitute an extra demand that was not considered in this paper.  
Inertia forces were disregarded based on eye-witness accounts that the ground failure occurred 
after strong shaking, and that the road was passable shortly after the earthquake.  It is conceivable 
that some of the damage to the bridge was caused during shaking by a combination of inertia 
forces and transient ground lurching, with the remaining damage occurring after shaking.  Inertia 
forces should be included simultaneously with lateral spreading displacements for design 
calculations where the phasing of load components is not known apriori. 

The integration scheme applied to the probability density functions (pdf’s) in this study, 
which discretized the pdf’s into equal-sized bins with values sampled at the means of the bins, is 
known result in errors sampling the moments of the pdf’s.  The error in sampling the standard 
deviation of normally distributed variables in this study would be anticipated to be approximately 
20% (e.g., Miller and Rice 1983).  Such errors can be avoided using a Gaussian quadrature 
approach to numerical integration, which is currently being considered, but was not completed at 
the time of publication of this paper. 

 
 

6. CONCLUSIONS 
 

Fragility curves were derived for liquefaction and lateral spreading against the Landing Road 
Bridge, which suffered moderate damage as a result of the 1987 Edgecumbe earthquake in New 
Zealand.  The level of damage predicted by the fragility curves is consistent with the observations 
of moderate damage (reparable cracks, limited settlement, etc.), and is a significant improvement 
over the fragility curves inherent to HAZUS (1999) that predict collapse of the bridge.  Crust load 
and the displacement profile were the input parameters whose uncertainty most influenced the 
probabilistic analysis.  A modest increase in crust thickness from 1.2 m to 1.7 m increases the 
probability of collapse from 5% to 60% for 2 m of free-field ground displacement. 

Ongoing studies similar to those in this paper are being conducted to develop fragility curves 
for various classes of the more than 13,000 bridges owned by the California Department of 
Transportation.  The purpose of these fragility curves is to (1) improve predictions of liquefaction-
induced bridge damage for transportation network analyses and (2) provide a screening tool for 
prioritizing retrofit efforts to improve performance of bridges exposed to seismic hazard. 
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