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ABSTRACT

The 2010 M8.8 Maule earthquake caused damage and partial collapse on various pile-
supported bridges along the coast of Chile. These damages were probably due to effects
of liquefaction-induced lateral and vertical ground displacements, which often cause large
ground deformation that impose additional loads on the pile foundations. In this thesis
the seismic performance of three bridges will be analyzed, based on the residual lateral
displacement of the abutments and/or piers of each bridge, using a simplified methodol-
ogy. The analyzed bridges were: Juan Pablo II Bridge, Llacolén Bridge, and Mataquito
Bridge. These bridges were selected not only because of the clear evidence of liquefaction
at their respective locations, but also because their seismic behavior was very different be-
tween them. The analysis was carried out using two approaches, a liquefaction triggering
evaluation along with the “pile-pinning” concept, and a performance-based probabilistic
approach. Liquefaction susceptibility was evaluated using SPT-profiles, which were pro-
vided by the Ministry of Public Works (MOP in Spanish). The analytical method mainly
consists of: identification of liquefiable layers, slope stability analysis of the abutment
and/or pier, estimation of lateral ground displacement, and a pile response analysis due to
lateral displacement. The probabilistic method was evaluated using a spreadsheet provided
by the authors of this method. Reasonable to good agreement between these estimates and
the actual observed damages of these bridges was found. Comparing the obtained re-
sults, there is no clear evidence that one method is more accurate than another, because
both methods deliver conservative ranges of expected lateral displacements, especially the

probabilistic method.

Keywords: 2010 Maule earthquake, Liquefaction, Lateral Spreading, Pile

Foundation, Bridges



RESUMEN

El terremoto de Maule del 2010 de magnitud M8.8 caus6 dafios y colapsos parciales
en varios puentes apoyados sobre pilotes a lo largo de la costa de Chile. Estos dafios fueron
probablemente debido a efectos de desplazamiento lateral y asentamientos inducidos por
licuacién, los que generalmente causan grandes deformaciones en el suelo y a la vez im-
ponen cargas adicionales en los pilotes de las fundaciones. En esta tesis se analizard el
desempefio sismico de tres puentes, basandose en el desplazamiento lateral residual de los
estribos y/o cepas de cada puente, utilizando una metodologia simplificada. Los puentes
analizados son: Juan Pablo II, Llacolén y Mataquito. Dichos puentes fueron seleccionados
no solo por la clara evidencia de licuacion en sus respectivas ubicaciones, sino también
porque su comportamiento sismico fue muy distinto entre ellos. El andlisis se llevo a cabo
utilizando dos enfoques, una evaluacién de activacion de licuacién en conjunto con el con-
cepto de “pile-pinning” y una evaluacion probabilistica enfocada al desempefio. Para la
evaluacion de susceptibilidad de licuacién se utilizaron perfiles de Penetracion Standart
(SPT), los cuales fueron proporcionados por el Ministerio de Obras Publicas (MOP). El
método analitico consiste principalmente en: identificacion de capas licuables, andlisis
de estabilidad del estribo y/o cepa, estimacion del mdximo desplazamiento lateral del
suelo y andlisis de respuesta de los pilotes de la fundacién ante el desplazamiento lat-
eral. El método probabilistico se evalu6 utilizando una hoja de célculo proporcionada por
los autores de este método. Se encontrd que existe una correlacion razonable buena entre
las estimaciones de desplazamiento lateral obtenidas y el dafio observado en los puentes.
Comparando los resultados obtenidos, no existe clara evidencia de que un método sea mas
preciso que otro, pues ambos métodos entregan rangos de desplazamiento conservadores,

sobre todo el método probabilistico.

Palabras Claves: Terremoto de Maule del 2010, Licuacién, Desplazamiento Lateral,
Fundaciones sobre Pilotes, Puentes

xi



1. INTRODUCTION

1.1. Problem Statement

1.1.1. Background

In February 27, 2010 the M,, = 8.8 Maule earthquake caused significant damages
in Chile’s infrastructure, including a number of bridges, railroads, roads, and life-line
structures (Bray & Frost, 2010). The affected area covered approximately 600 km along
the coast by 100 km wide, an it included several regions and metropolitan areas. An
important highway that runs in the north-south direction, and connects these two cities

(Route 5) is crossed by a number of rivers that run mainly from east to west.

Most of the bridge structures along Route 5 performed well during the earthquake.
The earthquake strong shaking triggered liquefaction and lateral spreading, particularly
near rivers, streams, and along the coastline. The alluvial sediments and long duration of
shaking, most likely contributed to the observed liquefaction in several bridge locations.
Based on strong motion records, ground shaking lasted for more than two minutes in the
Santiago area. For loose, saturated, granular soils long-duration events impose a signifi-
cant number of strain cycles, which also generates excess pore pressures. Although some
of the observed damage was severe, the overall seismic performance of bridge decks and
superstructures was quite good. The Ministry of Public Works (MOP in Spanish) reported
that only about 5.7% of bridges, underpasses, and overpasses suffered different levels of

earthquake-induced damage (MOP, 2010).

The Bio-Bio River is the second longest river in Chile and it is also the widest, with
an average width of 1 km, and a width of more than 2 km prior to discharging into the
ocean. Close to the Pacific Ocean, the river traverses the metropolitan area of Concepcion.
In Concepcion, the river is crossed by five bridges: Juan Pablo II Bridge (opened in 1974),
Llacolén Bridge (2000), La Mochita Bridge (2005), Puente Viejo Bridge (1942) and Bio-
Bio Railroad Bridge (1889). During the February 27 M, = 8.8 earthquake all of these

bridges experienced different levels of structural damage, compromising normal business



activities in the region. The most common geotechnical failure mechanisms observed at
these bridges were liquefaction-induced lateral spreading that occurred along both shores
of the Bio-Bio River, and settlement in some bridge bents. Most of the damage occurred at
Llacolén and Juan Pablo II bridges. Similarly, the Mataquito Bridge (near Iloca) was also
subjected to extensive lateral spreading effects. The seismic performance of these bridges
was very different, ranging from little foundation deformations causing negligible to small
damages that did not affect the bridge structure, to moderate foundation deformations that

caused large distributed damage that even lead to bridge closure.

1.1.2. Motivation

The analysis of ground failure case studies is one of the most important sources of
feedback for geotechnical earthquake engineering, and it has lead to advances in this area.
Concepcion was selected as the main area of interest because of clear evidence of lique-
faction, short distance to the epicenter R ~100 km (62 miles), and different performance
of the bridges that cross the Bio-Bio River, more specifically Llacolén and Juan Pablo II
bridges. Liquefaction triggering and its consequences such as lateral spreading and ground
settlement, caused damages that affected the bridge’s decks and superstructure which lead
to closure, compromising local transportation and causing logistical problems to treat the
emergency. A major earthquake, like the M8.8 Maule, gives the opportunity to check the
accuracy of current methods and procedures on the estimation of lateral displacements due
to liquefaction, when compared against in-situ measurements. These comparisons are use-
ful, for example, to validate current methods, to enhance the available information about

lateral spreading, and to evaluate current local design standards.

The methodology exposed herein evaluates the relationship between the residual lat-
eral displacement and the observed damage in the bridge structure. Based on the residual
lateral displacements, key observations can be made about the seismic performance of the
bridges. This methodology makes use of the well-known liquefaction triggering procedure
by Youd et al. (2001), in combination with common engineering practice software, and the

“pile-pinning” effect, to get estimates of the residual lateral displacements. In addition,
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the damage levels proposed by Ledezma & Bray (2010), are used to give a qualitative

description of the bridges seismic performance.

The use of this simplified evaluation of the seismic performance of pile-supported
bridges, which is based on readily available structural, geotechnical, and seismological
information, gives design engineers a tool that would quickly help them check projects in a
preliminary design phase. The results from these analyses provide an adequate estimation
of expected lateral displacements in bridge abutments or intermediate bents, to evaluate if

the displacements are tolerable or not.

1.2. Objectives

The main objective of this research is to evaluate the seismic performance of three
pile-supported bridges affected by laterally spreading ground triggered by liquefaction.
This seismic performance evaluation is based on the residual lateral displacement of bridge
abutments and/or bents, where the effects of liquefaction-induced lateral spreading are
evaluated based on the design procedure proposed in the MCEER/ATC-49-1 report, a
guideline for the seismic design of bridges (ATC/MCEER Joint Venture, 2003). Addi-
tionally, the seismic performance is also evaluated using a performance-based simplified

probabilistic analysis (Ledezma & Bray, 2010).
The specific objectives are:

1. To verify that the current methods used to evaluate liquefaction susceptibility and ef-
fects, correlate well with the observed damage.

2. To determine, if the residual lateral displacements can explain the structural damage
observed at each bridge.

3. To determine, from a probabilistic method, the residual lateral displacements at each
bridge and the associated expected level of damage.

4. To compare the results of these two methods, analytical and probabilistic, and assess

whether these methods agree or not.



1.3. Literature Review

1.3.1. Liquefaction Susceptibility

Liquefaction is defined as the transformation of a granular material from a solid to
a liquefied state as a consequence of increased pore-water pressure and reduced effective
stress (Marcuson, 1978). Also soil liquefaction is known as a phenomenon in which soil
loses much of its strength or stiffness, soil particles re-arrange to a denser state under a
stress perturbation, causing excess pore-water pressure development because of insuffi-
cient time for the displaced water to escape (Medina, 2012). The term liquefaction also
refers to the phenomena of seismic generation of large pore-water pressures and con-
sequent softening of granular soils (Youd et al., 2001). Based on these definitions, for
liquefaction to develop, three elements are needed: loose to moderately dense saturated
granular soils, water presence, and cyclic loading (e.g.: earthquake shaking, vibrations).
Since liquefaction is one of the most dramatic causes of damage to structures during earth-
quakes, the evaluation of soil liquefaction resistance is an important aspect of geotechnical

engineering practice.

In the summary report by Youd et al. (2001), and following the original work by
Seed & Idriss (1971), the authors indicate that two variables are required to evaluate the
liquefaction triggering of soils. The first one is the seismic demand on the soil layer
expressed in terms of the Cyclic Stress Ratio (C'SR); and the second one is the capacity
of the soil to resist liquefaction, expressed in terms of the Cyclic Resistance Ratio (C'RR).
The C'SR is the ratio between the average shear stress during shaking, and the effective
vertical overburden stress. The parameters used to calculate this value are taken from
the in-situ soil conditions and the acceleration record of the earthquake of interest. On
the other hand, the value of C'RR is directly associated with the in-situ stress-state of
the soil. Unfortunately, this stress-state usually cannot be reestablished in the laboratory,
and samples of granular soils obtained in the field are usually too disturbed. To avoid

the difficulties associated with sampling and laboratory testing, field tests have become



commonly used for liquefaction assessment. One of these tests is the Standard Penetration

Test (SPT).

This test is carried out in a borehole, by driving a standard “split spoon” sampler using
repeated blows of a 63.5kg (140 1b.) hammer falling through 762mm (30 in.). The hammer
is operated at the top of the borehole, and is connected to the split spoon by rods. The split
spoon is lowered to the bottom of the hole, and is then driven a distance of 450mm (18
in.), and the blows are counted. The penetration resistance (/NV) is the number of blows

required to drive the split spoon for the last 300mm (1 ft) of penetration.

The Standard Penetration Test (SPT) is probably the most used field test for sampling
and soil characterization. In Chile, the Ministry of Public Works (MOP in Spanish) has
SPT data from various bridge sites, so this research was based on SPT procedures for soil

liquefaction assessment.

Cetin et al. (2004) presented new probabilistic and deterministic relationships for as-
sessing the likelihood of liquefaction triggering, also using SPT data. The resulting re-
lationships provide reduced uncertainty, and they also proposed new magnitude scaling

factors, adjustments for fines content, and corrections for overburden stress.

More recently Idriss & Boulanger (2006) presented a series of recommendations and
procedures based on field tests, which included an update for the semi-empirical field-
based procedures that are used to evaluate the liquefaction potential of cohesionless soils
during earthquakes. Also, based on this re-evaluation, they presented revised SPT-based

and CPT-based liquefaction correlations for cohesionless soils.

1.3.2. Liquefaction Effects of the 2010 Maule earthquake

The February 27, 2010 M,, = 8.8 Maule earthquake triggered liquefaction over a large
area of Chile, particularly near rivers, streams, and along the coastline of the country. The
widespread alluvial sediments and long duration of shaking most likely contributed to the
large number of observations of liquefaction. The geotechnical report of Verdugo & Peters

(2010) presented analyses of SPT profiles from Juan Pablo II Bridge and Llacolén Bridge
5



as part of the preliminary draft for the construction of Chacabuco Bridge. After performing
a liquefaction susceptibility evaluation on these SPT profiles, it was determined that for the
Juan Pablo II case, liquefiable and non-liquefiable soil layers were intercalated. Also, the
observed settlements along the bridge can be explained because the soil beneath several
bents liquefied. For the Llacolén Bridge, liquefiable layers were mainly located in the first
5 m, unlike the Juan Pablo II Bridge the pile’s tip were located in dense sands, which

explains the small settlements and displacements when compared to the latter.

The article by Ledezma et al. (2012) describes the effects that ground failure had
on a number of bridges, roadway embankments, and railroads during this major earth-
quake. It was concluded that liquefaction occurred primarily on sandy deposits along the
rivers that run in the east-west direction across central Chile, and that liquefaction of these
soils resulted in moderate-to-severe damage to many bridges and other transportation in-
frastructure. The post-earthquake edited report from the Geotechnical Extreme Events
Reconnaissance (GEER) teams (Bray & Frost, 2010), provided additional descriptions of
ground failures and damages in several other bridges, roads, railroads and lifelines sys-
tems. These documents were the base for selecting the three bridges presented in this

thesis.

Consequences of liquefaction included approach fill deformations, ground settlement
and lateral spreading. The latter was probably the main reason behind most of the damage
in bridges near the epicenter of the earthquake. Bridge decks unseated, rotated and shifted
at various bridges as consequence of strong shaking and lateral displacement. While
there were isolated cases of embankment fill failures resulting in the closure of roadways,
patches of gravel were quickly placed after the earthquake to compensate for settlement

of bridge approach fills.

In the Liquefaction Study Report No. MCEER/ATC-49-1 edited by ATC/MCEER
Joint Venture (2003), which presents guidelines for the seismic design of bridges, a de-

sign approach for the effects of liquefaction-induced lateral spreading on pile-supported



bridges is proposed. Four basic elements are involved in this design approach: (1) sta-
bility analysis, (2) Newmark sliding block analysis, (3) assessments of the passive force
that can ultimately develop ahead of a pile or foundation as soil movement occurs, and
(4) assessment of the likely plastic mechanisms that may develop in the foundations and
substructure. The rationale behind this approach is to determine the likely magnitude of
residual lateral soil movement and assess the structure’s ability to accommodate this move-
ment and/or to potentially limit it. It is also mentioned that available software (e.g., LPile
(Ensoft, 2013)) can provide useful information for the design of foundations resisting the

effects of lateral soil movements.

An example of the impact of lateral spreading on pile foundations can be seen in the
technical note by Phanikanth et al. (2012), where they studied the behavior of single piles
in liquefied deposits under lateral loads (e.g., inertial loads and lateral spreading) focusing
on the evaluation of the bending moments along the piles. The pile response in liquefied
soils was significantly amplified when compared against the non-liquefied case, and the
amplification in peak pile-bending moments was as high as 2.5. Also, the thickness of
the liquefied layer had a significant influence on the soil-pile response. For example, the
maximum pile-bending moment occurs at the interface of the liquefied and non-liquefied

layers.

1.3.3. Bridge Performance Evaluation

A widely used method to evaluate the seismic performance of pile foundations af-
fected by lateral spreading, is to analyze the piles using a Beam on Nonlinear Winkler
Foundation approach (BNWF). This method can be used for both, the nonliquefaction and
liquefaction cases. Assembly of a BNWF model requires selection of lateral (p-y), axial
(#-z), and tip bearing (g-z) materials for the piles and pile cap. Recommendations regarding
the stiffness, ultimate capacity, and nonlinear shape of these curves have been proposed
by several authors (Reese et al., 1974; O’Neill & Murchison, 1983; Rollins et al., 2005;
Matlock, 1970). More guidance for p-y curves selection can be found in the report by
Ashford et al. (2011).



Demands from lateral spreading layers can be represented by imposing free-field soil
displacements on the free ends of the p-y springs of the pile foundation, and also by im-
posing limit pressures directly to the pile nodes. The imposed free-field soil displacement
approach is more general than the limit pressure approach because the latter inherently
assumes that soil displacements are large enough to mobilize the ultimate loads from the
spreading crust and liquefiable layers against the pile. Brandenberg et al. (2007) performed
static pushover analyses of pile groups in liquefied and laterally spreading ground, using
the aforementioned approaches. The results of these comparisons indicate that certain
guidelines and assumptions, commonly used in engineering design, can produce signif-
icantly conservative or unconservative BNWF predictions. For example, not taking into
account the structural inertial forces can lead to underprediction of the pile lateral displace-
ments. The authors concluded that although the static BNWF pushover analysis method
has limitations, it may be acceptable for design if the uncertainties are recognized and

properly accommodated.

In the article by Brandenberg et al. (2012), three bridges supported on deep founda-
tions that exhibited various performance levels in liquefied and laterally spreading ground
were analyzed using the BNWF method. These analysis predicted the performance of
each bridge quite well when the measured lateral spreading demands were imposed on the
bridge. However, these demands were highly uncertain, and different approaches for esti-
mating lateral spreading displacements provided vastly different predictions. Then, these
cases were subsequently reanalyzed using a probabilistic prediction. The probabilistic ap-
proach provided a rational basis for assessing how much risk is associated with a particular
design and provided a superior decision-making framework compared with deterministic

methods.

The article by Ledezma (2013) presented back-analyses regarding the seismic perfor-
mance of the same three bridges selected for analysis in this thesis. The results of the
analyzes show that the Youd et al. (2001) liquefaction assessment correlates well with the
liquefaction occurrence, and that the calculated liquefaction-induced vertical settlements
and lateral displacements, provided realistic estimates of in-situ displacements. It is worth

8



noticing that the back-analyses were performed using an approximate liquefaction thresh-
old. Also, it was assumed that the sliding soil mass, in all cases, behave as a rigid block.
This article was used as a starting and comparative point for the results presented in this

thesis.

1.4. Methodology

Two methods were used in this study to evaluate the seismic performance of the three

selected bridges. The first method can be divided into six phases:

1. Evaluate the liquefaction susceptibility using the SPT profiles from the bridge sites.
Two borings from each bridge site where clear evidence of liquefaction was found
were selected for evaluation. Liquefaction susceptibility was evaluated using the SPT
liquefaction triggering evaluation by Youd et al. (2001).

2. Identify the layers that liquefied along the soil profiles and assign undrained residual
strengths to those layers. The undrained residual strength (S,,,) is estimated using the
expression proposed by Ledezma & Bray (2010).

3. Estimate the maximum lateral ground displacement based in a pseudo-static seismic

stability analysis. Knowing the values of the horizontal forces required to reach a factor
of safety of 1.0 for the different horizontal accelerations (k;) and sliding soil mass
geometry, the lateral displacement of the soil mass for each kj, is calculated using two
earthquake-induced slope displacement models (Bray & Travasarou, 2007; Rathje &
Antonakos, 2011) and a sliding block analysis performed in SLAMMER (Jibson et al.,
2013).
The initial fundamental period of the sliding mass (75) is required to perform the lateral
displacement estimates. The expression used to calculate these values depends on the
shear wave velocity (V) of the sliding mass, which was estimated using correlations
between V; and N-SPT values. (Bellana, 2009; Anastasiadis et al., 2002).

4. Identify the most probable plastic mechanism that develops in the pile foundation.

5. Estimate the shear force capacity of the piles against lateral displacement. A pushover

analysis was performed using the software LPile (Ensoft, 2013). All models considered
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an equivalent single-pile geometry using the same soil layers defined in the slope stabil-
ity models. Four different types of p-y curves (Reese et al., 1974; O’Neill & Murchison,
1983; Rollins et al., 2005; Matlock, 1970) were used to model both liquefiable and non-
liquefiable layers, around the pile. Recommendations for scaling factors, p-multipliers
m,, by (Ashford et al., 2011) were used to account for liquefaction occurrence.

6. Stablish a range of possible solutions for the compatible force-displacement state of the

foundation and the sliding block solution.
The second method is a probabilistic one with three main phases:

1. Estimate the earthquake intensity at the site of interest of each bridge. Two parameters
are used for this purpose, the moment magnitude (),,) and the spectral acceleration
(S.(1.57%)) at the degraded period T’ of the sliding mass.

2. Based on the liquefaction triggering evaluation, the slope stability models, and the foun-
dation characteristics, input parameters for the Ledezma & Bray (2010) spreadsheet are
selected. The potential base area (A) of the sliding mass is estimated from the slope sta-
bility model and the shear force provided by the piles is estimated using the following
foundation parameters: pile’s Young modulus (%), moment of inertia (/,), length of
the pile in the liquefied layer (1), number of piles (/V), pile’s plastic bending moment
(M,), and pile radius ().

3. The probability values for five different damage levels are calculated.

1.5. Thesis Structure

This thesis is divided into five chapters:

Chapter 1 is the introduction of the thesis, a brief background explanation of the nat-
ural phenomenon that motivated this work is presented. The objectives of this research,
a review of the state of the art, and methodology description, are also presented in this

chapter.

Chapter 2 corresponds to the article written based on this research, which is the main

section of this document. It contains the description of the used procedure, the results
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obtained for each of the three selected bridges, comparisons of the results obtained from
the analytical and probabilistic methods, and conclusions about the differences and simi-

larities between these two methods.

In Chapter 3, a detailed discussion of the final results is made. A comparison between

the two methods and the importance and contribution of this research are explained.
Chapter 4 presents the principal conclusions of this research.

Chapter 5 proposes ideas for future work.
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2. SIMPLIFIED PROBABILISTIC EVALUATION OF THE SEISMIC PERFOR-
MANCE OF THREE PILE-SUPPORTED BRIDGES AFFECTED BY LIQUE-
FACTION DURING THE MS8.8 MAULE CHILE EARTHQUAKE

Abstract

The 2010 M8.8 Maule Chile earthquake showed that the interaction between liquefied
and laterally spreading ground and structures with deep foundations is still far from being
completely understood. Damage and partial collapse observed in bridges like Juan Pablo II
and Llacolén, was most likely due to the effects of liquefaction-induced lateral and vertical
ground displacement, which often cause large ground deformations that impose additional
loads on the pile foundations. This article presents a simplified back-analysis regarding
the seismic performance of three bridges. The cases are analyzed using two approaches, a
liquefaction triggering evaluation along with the pile-pinning concept, and a performance-
based probabilistic approach. Reasonable to good agreement between these estimates
and the actual seismic behavior of these bridges was found. The bridges were selected
because clear evidence of liquefaction was observed at their respective locations. Also,
their seismic performance was very different, ranging from little to moderate foundation

deformations, causing small to large distributed damage.

2.1. Introduction

In February 27, 2010 the M,, = 8.8 Maule earthquake caused significant damage in
Chile’s infrastructure. The affected infrastructure spanned a large area of approximately
600 km along the coast, by 100 km wide. This area included several regions and the
metropolitan area. The two largest and most populated cities in Chile, Santiago and Con-
cepcidn, were located in the mentioned area. There is an important highway network that
runs in the north-south direction, which connects these two cities, being Route 5 the most
important. In this article, three case histories of bridges investigated by the Geotechnical

Extreme Events Reconnaissance (GEER) teams during several visits after the earthquake
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are presented. The observations provided herein are based on the edited GEER report

(Bray & Frost, 2010) and on the article by Ledezma et al. (2012).

Two of the three bridges presented in this article cross the Bio-Bio River, which is the
second longest river in Chile. It is also the widest river in Chile, with an average width of 1
km, and a width of more than 2 km prior to discharging into the ocean. Close to the Pacific
Ocean, the river traverses the metropolitan area of Concepcidn, Chile’s second largest
metropolitan area. In Concepcidn, the river is crossed by five bridges. Concepcion was
selected as the main area of interest because clear evidence of liquefaction was observed,
due to its short distance to the epicenter R~100 km (62 miles), and to the different seismic
performance of Llacolén Bridge (opened in 2000) and Juan Pablo II Bridge (1974). The
third bridge that was analyzed is the Mataquito Bridge (2006), located near Iloca, to the
north of the epicenter area, which was also subjected to extensive lateral spreading effects

due to liquefaction.

Liquefaction triggering and its consequences such as lateral spreading, ground set-
tlement, and approach fill deformations, caused damages that affected the bridges’ decks
and superstructure, leading to closure, compromising local transportation, and causing lo-
gistical problems to treat the emergency. Due to the Maule earthquake the three bridges
experienced different levels of structural damage. The most common geotechnical failure
mechanism was liquefaction-induced lateral spreading that occurred along both shores of

the Bio-Bio and Mataquito rivers.

2.2. Liquefaction Susceptibility

Liquefaction susceptibility was evaluated at the three bridge sites using the Standard
Penetration Test (SPT) profiles obtained before and after the earthquake, which were pro-
vided by the Ministry of Public Works (MOP in Spanish). The sand liquefaction triggering
procedure known as the “simplified procedure” (Youd et al., 2001) was used to define an
approximate normalized SPT threshold value for the occurrence of liquefaction. The 2010

Maule earthquake had a moment magnitude of M,, = 8.8, and the ground motion in the
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Concepcion area, R~100 km (62 miles) from the epicenter, had a peak ground acceleration

of PGA~0.4g (Boroschek et al., 2010).

2.3. Liquefaction Effects

Effects of liquefaction-induced lateral spreading were evaluated based on the sim-
plified design procedure proposed in the MCEER/ATC-49-1 report, a guideline for the
seismic design of bridges (ATC/MCEER Joint Venture, 2003), where the “pile-pinning”

effect was standardized. Some of the principal steps involved in this design procedure are:

o Identify the soil layers that are likely to liquefy. Borings located near the area of interest
for each bridge (abutments and/or bents) were selected and evaluated according to the
Youd et al. (2001) liquefaction triggering procedure.

e Assign undrained residual shear strengths (S,,) to the layers that liquefy. Once the
liquefiable soil layers are identified, the post-liquefaction strength was evaluated using
an expression based on a weighted average of five different procedures to estimate the
Sur (Ledezma & Bray, 2010).

e Perform pseudo-static seismic stability analyses to calculate the yield coefficient (k,)
for the critical potential sliding mass. For all the analyzed cases, the horizontal force re-
quired to reach a factor of safety (FS) of 1.0, defined as P, was calculated for horizontal
accelerations £, of 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, and 0.35. Therefore k, = £y, since
FS =1.0.

e Estimate the maximum lateral ground displacement. The Bray & Travasarou (2007) re-
lationship and the one proposed by Rathje & Antonakos (2011), along with the software
SLAMMER (Jibson et al., 2013), were used to estimate the residual lateral displace-
ment. The initial fundamental period of the sliding mass (7) was estimated using the
expression: Ty = 4H/V,, where H = the average height of the potential sliding mass,
and V; is the average shear wave velocity of the sliding mass. Shear wave velocities
were estimated using V; versus N-S PT correlations (Bellana, 2009; Anastasiadis et al.,
2002).
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e Identify the plastic mechanism that is likely to develop in the pile foundation as the
ground displaces laterally. A simple elasto-plastic model was used to reproduce the pile
behavior.

e From an analysis of the pile response to the liquefaction-induced ground displacement
field, the likely shear resistance of the foundation is estimated. Pushover analyses were
performed for this purpose using the software LPile (Ensoft, 2013). All models consid-
ered an equivalent single-pile geometry using the same soil profile properties assumed
for the slope stability models. Several models were considered to assess a range of pos-
sible solutions for the compatible force-displacement state from the pushover analyses

and the slope lateral deformation.

2.4. Estimation of Residual Lateral Ground Displacement

Two earthquake-induced slope displacement models (Bray & Travasarou, 2007; Rathje
& Antonakos, 2011) were used to estimate the lateral ground displacement. The Bray &
Travasarou (2007) relationship was evaluated using the rigid block and flexible block ap-
proaches. The spectral acceleration at the degraded period S, (1.57) was estimated using
a weighted average of the acceleration records from Hualafie and Concepcidn stations
(Boroschek et al., 2010), and the design spectra of the Chilean regulations NCh433:1996
Mod 2009 (INN, 2009) and Decree 61 modification (MINVU, 2011). A coefficient of
variation of 0.4 was assumed for the 7, values. The recommended (PG A, PGV') model
by Rathje & Antonakos (2011) was evaluated using the mean shaking period 7,,, PGA
and PGV of the aforementioned acceleration records, and average results are presented in

this article. These relationships will be called, respectively, B&T-07 and R&A-11.

A sliding block analysis was also performed using the software SLAMMER (Jibson
et al., 2013). A coupled analysis was performed using a damping ratio of 10%, which
corresponds to a shear strain that relates, approximately, to a G/G,,, ratio of 0.5. Addi-
tionally, linear-elastic and equivalent-linear soil models were selected, and their average

results are presented in this article.
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2.5. Pile Response Analysis

Based on the structural drawings provided by MOP, the foundation piles and bent
piers were modeled considering a cylindrical compressive strength of f. =25 MPa for
the concrete, and yield and ultimate stresses for the steel of f, = 420 MPa and f,, = 630
MPa, respectively. These nominal properties were respectively modified by factors R, =
1.3, R, =12 and R, = 1.2 to represent the actual in-situ strength of the piles and piers
at the time of the earthquake. These factors are based on the ACI 318-08 (American
Concrete Institute, 2008) and AISC 341-10 (American Institute of Steel Construction,

2010) recommendations.

To model the soil around the piles, four different p-y curve models were used to rep-
resent the liquefied layers, and two models were used for the non-liquefied layers. Two
different p-y curves for sands were used (Reese et al., 1974; O’Neill & Murchison, 1983))
in both, liquefied and non-liquefied layers; one of those curves is included in the API
Recommended Practice 2A-WSD (American Petroleum Institute, 2000). In addition to
the sand curves, two other p-y curves were used in the liquefied layers (Rollins et al.,
2005; Matlock, 1970), one of the curves was originally developed for liquefied sand and
the other one was developed for soft clays. Recommendations for the scaling factors, or
p-multipliers (m,,), by Ashford et al. (2011) were used to account for liquefaction occur-

rence. Table 2.1 shows the different combinations of p-y curves used in this article.

2.6. Probabilistic Analysis Framework

The Ledezma & Bray (2010) simplified probabilistic design framework was used to
evaluate the effects of liquefaction-induced lateral spreading on pile foundations of bridge
structures. The procedure uses some of the key assumptions involved in the “pile-pinning”
effect, which assumes that the piles are fixed against rotation at some distance above and
below the liquefiable material. This procedure incorporates primary sources of uncertainty
in its formulation, so that it is compatible with the Pacific Earthquake Engineering Re-

search (PEER) Center Performance-Based Earthquake Engineering (PBEE) framework.
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Table 2.1: Models and combinations of p-y curves used for pile response analysis.

Model p-y curve Liquefied Layers p-y curve Nonliquefied Layers
LS-SR Liquefied Sand (Rollins et al., 2005) Sand (Reese et al., 1974)
LS-API Liquefied Sand (Rollins et al., 2005) Sand (API, 2000)
SR-SR* Sand (Reese et al., 1974) Sand (Reese et al., 1974)
SR-API* Sand (Reese et al., 1974) Sand (API, 2000)
API-APT* Sand (API, 2000) Sand (API, 2000)
APImp20-API Sand (API, 2000) m,, = 0.20 Sand (API, 2000)
APImp15-API Sand (API, 2000) m, = 0.15 Sand (API, 2000)
APImp11-API Sand (API, 2000) m, = 0.11 Sand (API, 2000)
SC-SR Soft Clay (Matlock, 1970) Sand (Reese et al., 1974)
SC-API Soft Clay (Matlock, 1970) Sand (API, 2000)

*For these models, the p-y curves for all layers were model as nonliquefied layers.

In this simplified approach, it is assumed that the amount of seismically induced resid-
ual lateral displacement at the bridge abutments or bents, has the primary effect on the
overall performance of the entire bridge system. Depending on the level of residual lateral
displacement calculated at the bridge abutments or bents, it is proposed to consider that

the bridge can reach five potential levels of damage (Table 2.2).

Table 2.2: Bridge damage as a function of residual lateral displacement
(Ledezma & Bray, 2010)

Seismic Displacements | Damage
inches (cm) Level
0-17(0-2.54) Negligible
17-4”(2.54-10.2) Small
4”-207(10.2-50.8) | Moderate
20” - 80" (50.8-203.2) | Large
> 807 (203.2) Collapse

Some preliminary assessments need to be performed before the proposed simplified

procedure can be applied. These include the estimation of the earthquake intensity at the
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site, a liquefaction triggering assessment, and an evaluation of the liquefaction-induced
flow failure potential at the site. The authors of this simplified procedure generated an
Excel spreadsheet to perform this evaluation, which was used to obtain the results of this
article. The Ledezma & Bray (2010) procedure is meant to work as a screening tool to
identify bridges where the effects of liquefaction-induced lateral spreading can be impor-

tant.

2.7. Mataquito Bridge

2.7.1. Liquefaction Evaluation

The Mataquito Bridge is a 320 m-long, 8-span, reinforced concrete structure that
crosses the Mataquito River close to the Pacific Ocean. Each abutment of this bridge
was supported by two rows of four drilled shafts of circular cross section. The selected
borings for liquefaction evaluation were S-1A and S-2A located near the south and north
abutment, respectively (Figure 2.1a). The north abutment showed negligible damages,
and since the most notable damages were near the south abutment, the presented results
are based on the S-1A boring. Boring S-1A showed that the presence of liquefied mate-
rial was confined to the upper 5 m of the soil deposit (Figure 2.1). Given that the piles’
length was ~17 m, approximately two thirds of the piles lengths were well embedded.
This probably provided enough vertical and lateral support for the piles to resist the verti-
cal and lateral loads, despite the occurrence of liquefaction at shallow depths. An average
value of (N1)goes = 9 blows/ft was estimated for the full depth of the liquefied layer. The
S.r/ o, ratio for the slope stability model was 0.096, using the Ledezma & Bray (2010)

equation.

2.7.2. Slope Stability Analysis

Based on the available geotechnical information, a simple slope stability model (Fig-
ure 2.2) of the south abutment was created using the software Slide (Rocscience, 2012). In
this model, a 10 meters-high earth fill, with a 3H to 2V slope (typical MOP specification)

is underlain by 5 m of liquefiable material, which in turn is underlain by non-liquefiable
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material. Correlations between N-SPT' and friction angle were used to determine the
properties of the earth fill and those of the non-liquefiable layer. The unit weight for all
the layers were obtained from data of the borings provided by MOP. For the fill material
properties of v = 22 kN/m?, ¢’ = 0 kPa and ¢’ = 40° were considered. For the non-
liquefiable layer the properties were v = 20 kN/m?, ¢’ = 0 kPa and ¢’ = 35°, and the unit

weight for the liquefiable layer was v =18 kN/m?>.
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Figure 2.1: (a) Plan view of the Mataquito Bridge, indicating the location
of borings S-1A and S-2A; (b) Factor of Safety (FS) against liquefaction
occurrence versus depth for moment magnitud M,, = 8.8 and (c) (IV1)eocs

profiles indicating liquefiable and non-liquefiable points.

Also, a horizontal force Fj;.. = 377 kN/m, conservatively calculated using Rankine’s

theory, was included in the analyses to represent the interaction between the abutment

wall and the earth fill. This force was located 2H/3 below the earth-fill top, where H is the
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height of the bridge deck (/4 =2.73 m). The horizontal force P required to reach a factor of
safety (FS) of 1.0 was located at the center of the liquefiable layer. Then, the B&T-07 and
R&A-11 relationships were evaluated, and a sliding block analysis using SLAMMER was
performed. The results of these analyses are shown in Figure 2.3. As Figure 2.3 shows,
the obtained curves have similar shape regardless of the used method, being the B&T-07
curves the upper and lower boundaries for the set of curves, a pattern that is repeated in

the other two bridges.
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Figure 2.2: Post-liquefaction slope stability model generated for the south
abutment of the Mataquito Bridge.

2.7.3. Pile Response Analysis

A pushover analysis of Mataquito Bridge’s south abutment was performed consider-
ing different p-y curves (see Table 2.1). The model considered an equivalent single-pile
geometry and the same soil profile properties assumed in the slope stability model. Given
that at each abutment there were two rows of piles along the transverse direction of the
bridge, considering a spacing of S = 4 m between piles, and that V' is the shear force in
the pile, the equivalent per-unit-width force R was estimated as R = 2V//S. The results of
these analyses is shown in Figure 2.3.
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Figure 2.3: (a) Expected lateral displacement D for different values of re-
sisting force R for the piles in the south abutment of Mataquito Bridge. (b)
LPile (Ensoft, 2013) equivalent single-pile geometry model and lateral pile
deflection for different lateral loads.

This simplified analysis anticipates residual lateral displacement at the south abutment
in the range of 4 to 10 cm, but they can be as high as ~18 cm, which is a conservative

estimate when compared to what was observed in the field.

2.7.4. Probabilistic Analysis

Using the Ledezma & Bray (2010) spreadsheet, the earthquake intensity at the site
is defined through two parameters: the moment magnitude (M,,) of the event, and the
spectral acceleration S, (1.5T5) at the degraded period Ty of the sliding mass at the location
of the bridge. The initial fundamental period (7%) and the potential base area (A) of the
sliding soil mass are obtained from the slope stability analysis (Figure 2.2). Additionally,
the procedure uses the shear force provided by the piles defined through the following
foundation parameters: pile’s Young’s modulus (£), moment of inertia (1), length of pile
in the liquefied layer (/{), number of piles in the foundation (/V), pile’s plastic bending
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moment ()M,) and pile radius (). Finally, from the liquefaction triggering evaluation,
the undrained residual strength (5,,) is estimated. Table 2.3 shows the input data for the

Mataquito Bridge.

The o parameter is used to consider the distance to the points of fixity above and below
the liquefied layer. Other considerations for this procedure is that the standard deviation
of Sy, is 0.4 and that the passive reaction force of the bridge deck against the abutment

activates after 10.2 cm (4 in) of displacement.

Table 2.3: Input parameters for probabilistic analysis. South abutment of

Mataquito Bridge
General Input Shear Force Input
M, 8.8 E 23.5 GPa
Sal S, (1.5T%) 04¢g/09¢g I, 0.245 m*
T 0.12's H 50m
A 523 m? N 8
Sur 4.20 kPa M, 8337 kN-m
o 0.5 R 0.75 m

Figure 2.4 shows that, according to the Ledezma & Bray (2010) simplified procedure,
for a rigid block analysis, the probability of having negligible and small damage at the
bridge are 81% and 19%, respectively. On the other hand, using a flexible block analysis,
the probability values are the same, but now the associated damage levels are small and

moderate, respectively.
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Figure 2.4: (a) Probability of the south abutment of Mataquito Bridge be-
ing in damage levels of negligible (N), small (S), moderate (M), large (L),
and collapse (C), as define by Ledezma & Bray (2010), and (b) south abut-
ment of Mataquito Bridge showing no visible damage (b1), signs of lateral
spreading on the south end of the bridge (b2), and handrail deformations
and overlapping (b3).

2.8. Juan Pablo II Bridge

2.8.1. Liquefaction Evaluation

The Juan Pablo II Bridge is the longest vehicular bridge in Chile, spanning 2,310 m
in length. The bridge was opened in 1974. The bridge consists of 70 spans (length = 33
m, width =21.8 m). Each span sits on reinforced concrete bents with drilled pile supports,
piles length was ~16 m. Column shear failure, vertical displacements of the bridge deck,
and rotation of the bridge bent of 1° to 3° occurred at the northeast approach. In contrast
with the damage observed at the northeast approach, the southwest approach suffered
minor damage. The selected borings for liquefaction evaluation were S-14, located near
the north abutment and to bent No.66, and S-15, located near the south abutment (Figure
2.5a). Since the bent at Pier No.66 suffered severe damage, the results are based on boring
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S-14. Following the procedure used in the Mataquito Bridge, distinct layers of liquefiable
material were observed and ours results show that the soil below the tip of the piles likely
liquefied during this event. Three liquefied layers were defined, with thicknesses of 6 m,
3 m and 5 m (Figure 2.5). Average values of (V;)go.s were estimated for the full depth of
each liquefied layer. The average (/N1 )gocs Values were 14, 10, and 12.5 blows/ft. Using
the Ledezma & Bray (2010) equation, the S,,. /o, ratios for the slope stability model were
0.20, 0.11, and 0.16, respectively.
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Figure 2.5: (a) Plan view of Juan Pablo II Bridge, indicating the location
of borings S-14 and S-15; (b) Factor of Safety (FS) against liquefaction
occurrence versus depth for moment magnitude M, = 8.8, and (c) (IV1)60es
profiles indicating liquefiable and non-liquefiable points.
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2.8.2. Slope Stability Analysis

A slope stability model (Figure 2.6) of bent No.66 was created using the software
Slide (Rocscience, 2012). In this model, a 6 meters-high earth fill (3H to 2V slope) is
underlain by a sequence of liquefiable (L) and nonliquefiable (NL) layers, approximately:
top 3 m (earth fill) of NL, then 6 m of L, 7 m of NL, 3 m of L., 3 m of NL, 5 m of L,
and NL material for larger depths. For the fill material, properties of v = 18 kN/m?, ¢’ =
0 kPa and ¢’ = 28° were considered, for the non-liquefiable layers of medium density the
properties were v = 18.5 kN/m?, ¢’ = 0 kPa and ¢’ = 30°, and for the dense density layer
they were v =20 kN/m?, ¢’ =0 kPa and ¢’ = 38°. The unit weight for the liquefiable layers
was estimated as 19 kN/m?, 17 kN/m?, and 17 kN/m?, respectively. The horizontal force
P required to reach a factor of safety (FS) of 1.0 was located at the center of the pile cap.
The B&T-07 and R&A-11 relationships, and a SLAMMER model, were used to estimate

the residual lateral displacements. The results of these analyses are shown in Figure 2.7.
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Figure 2.6: Post-liquefaction slope stability model generated for Bent
No.66 near the north abutment of Juan Pablo II Bridge.
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2.8.3. Pile Response Analysis

A pushover analysis of Juan Pablo II Bridge’s No.66 bent pier was performed. Since
the shear failure occurred in the pier, and the sequence of liquefiable and non-liquefiable
layers did not seem to provide enough lateral restraint, the pushover analysis was focused
on the pier rather than on the piles. The model considered an equivalent single pile and
column geometry, and the same soil profile properties assumed in the slope stability model.
In this case, there was only one row of columns and piles along the transverse direction of
the bridge, considering a spacing of S = 13 m between piles, the equivalent per-unit-width
force R was estimated as R = V//.S, were V is the shear force in the pier. The result of

this analysis is shown in Figure 2.7.
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Figure 2.7: (a) Expected lateral displacement D for different values of re-
sisting force R for the piers of Bent No.66 near the north abutment of Juan
Pablo II Bridge. (b) LPile (Ensoft, 2013) equivalent single-pile geometry
model and lateral pile deflection for different lateral loads.

This simplified analysis shows that the expected lateral displacement at this bent (>10

cm) is consistent with the shear failure of the supporting column observed in the field.
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Only one of the ground displacement models intersect the pier response curves, which

means that the other models estimate even larger lateral displacements.

2.8.4. Probabilistic Analysis

The input parameters used in the spreadsheet are presented in Table 2.4. The initial
fundamental period (7) and the potential base area (A) of the sliding soil mass are esti-
mated from the slope stability analysis (Figure 2.6). For this case, since the liquefaction
evaluation showed that the soil below the tip of the piles likely liquefied (Figure 2.5), it was
assumed that the piles moved along with the soil and that the pier was the only resisting

element.

Table 2.4: Input parameters for probabilistic analysis for piers in Bent
No.66 of Juan Pablo II Bridge

General Input Shear Force Input
M, 8.8 E; 23.5 GPa
Sal S, (1.5T%) 04g/10¢g I, 0.175 m*
T, 0.26 s o 8.18 m
A 644 m? N 2
Sur 15.8 kPa M, 18593 kN-m
o 0.0 R 0.685 m

*Equivalent length of pile, after reformulating the pier restrains.

**Equivalent radius of the rectangular pier section.

This pier-pile system behaved approximately as a vertical cantilever element. Since
the Ledezma & Bray (2010) assumes that the lateral resistance comes from piles fixed
against rotation above and below the liquefied layer, an equivalent pile element was de-
veloped to properly reproduce the pier’s lateral stiffness and strength. Using the Ledezma
& Bray (2010) simplified procedure, for a rigid block analysis, the probability of having
negligible, small, moderate, and large damage at Bent No.66 of Juan Pablo II Bridge are
6%, 56%, 37%, and 1%, respectively. For a flexible block analysis, the damage levels
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are small, moderate, large, and collapse, with probabilities of 1%, 45%, 51%, and 3%,

respectively. The results of this analysis is shown in Figure 2.8.
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Figure 2.8: Probability of the Bent No.66 of Juan Pablo II Bridge being
in damage levels of negligible (N), small (S), moderate (M), large (L), and
collapse (C), as define by Ledezma & Bray (2010), and (b) Pier shear fail-
ure at Bent No.66

2.9. Llacolén Bridge

2.9.1. Liquefaction Evaluation

The Llacolén Bridge in Concepcidon was constructed in the year 2000 and it spans
2,160 m across the Bio-Bio River. The bridge is a multispan, simply supported concrete
girder bridge. In contrast to the Juan Pablo II Bridge, the average piles’ length in Llacolén
Bridge was ~20 m. During the earthquake, lateral spreading at the northeast approach
unseated the bridge deck at its shoreline support, forcing closure of the bridge until a
temporary deck could be erected. The selected borings for liquefaction evaluation were
SJ-5 located near the south abutment and S-6 located near the north abutment and to Bent
No.48 (Figure 2.9a). The results were most damage was observed are presented (boring S-

6). Distinct layers of liquefiable material were observed after the liquefaction evaluation.
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Unlike Juan Pablo II Bridge the soil below the tip of the piles did seem to liquefy during
this event. Three liquefied layers were defined, with thicknesses of 2 m, 3 m, and 7.5 m
(Figure 2.9). Average values of (N )go.s Were estimated for the full depth of each liquefied
layer. The average values were 8.7, 10.8, and 12.5 blows/ft. The calculated S,,,. /0., ratios,
using the Ledezma & Bray (2010) equation were 0.09, 0.13, and 0.23, respectively.
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Figure 2.9: (a) Plan view of the Llacolén Bridge, indicating the location
of boring SJ-5 and S-6; (b) Factor of Safety (FS) against liquefaction oc-
currence versus depth for moment magnitude M, = 8.8, and (c) (INV1)6oes
profiles, indicating liquefiable and non-liquefiable points.

29




2.9.2. Slope Stability Analysis

A slope stability model of Bent No.48 was created (Figure 2.10). In this model, a 3.68
meters-high earth fill (typical 3H to 2V slope) is underlain by a sequence of liquefiable (L)
and non-liquefiable (NL) layers, approximately: 2 m of L, 4 m of NL, 3 m of L, 3.5 m
of NL, 7.5 m of L, and NL material for larger depths. For the fill, material properties
of v =22 kN/m®, ¢’ = 0 kPa and ¢’= 40° were used. For the non-liquefiable layer of
medium density the parameters were v = 19 kN/m?, ¢’ = 0 kPa and ¢’ = 30°, and for
the dense density layer the properties were v = 20 kN/m?, ¢’ = 0 kPa and ¢’ = 33°, the
unit weight for the liquefiable layers were estimated as 18.5 kN/m?, 19 kN/m?, and 19.5
kN/m?, respectively. The horizontal force P required to reach a factor of safety (FS) of
1.0 was located at the center of the pile cap. The B&T-07 and R&A-11 relationships, and
a SLAMMER model, were again used. The results of these analyses are shown in Figure

2.11.
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Figure 2.10: Post-liquefaction slope stability model generated for Bent
No.48 near the north abutment of the Llacolén Bridge.

2.9.3. Pile Response Analysis

Pushover analyses of Llacolén Bridge’s No.48 Bent were performed considering dif-
ferent p-y models. It was assumed that the connection of the piers on Bent No.48 to the
bridge deck did not provide enough fixity against rotation, so the piles were the only el-

ements restraining the lateral movement of the sliding soil mass. The model considered
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an equivalent single-pile geometry and the same soil profile properties assumed in the
slope stability model. Similar to the Juan Pablo II bridge case, bents had only one row of
columns and piles along the transverse direction of the bridge, considering a spacing of S
=4.81 m between piles, the equivalent per-unit-width force R was estimated as R = V/.S,

were V' is the shear force in the pile. The result of this analysis is shown in Figure 2.11.
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Figure 2.11: (a) Expected lateral displacement D for different values of
resisting force R for the piles of Bent No.48 near the north abutment of
Llacolén Bridge. (b) LPile (Ensoft, 2013) equivalent single-pile geometry
model and lateral pile deflection for different lateral loads.

This simplified analysis shows that the expected residual lateral displacement at this
abutment (2 to 8 cm) is consistent with the small to moderate residual lateral displacements

observed in the field, which do not fully explain the deck collapse.

2.9.4. Probabilistic Analysis

The input parameters used in the spreadsheet are presented in Table 2.5. The initial
fundamental period (75) and the potential base area (A) of the sliding soil mass are ob-

tained from the slope stability analysis (Figure 2.10). Even though the failure surface goes
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through the first liquefied layer of the generated model (Figure 2.10), the pile response
analysis showed that the apparent bottom point of fixity of the pile was located between
the bottom of the second liquefied layer and the first dense sand layer. Therefore the
length of the pile (/) used in this analysis is larger than thickness of the first liquefied
layer (Table 2.5).

Table 2.5: Input parameters for probabilistic analysis for Bent No.48 of

Llacolén Bridge
General Input Shear Force Input
M, 8.8 B 23.5 GPa
Sa !l S, (1.5T%) 04g/072¢ I, 0.245 m*
T 0.079 s H 9.0 m
A 1315 m? N 10
Sur 5.1kPa M, 13292 kN-m
o 0.83 R 0.75m
1 : : :
I Rigid Block Sa=0.4g
[ JFlexible Block Sa(1.5Ts)=0.72g
T 075}
E 0.75 .
: o
&
o o5
.gx 034 0.38
g
& 025
0 o 001 001 0 0
N s M L c
Damage Level
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Figure 2.12: (a) Probability of Bent No.48 of Llacolén Bridge being in
damage levels of negligible (N), small (S), moderate (M), large (L), and
collapse (C), as define by Ledezma & Bray (2010), and (b) substructure
of the north approach at Llacolén Bridge showing the unseated deck in the
foreground (b1) and north view of the deck unseating at Bent No.48 (b2).
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Using the Ledezma & Bray (2010) simplified procedure, for a rigid block analysis, the
probability of having small, moderate, and large damage at Bent No.48 of Llacolén Bridge
are 34%, 64%, and 1%, respectively. For a flexible block analysis the damage levels are
small, moderate, and large, with probability values of 1%, 60%, and 38%, respectively.

The result of the analysis is shown in Figure 2.12.

2.10. Conclusions

Assessment of liquefaction susceptibility and liquefaction effects, in terms of lateral
spreading, evaluated from SPT-profiles at each bridge site showed that current procedures
correlate reasonably well with the observed bridge damage and occurrence of liquefaction

at these sites.

The simplified probabilistic method, although conservative, correlate reasonably well
with the observed bridge damage, even in the case where a modification had to be made

to use the spreadsheet to incorporate the lateral restraining provided by the pier.

In the Mataquito Bridge case, the range of expected lateral displacement was larger
than the observed residual displacements on field. The results of the probabilistic method
show that the residual lateral displacement using both rigid and flexible block models were

consistent (Table 2.6). Results from both methods were conservative.

For the Juan Pablo II Bridge large lateral displacements were estimated, which cor-
relates well with the observed shear failure of the piers (Figure 2.8). Note that equivalent
pile properties had to be used in the spreadsheet to represent the columns’ lateral response.
In the probabilistic method, unlike the other bridges, there was not a specific damage level
that stood out from the rest (Figure 2.8). Furthermore, depending on the block model that
was used, the damage level could vary from “Small” to “Large”, for rigid and flexible

block models, respectively (Table 2.6).

For the Llacolén Bridge the residual displacement estimates, using the analytical
methods, suggest that lateral spreading may not be the only reason for the bridge deck

collapse at the shoreline support, and that inertial effects could have played a relevant role
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in this case. On the other hand, using the probabilistic method, the bridge deck collapse

could be explained because of the conservative range of expected lateral, being the damage

level defined as “Moderate” the one with highest probability (Table 2.6).

Table 2.6: Comparison of residual lateral displacement results

Residual Lateral Displacement,
Brid Residual Lateral Displacement, Probabilistic Method
nage Analytical Method (cm) robabilistic Method (cm)

Rigid Block | Flexible Block
Mataquito 4-18 0-25[81%] | 2.5-10[81%]

2.5-10[56% 10-51 [45%
Juan Pablo II > 10 156%] [45%]
10-511[37%] | 51 -203 [51%]
Llacolén 5.3 2.5-101[34%] | 10-51[60%]
10 - 51 [64%] | 51 - 203 [38%]
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3. ANALYSIS

The results obtained in this research are important for the geotechnical engineering
field, because the assessment of liquefaction susceptibility and lateral spreading, evalu-
ated from SPT-profiles, correlate reasonably well with the displacements and damages
observed at the studied bridges’ abutments and/or bents. Also, because the SPT is still the

most used field test for characterization and soil sampling in Chile.

There are various methods to estimate liquefaction induced lateral displacement of
structures (e.g., numerical analyses and scale models); however, some of those methods
are too complex and computationally costly, hence the importance of having tools that can

provide similar estimates but with lower complexity and cost.

There is good agreement between the results of the two analyzed methods and the ob-
served damages in the selected areas of interest, even though the analyses were performed
under a pseudo-static assumption (inertial effects from the structure were neglected). The
estimated lateral displacements were always on the conservative side, specially with the

probabilistic method.

Although the methodology proposed herein achieves of the stated objectives (Chapter

1), some key points were identified.

The first aspect was the determination of the initial fundamental period (7) of the slid-
ing soil mass, and the associated spectral acceleration at that degraded period (S, (1.57%)),
to estimate the residual lateral displacement. These two parameters are key inputs in both
Bray & Travasarou (2007), and Rathje & Antonakos (2011) relationships. A commonly
used expression is that Ty = 4H /V, where H is the average height of the potential sliding
mass, obtained from the geometry of the slope stability analysis, and Vj is the shear wave
velocity, for which no data was available so V; - N-S PT correlations were used (Bellana,
2009; Anastasiadis et al., 2002). T values vary between each other depending on the se-

lected correlation. Taking this variation into account, the S, (1.57) value for each bridge

35



site was calculated assuming a coefficient of variation of 0.4 for the 7§ values. The se-
lected S, (1.57%) values (tables 2.3, 2.4, and 2.5) represent a weighted average for a range

of T values between T £ o, where o is its standard deviation (Appendix A).

It is worth mentioning that the Rathje & Antonakos (2011) relationship is primarily in-
fluenced by the acceleration record used for the analysis, since the input parameters PG A,
PGV, and mean shaking period (7,,), are characteristics of each acceleration record. The
criteria used to select the acceleration records in this research were: similar record dura-
tion, distance to the bridge site, and similarity in the recorded PG A. Selection of more

records would have required record scaling, which is beyond the scope of this research.

A second key aspect was detected in the probabilistic method when defining the length
of the pile in the liquefiable layer. The spreadsheet was originally developed for a case
where “pinning” was provided by piles fixed against rotation at some point above and
below the liquefied layer: Bent No.66 of Juan Pablo II Bridge did not satisfy this condition.
An equivalent pile with the same lateral stiffness and strength of the piers, was used. It is
important to note that for this bridge, the structural details of the piles were not available
because the bridge was constructed in the early 70s, so nominal properties (provided by

MOP) had to be assumed.

A third key point was related to the pile response analysis phase in the case of Juan
Pablo II Bridge, where the observed damage served to develop and to verify the assumed
structure behavior. The definition of the piles behavior, directly affects the restrictions on
the generated pushover analyses. The assumptions used in this investigation proved to be

quite accurate, based on the obtained results.

Another relevat point is that the liquefaction triggering procedures (Youd et al., 2001)
and the residual lateral displacement procedures (Bray & Travasarou, 2007) were applied
even though these procedures were not originally formulated for big magnitude events. For
example, the database of the “simplified procedure” (Youd et al., 2001) has only points for
M, below 7.7 and C'SR below 0.4, and in the analyzed SPT-profiles there were points
that exceeded those limits (appendix B). The Bray & Travasarou (2007) relationship was
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developed using a database of records with M, below 7.6 and epicenter distance (1) of
less than 100 km, and one of the selected acceleration records is above the limit of the
distance to the epicenter. However, both procedures appear to give reliable results despite

this observation.

Overall, the proposed methodology can be used as a screening tool to identify bridges
where the effects of liquefaction and lateral spreading may be relevant or can compromise

the bridge structure.
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4. CONCLUSIONS

Current SPT-based procedures to evaluate liquefaction susceptibility and effects due
to lateral spreading correlate quite well with the observed occurrence of liquefaction and
bridge damage at the selected sites, despite the fact that certain parameters from the lig-
uefaction triggering procedure, were near the limits of the database used to formulate this

procedure.

The simplified probabilistic method, although conservative, has a reasonably good
correlation with the observed bridge damage, even in the Juan Pablo II Bridge case where
the spreadsheet input pile parameters had to be modified to incorporate the lateral restrain

provided by the pier.

The probability values in two of the three bridges (figures 2.4 and 2.12) showed one
clear damage level, for both rigid and flexible block models, which is an advantage when

assessing the expected bridge damage based on the residual lateral displacements.

For the Mataquito Bridge case, the range of expected lateral displacement was larger
than the observed residual displacements on field. The results of the probabilistic method
show that the residual lateral displacement using both rigid and flexible block models were
consistent (table 2.6), also both block models showed a predominant damage level (figure

2.4). Results from both methods were conservative in this case.

For the Juan Pablo II Bridge large lateral displacements were estimated, which cor-
relates well with the observed shear failure of the piers (figure 2.8). Note that equivalent
pile properties had to be used in the spreadsheet to represent the pier’s lateral response. In
the probabilistic method, unlike the other two cases, there was not a specific damage level
that stood out of the rest (figure 2.8). Furthermore, depending on the block model that was
used, the damage level could vary from small to large, for rigid or flexible block models,

respectively.

For the Llacolén Bridge the residual displacement estimates, using the analytical

method, suggest that lateral spreading may not be the only reason for the bridge deck
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collapse at the shoreline support, and that inertial effects could have played a relevant role
in this case. On the other hand, the probabilistic method indicates that the bridge deck
collapse can be somewhat explained by the lateral displacement, where the damage level
defined as “Moderate” had the highest probability (figure 2.12), for both rigid and flexible
block models.

Finally, comparing the residual lateral displacement obtained using the analytic and
the probabilistic methods, we can conclude that no method is more accurate than the other.
While it is true, in the case of the Mataquito Bridge both methods estimate a very similar
range of displacement (table 2.6), in the other two cases the range of displacement that

most resembles the observed damage is given by the probabilistic method.
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S. FUTURE WORK

The proposed methodologies could be used in other bridges in which evidence of lig-
uefaction was found, so as to verify that indeed this tool adequately evaluates liquefaction
susceptibility and properly estimates the residual lateral displacement in abutments and/or
bents, and to check if these estimates remain in the conservative side. Moreover, projects
that are still in a design phase could be analyzed using the available SPT-profiles from the
future bridge site, to check the expected lateral displacements and how they could affect

the structure.

Another potential line of research is to perform dynamic analyses using numerical
models of the bridges discussed in this research, and to compare the results obtained from
those models and the results presented in this thesis, to verify whether this simplified eval-
uation gives reliable results that can help make decisions for improvements and/or changes
in the bridge, especially on those projects in a design phase. Moreover, modifications can
be made to the Ledezma & Bray (2010) spreadsheet, so other restrain conditions can be

evaluated, without the need of formulating an equivalent pile element.

Finally, this procedure could be used as a preventive assessment in those bridges lo-
cated in areas with high seismic hazard (e.g., northern Chile) in which certain range of
displacement may not be tolerable to the structure, causing severe damage to the bridge

and logistical problems to attend a potential emergency.
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APPENDIX A. SELECTED ACCELERATION RECORDS AND DESIGN SPEC-

TRA

Acceleration, [g]

-0.4
0

1

05
Max =0.40082g

0.4 o

| | |

50 100 150
Time, [seg]

Figure A.1: Acceleration Record of Concepcion Station (Boroschek et al., 2010)
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Figure A.2: Acceleration Record of Hualafie Station (Boroschek et al., 2010)
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Figure A.3: Response spectra of Concepcion and Hualafe records, and
design spectra of the Chilean regulations NCh433:1996 Mod 2009 (INN,
2009) and Decree 61 modification (MINVU, 2011)
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Figure A.4: Range of S,(1.57%) used in the weighted average of Mataquito
Bridge

47



Concepcion, § = 5%

Hualane, & = 5%

= Soil Type 11, NCh433 Mod. 2009

= = = Soil Type D, NCh433 Mod. 2009 Dec.No.61
o Juan Pablo 1 Bridge, S(1.5T)

m  Juan Pablo |1 Bridge, Sa(l.S(Tst a))

Spectral Acceleration, Sa[g]

il i I S A A A |

10° 10 10°
Period, T, [seg]

10" 10

Figure A.5: Range of S, (1.57}) used in the weighted average of Juan Pablo

II Bridge

15 T —T—TT T

Spectral Acceleration, Sa[g]

il

Concepcion, § = 5%

Hualane, & = 5%

— Soil Typelll, NCh433 Mod. 2009

= = = Soil Type D, NCh433 Mod. 2009 Dec.No.61
A Llacolen Bridge, Sa(l.STS)

A Llacolen Bridge, S(1.5(T_+ 0))

10° 10" 10°
Period, T [seq]

10

10

Figure A.6: Range of S,(1.5T) used in the weighted average of Llacolén Bridge
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APPENDIX B. FURTHER RESULTS OF LIQUEFACTION SUSCEPTIBILITY
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Figure B.1: Cyclic Stress Ratio (C'SR) versus (Nj)goes and the recom-
mended C'RR curve for clean sands, F'C' = 5%, and M,, =7.5 (Youd et al.,
2001) for Mataquito Bridge; (a) Boring S-2A and (b) Boring S-1A
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Figure B.2: Cyclic Stress Ratio (C'SR) versus (Nj)goes and the recom-
mended C'RR curve for clean sands, F'C' = 5%, and M,, = 7.5 (Youd et al.,
2001) for Juan Pablo II Bridge; (a) Boring S-15 and (b) Boring S-14

50




0.7F
06+ °
°
05F
%
©
£ 04
o
@ 03F 4
£
3
0.2r- b
01l CRR,  FC=5% 1
O NoLiquefaction
@ Liquefaction
0 i i i i i i i T T
0 5 10 15 20 25 30 35 40 45 50
Modified Standard Penetration, (N1)ems [Blows/ft]
(a)
0.6 b
o
o
o i
o
%
O
g o :
: l
o
@ 0. €
L
k]
9
CRR75 FC=5% []
O NoLiquefaction
@ Liquefaction
0 I I I I I I I I I
0 5 10 15 20 25 30 35 40 45 50

Modified Standard Penetration, (N,) ., [Blows/f]

(b)

Figure B.3: Cyclic Stress Ratio (C'SR) versus (N)goes and the recom-
mended C'RR curve for clean sands, F'C' = 5%, and M,, = 7.5 (Youd et al.,
2001) for Llacolén Bridge; (a) Boring SJ-5 and (b) Boring S-6
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