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Abstract

Bridges constitute a critical and important part of the infrastructure of many cities’
transportation network. They are expensive to build and maintain, and the consequences of a
sudden failure are very severe. Therefore, bridges are expected to have a high degree of
reliability, which means that they have to perform above a life safety criterion under earthquake
excitations. In a continuous effort to improve design guidelines, it is imperative to understand the
behavior of existing bridges that are subjected to severe shaking. For this reason, continuous
monitoring of bridges has become essential: not only to help determine if a bridge has been
damaged but also to understand their response to strong earthquake motions.
The work reported here includes an in-depth analysis of the behavior of the Vallejo- Hwy
37 Napa River Bridge during the 2014 California, Napa earthquake (M 6.0). The bridge located
in Vallejo California connects Sears Point Road and Mare Island to Vallejo. It was built in 1967.
The bridge was instrumented with 12 accelerometers on the superstructure and 3 accelerometers
at a free-field site. An analysis of the recorded data of the accelerometers on the superstructure
was carried out to determine the maximum displacement at mid-span, and to get the fundamental
frequencies of the bridge during the excitation. A finite element (FE) model was developed
based on the as-built drawings and model updaitng was perform. Finally, the updated model was
used with the recorded ground motion of the 2014 Napa Earthquake to perform a time history
analysis. The results were compared to the recorded data of the sensors located on the bridge.
The peak displacement at mid-span in the longitudinal and transverse directions of the FE had a
good match to the recorded peak displacement. It can be concluded that the updated FE model
can capture the peak displacement at the bridge mid-span. It also shows that having a strong
ii

motion network can help engineers to better understand the behavior of structures under
earthquake loading, by looking at the recorded data and identifying peak values of acceleration,
velocity and displacement.
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Chapter 1: Introduction

Long-span bridges are a critical part of a city’s transportation systems, and they are
essential in the economic growth and development of many cities. Therefore, they should have a
high degree of reliability (Chen Y., 1996). If a sudden earthquake hits a city and damages its
bridges, leading to bridge closures, neighboring cities would see economic hardship. Many cities
have implemented multi-phase assessment procedures for long-span bridges. These procedures
are not only focused on meeting live safety criterion (no collapse), but seek to meet better
performance objectives, such as post-earthquake functionality for emergency routes and life-line
bridges (Caltrans, 2015). In order to meet better performance criteria, it is imperative to
understand the behavior of bridges during severe shaking. For this reason, continuous monitoring
of bridges has become essential: not only to detect the damage on the bridge, but also to have a
more profound understanding of the bridge response to earthquake loading.

On August 24 2014, a magnitude 6.0 earthquake hit the city of Napa and nearby cities.
The earthquake caused some minor damage to the infrastructure network in the region. In
Vallejo, California, the Hwy 37 Napa River Bridge is located about 11 km off the epicenter
(CESMD, 2014). The bridge was built in 1967. It connects Sears Point Road and Mare Island to
Vallejo in California. The bridge consists of 33 spans of precast girders supported on flexible 2column piers and stiff 4-column piers. The bridge had rocker bearings at the expansion joints.
The bridge was retrofitted in 1996. The columns were encased in steel jackets to improve
their ductility. The foundations were retrofitted by enlarging the pile caps and by adding more
pile to the foundations. To improve the continuity of the bridge deck, bolsters around the end of
1

the diaphragms were added, as well as transverse prestressing with pipe seat restraints at the
hinges.
In 2001, the bridge was instrumented with strong motion sensors. They consist of 12
accelerometers on the bridge deck and 3 accelerometers free-field in a geotechnical array that
records the bridge acceleration and the ground acceleration respectively.

A detailed investigation of the response of the HWY 37 Napa River Bridge to the 2014
M6.0 Napa earthquake has been conducted by the author of this thesis. Given the limitations of
the instrumentation, the dynamic characteristics of the bridge were obtained. These
characteristics were used to conduct model updating to a finite element model developed using
the bridge’s as-built drawings. Eventually, the model was subjected to the recorded motion of the
earthquake to simulate the peak displacements of the recorded data from the sensors located on
the bridge deck.

1.1

Scope
A finite element model was developed to predict the maximum displacements recorded

during the 2014 M6.0 Napa earthquake in California. It is acknowledged that the total response
of the bridge may be captured with this finite element model. However, Caltrans guidelines
specified that seismic analysis should capture the maximum displacements at distinct locations
on the bridge deck. To have a better prediction of the entire recorded data a more refined model
should be developed, which is beyond the scope of this work.

2

1.2

Motivation
Structural health monitoring has become an important tool for transportation networks to

understand the response and behavior of bridges during their lifetime, especially during
earthquakes in high seismic areas. Recognizing the importance of health monitoring, the
California Department of Transportation (Caltrans) and the California Geological Survey (CGS)
have developed a strong motion program for bridges for over 40 years (Hipley and Huang,
1997). This was started after some major earthquake events in the 1970s, where many bridges
that were built in the 1960s suffered damage. Caltrans had to repair, retrofit and begin to
instrument their bridges with strong motion sensors. The strong motion instrumentation consisted
of implementing sensors on bridges. These sensors were located on the superstructure, bents
caps, bottom of the columns, pile caps and pile foundation to capture the kinematic response of
the support elements, along with the dynamic response of the entire superstructure of a bridge
(CSMIP, 2012). All this instrumentation depended on the complexity of the bridge and its pile
foundation. It is important to note that not all long-span bridges have this detailed
instrumentation. Some bridges are partially instrumented and do not possess sensors at the base
of the columns, pile caps and pile foundation. Such is the case for the Hwy 37 Napa River
Bridge that connects Sears Point Road and Mare Island to Vallejo, California.

The Hwy 37 Napa River Bridge is located in Vallejo, California, 11km away from the
epicenter of the M6.0 2014 Napa earthquake. The bridge is approximately 999 m (3230 ft.) long
with 33 spans of precast I-girders supported on flexible 2-column piers and stiff 4-column piers.
It has 12 strong motion sensors at the bridge deck and 3 sensors in a geotechnical array.
However, the bridge has limited sensors as only half of the bridge is instrumented. These
3

limitations may not provide enough data to conduct a full system identification to obtain accurate
mode shapes of the entire bridge. Furthermore, the sensors are all located on the superstructure
and none one of them at the substructure. The lack of data at the base of the columns and at the
pile caps brings about the challenge of what input motion can be used in a finite element model
to simulate the bridge behavior under earthquake conditions.

Based on the previously mentioned limitation, a finite element model of the bridge was
developed that could give a better understanding of the dynamic characteristics of the bridge
during the 2014 Napa earthquake – a model that captures the peak displacement of the bridge
deck during severe earthquake shaking. Ideally, the model needed to incorporate the contribution
of the foundation and the nonlinearities of the structure elements. This is not incorporated in the
finite element developed, but opens up further research that goes beyond the work done for this
thesis project.

1.3

Purpose of the Study
The goal of this research is to develop a realistic finite element model of the Hwy 37 Napa

River Bridge using Caltrans 2015 Seismic guidelines that can help engineers understand the
bridge behavior during seismic events. This is achieved through:


a detailed investigation of the recorded data during the 2014 M6.0 Napa earthquake in
California

-

conducting Preliminary Fourier Analyses of the recorded data

-

conducting the system identification of the bridge using the recorded data of the 2014
Napa earthquake and different identification techniques;
4



developing a finite element model that captures the peak displacements of the recorded
data of the 2014 Napa earthquake

-

creating a benchmark model of the bridge with the program CSI Bridge 2016 (Computer
and Structures Inc. 2016)

-

correlating the recorded data and the finite element model

-

identifying the sensitivity of parameters such as column stiffness, girder mass and
stiffness of the elastomeric bearings of the finite element model

-

calibrating the finite element model to identified properties of the recorded data by
modifying the dynamic properties of the FE model

-

response-predicting the peak displacement of the deck at the sensor location of the bridge
subjected to the 2014 Napa earthquake.

1.4

Thesis Outline
This section provides a brief description of the content that is included in each chapter.

Chapter (2): includes a literature review of system identification techniques, previous
model updating studies and Caltrans guidelines for seismic analysis and design. The two main
system identification techniques presented are Enhanced Frequency Domain Decomposition and
Stochastic Subspace Identification. Chapter 2 shows what the bases of the techniques are and
how they differ from each other. Similarly, previous model updating studies are summarized. It
shows the range of techniques used and the purpose of the updating in each case. Finally, a
description of the seismic guidelines provided by Caltrans in bridge modeling and design are
presented. It shows what analysis techniques are acceptable and how to carry them out.
5

Chapter (3): presents a description of the Hwy 37 Napa River Bridge. This chapter
describes the main structural components of the bridge, its location and its seismic region. It
presents how the bridge is instrumented by California’s strong motion network. It describes how
the finite element model was developed.

Chapter (4): describes the system identification of the bridge. First, a preliminary
Fourier analysis is performed on the data recorded during the 2014 Napa earthquake to identify
the dominant frequencies of the bridge deck. Then, using the Enhanced Frequency Domain
Decomposition and the Stochastic Subspace Identification techniques, the structural frequencies
and damping are identified.

Chapter (5): presents the FE model updating and the acceleration, velocity and
displacement comparison between the recorded data during the 2014 Napa earthquake and the
FE model prediction. First, the developed FE model is compared to the identified mode shape
and frequencies to determine if any model updating is needed. Second, sensitivity studies are
performed on the column stiffness, girder mass and equivalent stiffness of the elastomeric
bearing to understand how these properties affect the dynamic properties of the bridge. Model
updating is then performed to match the modal frequencies. Finally, using the recorded ground
motion data from the 2014 Napa earthquake and the updated finite element model, the peak
displacements of data recorded by the sensors at mid-span are compared with the results
provided by the FE model.

6

Chapter (6): presents a summary of the research findings and the recommendation for
possible future work.

7

Chapter 2: Literature Review

2.1

Overview
In this chapter a literature review is presented on the modal identification techniques

implemented in this research. It also presents some similar studies to this research done
previously. Finally, it summarizes Caltrans’ guidelines for modeling of bridges.

2.2

System Identification Techniques
In this section two important system identification techniques are discussed, the

Frequency Domain Decomposition (FDD) and the Stochastic Subspace Identification (SSI)
techniques. The FDD technique analyzes data in the frequency domain, while the SSI processes
data in the time domain. The techniques are only briefly described, as their complex mathematics
are beyond the scope of this research.

2.2.1

Frequency

Domain

Decomposition

and

Enhanced

Frequency

Domain

Decomposition
Frequency Domain Decomposition (FDD) was introduced by Brincker, Zhang and
Andersen (2000). It is an extension of the classical frequency domain approach often referred to
as the peak picking technique or the Basic Frequency Domain (BFD) technique. The technique
uses singular value decomposition to decompose the power spectral density function matrix. This
allows one to decompose the spectral response into a set of single degree of freedom systems,
which correspond to individual modes.

8

To identify the power spectral density function around the peak, a comparison between
the singular vector frequencies around the peak and the mode shape estimate was performed. As
long as the mode shape estimate and the found singular vector have a high Modal Assurance
Criteria (MAC) value, the corresponding singular value belongs to a single degree of freedom
density function. MAC values correlate the shape of two modes to determine their relation
(Pastor, Binda and Harcarik, 2012). Figure 2.1 shows an example of a singular value power
density plot of a two-story building (Brincker, Zhang and Anderson, 2000). The robustness of
this technique allows it to be used for different applications. Large peaks appear on the plots to
indicate the identified mode shape. The simplicity allows for intuitive use of the technique.

Figure 2.1 Singular value power spectral density plot example (Brincker, Zhang and Andersen 2000)

Enhanced Frequency Domain Decomposition (EFDD) is an extension of the FDD
technique that gives an improved estimate of the modal shapes and frequencies of a system,
9

including damping. It allows for identifying harmonic components close to modal frequencies,
thereby having a more accurate estimate (Jacobsen, Andersen and Brincker, 2006).Figure 2.2
shows the identified harmonic component using linear interpolation. The EFDD Technique is
used in this research.

Figure 2.2 Example of a harmonic component removal by linear interpolation of an SDV plot (J. Jacobsen, P.
Andersen and R. Brinker, 2006)

2.2.2

Stochastic Subspace Identification
Stochastic Subspace Identification (SSI) is one of the most powerful techniques for

analyzing data in the time domain (Brincker and Andersen, 2006). It identifies mode shapes
using the time domain data. The technique takes the time series data and fits it to a parametric
model to correlate the predicted response and the measured response. This is done by choosing
10

the number of state space models that then select the number of parameters of the parametric
model. It is important to have a balanced state space, not to be too large or too small. Once the
model order is chosen, the eigenvalue for each state space is shown in a stabilization diagram
(Brincker and Andersen, 2006). Figure 2.3 shows an example of a stabilization diagram with a yaxis showing the dimensions of the available state space model and an x- axis representing the
frequency values.

Figure 2.3 Example of stabilization diagram, SSI technique (ARTeMIS, 2016)

The stabilization diagram is meant to capture repeated trends of the state space model that
can represent a structural model at resonance frequency. In order to have good results, the user
needs to make judgments on how to set the stabilization criteria. Usually these criteria involve
damping ratio, MAC between two state space models or maximum deviation of frequency. This
would allow for distinction between stable, unstable and noise modes. For a detailed explanation
of this technique see Brincker and Andersen (2006).
11

2.3

Literature of Model Updating
Model updating has been implemented in many civil engineering structures, such as

buildings, towers, dams, bridges, steel frame and reinforced concrete structures. It has been
around for many years, since the early 1970s (Mottershead and Friswell, 1993). The main
purpose of model updating is to judiciously modify the mass, stiffness, damping parameter,
boundary condition and modulus of elasticity of a numerical model in order to get a good
comparison between experimental results. Modifying these structural parameters that have
physical significance is the preferred route (Brownjohn and Xia 2000).

Most model updating studies focus on modifying material properties such as the modulus
of elasticity and mass density. Sevim, Bayraktar and Altunisik (2009) conducted model updating
to a concrete arch dam by manually modifying the modulus of elasticity and mass density
parameters. They were able to calibrate eight mode shapes of the dam. Alves and Hall (2006)
also manually updated an arch dam to calibrate it using earthquake records and force vibration
test records. They modified the modulus of elasticity of concrete and rock until a good
calibration of the first two mode shapes was obtained. Arslan and Durmus (2013) updated a
model of an in-filled reinforced concrete frame by modifying the modulus of elasticity and mass
density of the concrete, rebar and brick. They were able to reduce frequency errors from 39% to
8%. Ribeiro et al (2012) performed model updating of a bowstring-arch railway bridge using a
genetic algorithm. By modifying the modulus of elasticity and mass density of the concrete and
steel, they were able to reduce frequency to 3% compared to the experimental data. Ventura et al
(2001) performed an automated model updating procedure to a 15-story reinforced concrete
12

shear wall building. The modulus of elasticity, mass density, moment of inertia of the columns
and cladding thickness were updated to get good matching results to experimental test data.

Different researchers have published different model updating techniques. J. GarciaPalencia (2008) implemented a frequency response function model-updating algorithm to
address the issue of the assessment of bridges. He applied his method to a lab specimen and to a
full-scale test. Yang and ZhongDong (2012) updated a prestressed concrete bridge averaging a
5% error between experimental and numerical frequencies using a fuzzy finite element method,
in which the updating parameters were deemed fuzzy-variables.

Model updating has been also used for damage detection applications. In 2004, Teughels
and De Roeck updated a prestress concrete bridge to localize the damage on the bridge if
settlement in the foundation occurred. They lowered the piers at the desired location and were
able to quantify and localize the damage in the simulation. Jie, ZhouHong and FuPeng (2015)
identified cracking severity and location in the Xinyihe Bridge, by using response surface model
updating and an energy damage index. In 2014, Türker and Bayrakta detected damaged members
of a reinforced concrete building by correlating the first three mode shapes and by varying the
moment of inertia.

Some studies compared the seismic response of structures before and after model
updating. Bayraktar, Can Altunisik et al (2009) investigated the effect of running a seismic
analysis before and after updating an arch-type steel footbridge. They found that the principal
stresses decreased and the maximum displacement increased after model updating was
13

performed. Bayraktar, Sevim, et al (2010) investigated the effect of fluid-structure interaction
under earthquake loading on a storage tank by updating the modulus of elasticity. It was found
that the principal stress remained about the same while the displacement increased after the
update. Sevim, Bayraktar and Can Altunisik et al (2011) built two finite element models of a
masonry arch bridge in ANSYS to compare the response under earthquake loading before and
after updating. They found that after model updating was conducted, the principal stresses were
much lower than the original model. This shows an over-estimation of the un-calibrated model in
line with engineering practice.
Similarly, Altunisik and Bayraktar (2014) studied the structural performance (forces,
displacements and stress) of the Birecik Highway Bridge in Turkey. They applied only one
ground motion and found a 20-30% reduction in displacement and forces with respect to the uncalibrated model. These results may not be as reliable since only one ground motion was used. It
would have been a better approach if a whole set of different ground motions were implemented,
because this would capture a better range of frequencies and more conclusions could have been
observed. Similarly, McDonald (2016) conducted model updating of the Port Mann cable-stayed
bridge in Canada, to compare the response under different ground motions (crustal, subcrustal
and subduction) before and after updating. He found differences in the response quantities
depending on the scale motion used. The displacement was found to increase to 79% at mid-span
under the Chi Chi ground motion compared to the original model, with only a 0.2% decrease in
displacement using the Olympia scale motion.

There are some studies done with large-scale bridges. Turek, Ventura, and Dascotte
(2010) performed model updating to the Ironworkers Memorial Second Narrows Bridge. They
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updated the bridge in several steps, both manually and automated. The longitudinal stiffness of
the bearings was first updated to match the second frequency. Then, the modulus of elasticity
and the moment of inertia of various trusses were updated until good results were obtained.
Similarly, Hao Wang et al (2010) conducted model updating to the Runyang suspension bridge
in China. They performed the updating in two phases, done during the two phases of
construction on the bridge.

There is little research for nonlinear effects of model updating. El-Borgi et al (2008)
conducted a study where he proposed a methodology for structural assessment using finite model
updating and nonlinear analysis for reinforced concrete bridges. The methodology is then proven
with a case study of an eight-span concrete bridge.

There have been some studies where model updating is used to calibrate the FE models to
strong motion data. Taylor (2007) performed model updating to the Marga Marga Bridge in
Chile. He used the recorded data from earthquakes in 2004, 2005 and 2006 to identify the mode
shapes and frequencies of the bridge and calibrate them for a linear elastic finite element model
in SAP2000. Once the model was calibrated to the obtained frequencies, time history analyses of
the ground motions were carried out. It was observed that the peak displacement of the bridge
deck at different locations had a good match to the recorded transverse displacements and not so
good for the longitudinal direction, where there was a 43% error between the recorded data and
simulated results. This error could be contributed to the simplification of the linear model and the
fixed foundation used for modeling. In 2013, Vanegas-Bravo conducted a similar study to the
Marga Marga Bridge. He calibrated a linear and nonlinear model to the recorded data on the
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Marga Marga Bridge during the 2010 El Maule earthquake. He modeled the bridge in OpenSees,
where he used fiber sections for the columns and linear elements for the steel girder beams,
modeled the bridge bearings nonlinearly and assumed a fixed foundation. Once the models were
updated, he ran nonlinear time history and compared the deck displacements to the recorded
displacement during the 2010 El Maule earthquake. It was observed that the bridge underwent
nonlinear behavior. For this reason, the nonlinear model gave a better representation of the
behavior of the bridge during the earthquake. On the other hand, the linear model overestimated
the displacements of the bridge deck. It was also noted that the bridge required better
instrumentation to obtain more data for better calibration purposes.

Taciroglu, Shamsabadi et al (2014) did another study where model updating was
conducted on the Eureka-Samoa Channel Bridge. The bridge was updated with ambient vibration
surveys and recorded data from weak and strong earthquakes. The finite element model included
the contribution of the foundation by modeling it with springs. Two types of model were used: a
direct model, where the pile foundations and the soil were modeled with springs with the
respective p-y curves; and an indirect model, created by reducing the stiffness matrices of the
foundation for computational time efficiency. The two models were subjected to the recorded
motion at the pile tips for the 2007, 2010 and 2014 Ferndale earthquakes, the 2008 Willow Creek
earthquake and the 2008 Trinidad earthquake. The results of the model updating showed a good
match of the peak displacement at mid-span of the bridge for the all recorded earthquakes. It was
also observed that the model with reduced foundation matrices gave good results. However if
better results were desired, the direct model that included all the foundation and soil springs
should be used.
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When doing model updating it is important to do it with caution, until it can truly be
physically validated (Atamturktur and Laman, 2012). Modifying model parameters of a finite
element model needs to be realistic, in order to avoid unrealistic mass and stiffness matrices.

2.4

Caltrans Seismic Design Criteria (2015)
An overview of the seismic analysis requirements implemented by the California

Department of Transportation (Caltrans) is presented here. Important clauses are directly quoted
from the guidelines, as the correct wording is desired. According to the minimum requirements
of the Seismic Design Criteria (SDC), ordinary bridges should remain standing but can suffer
sufficient damage for the design earthquake. The following sections and criteria of the SDC
should be used to represent the seismic demands.

2.1 Ground Motion Representation
For structural applications, seismic demand is represented using an elastic 5% damped response
spectrum. In general, the Design Spectrum (DS) is defined as the greater of:
(1) a probabilistic spectrum based on a 5% in 50 years probability of exceedance (or 975-year
return period);
(2) a deterministic spectrum based on the largest median response resulting from the maximum
rupture (corresponding to MMax) of any fault in the vicinity of the bridge site;
(3) a statewide minimum spectrum defined as the median spectrum generated by a Magnitude
6.5 earthquake on a strike-slip fault located 12 km from the bridge site.
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A detailed discussion of the development of both the probabilistic and deterministic design
spectra as well as possible adjustment factors is given in Appendix B.

The analysis objectives of the SDC are used only to assess the force and deformation
demands of the structural system and components of Ordinary Standard Bridges. Equivalent
static analysis and linear dynamic analysis are sufficient enough to predict the displacement
demands of these types of bridges. Similarly, a static nonlinear analysis is sufficient to predict
the deformation capacities of the bridge components. These analyses are described in SDC in its
corresponding section, as follows:
5.2.1 Equivalent Static Analysis (ESA)
Equivalent Static Analysis (ESA) can be used to estimate displacement demands for structures
where a more sophisticated dynamic analysis will not provide additional insight into behavior.
ESA is best suited for structures or individual frames with well-balanced spans and uniformly
distributed stiffness, where the response can be captured by a predominant translational mode of
vibration.

The seismic load shall be assumed as an equivalent static horizontal force applied to individual
frames. The total applied force shall be equal to the product of the ARS and the tributary weight.
The horizontal force shall be applied at the vertical center of mass of the superstructure and
distributed horizontally in proportion to the mass distribution.

In this analysis method, the initial stiffness of each bent is obtained from a pushover analysis of a
simple model of the bent in the transverse direction or a bridge frame in the longitudinal
18

direction (abutment stiffness is included in the model). The initial stiffness shall correspond to
the slope of the line passing through the origin and the first structural plastic hinge on the force–
displacement curve. The bent and/or frame stiffness is then used to obtain the period
T=0.32√(K/W) (where W is the weight in kip and K is the stiffness in kip/in) in the transverse and
longitudinal directions, respectively. The displacement demand corresponding to the period in
each direction is then obtained from the design response spectrum.

5.2.2 Elastic Dynamic Analysis (EDA)
Elastic Dynamic Analysis (EDA) shall be used to estimate the displacement demands for
structures where ESA does not provide an adequate level of sophistication to estimate the
dynamic behavior. A linear elastic multi-modal spectral analysis utilizing the appropriate
response spectrum shall be performed. The number of degrees of freedom (DOF) and the
number of modes considered in the analysis shall be sufficient to capture at least 90% mass
participation in the longitudinal and transverse directions. A minimum of three elements per
column and four elements per span shall be used in the linear elastic model.

In this analysis method, the normalized modal displacements at each DOF are multiplied by
participation factors and spectral responses. These products are summed together using the
Complete Quadratic Combination 3 (CQC3) method [23] – see Section 2.1.2-1 – or the Square
Root of Sum of Squares (SRSS) procedure to obtain the maximum response at each DOF. The
CQC3 method is preferred to the SRSS method for practical bridge design because it is a more
computationally efficient way of finding the maximum response at each DOF.
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Elastic Dynamic Analysis based on design spectral accelerations will likely produce stresses in
some elements that exceed their elastic limit. However, it should be noted that EDA is used in the
present context for purposes of estimating the demand displacement and not the design forces.
Sources of nonlinear response that are not captured by EDA include the effects of the
surrounding soil, yielding of structural components, opening and closing of expansion joints,
and nonlinear restrainer and abutment behavior. EDA modal results shall be combined using the
CQC3 method.
Multi-frame analysis shall include a minimum of two boundary frames, or one frame and an
abutment beyond the frame under consideration.

5.2.3 Inelastic Static Analysis (ISA)
Inelastic Static Analysis (ISA), commonly referred to as “push over” analysis, shall be used to
determine the reliable displacement capacities of a structure or frame as it reaches its limit of
structural stability. ISA shall be performed using expected material properties of modeled
members. ISA is an incremental linear analysis, which captures the overall nonlinear behavior
of the elements, including soil effects, by pushing them to initiate plastic action. Each increment
pushes the frame laterally, through all possible stages, until the potential collapse mechanism is
achieved. Because the analytical model accounts for the redistribution of internal actions as
components respond inelastically, ISA is expected to provide a more realistic measure of
behavior than can be obtained from elastic analysis procedures.

These guidelines were used to develop the linear elastic model of the Hwy 37 Napa River
Bridge. They provide the type of analysis that can be performed on the model in this work.
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However, these analyses may not be sufficient to model more complex components of the bridge
and a nonlinear time history analysis is necessary, which is beyond the scope of this study.
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Chapter 3: Hwy 37 Napa River Bridge Background

3.1

HWY 37 Napa River Bridge Background
The Hwy 37 Napa River Bridge is located in Vallejo, California (38.1205°N,

122.2801°W) connecting Sears Point Road and Mare Island to Vallejo (Figure 3.1). The bridge is
approximately 999 m (3230 ft) long and 20.3 m (67 ft) wide. Figure 3.2 shows an elevation view
of the bridge. It was constructed in 1967 and in 1996 an extensive retrofit program was
implemented after the 1989 Loma Prieta earthqauke.

Figure 3.1 Satellite view of the location of the HWY 37 Napa River Bridge
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Figure 3.2 Napa River Bridge elevation view (solanoopenspace).

The superstructure of the bridge consists of a 6.1 in-thick (15.5 cm) concrete deck with
intermediate diaphragms on 10 precast I-girders. The girders are supported on concrete bent-caps
and square concrete flexible 2-column piers and stiff 4-column piers. The columns in the pier are
connected through concrete beams (Figure 3.4). The bridge consists of 33 spans with a typical
length span of 120 ft (366.6 m) and a main span of 188 ft (57.3 m), as shown in Figure 3.3. After
the 1989 Loma Prieta earthquake the bridge was repaired extensively. The connections were not
well designed, and the girders were not continuous so as to protect the superstructure and forced
plastic hinging in the columns. Many girders were pulled out at the end of the diaphragms
(Yashinsky et al, 2014). The Napa Bridge was retrofitted in 1996. The retrofit consisted of
encasing all the columns in steel jackets, enlarging the pile cap and adding more piles to the
foundations. To make the girders continuous, bolsters around the end of the diaphragms were
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added, as well as transverse prestressing with seat width and pipe seat restrainers at the hinges
(Yashinsky et al, 2014). Figure 3.4 shows a bridge pier before and after the retrofit.

120’

120’

188’

120’

120’

Figure 3.3 Typical and maximum span of the Napa River Bridge.

Transverse
prestressing

Column
encasing

Enlargement
of the pile cap

Figure 3.4 Pier Elevation as-built and retrofit case (Caltrans, 1967 and 1998).
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3.2

Seismicity of the Region
The principal fault near Napa River Bridge is the San Andreas Fault. The San Andreas

system contains many right-lateral strike-slip faults that form the boundary between the Pacific
and North American tectonic plates (Brocher, Thomas M., et al. 2015). The movement of these
plates has generated other secondary faults such as the Hayward fault and the Calaveras fault
(Figure 3.5), which can cause significant earthquakes with magnitudes 6 or higher.

Figure 3.5 Seismicity map of California (Pridmore and Frost, 1992)

California has suffered several high intensity and high magnitude earthquakes that have
severely damaged their bridge infrastructure. In 1971, the M6.6 San Fernando earthquake
damaged several bridges. Similarly, the 1980 M7.2 Trinidad earthquake caused the collapse of
one of the two Field’s Landing Bridges and damaged other bridges. The M5.9 1987 Whittier
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Narrows earthquake in Los Angeles moderately damaged existing bridges near the affected area.
The 1989 M6.9 Loma Prieta earthquake occurred, causing even more damage, and in 1994 the
M6.7 Northridge earthquake was observed to have caused severe damage on bridges (Chen, W.
F., & Duan, L., 2014).

3.3

Instrumentation of the Napa River Bridge
The Napa River Bridge is instrumented with 12 accelerometers on the superstructure and

3 at free-field for continuous monitoring. The 12 permanent accelerometers record the
acceleration at different locations and directions of the bridge deck: transverse, longitudinal and
vertical directions.
Table 3.1 and Figure 3.6 show the location of the sensors along the bridge.

Table 3.1 Sensor number, location and recorded direction of the Napa River Bridge

Sensor Number

Location

Measure Direction

1

Mid-Span

Transverse (NS)

2

Mid-Span

Vertical

3

Mid-Span

Longitudinal (EW)

4

Tower 16

Vertical

5

Tower 16

Transverse (NS)

6

Pier 18

Transverse (NS)

7

Tower 20

Transverse (NS)

8

Tower 20

Longitudinal (EW)

9

Pier 23

Transverse (NS)

10

Ramp

Vertical

11

Ramp

Transverse (NS)

12

Ramp

Longitudinal (EW)
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Figure 3.6 Napa River Bridge sensor layout (NCESMD)
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Figure 3.6 identifies the instrumentation on the bridge. The arrows show the direction in
which the sensors record data. The dots indicate that there is a sensor but its direction is vertical,
or into the plane of the figure. As can be seen, only the right side of the bridge is instrumented.
Sensors are located from the mid-span toward abutment 26. This is an important aspect to take
into consideration when performing the system identification of the bridge. Only a few mode
shapes can be extracted from the corresponding layout. Furthermore, there are no sensors located
at the base of the columns, at the pile caps or in the pile foundation. By not having sensors at the
different locations of the piles caps, there are no exact input motions to use in the FE model at
different locations of the bridge. The primary soil conditions are soft and stiff clays throughout
the length of the bridge. Based on USGS standards from pier 15 towards abutment 26 the soil
can be classified as Class C, whereas from pier 14 toward abutment W-1 it can be considered as
class E. This shows the importance of having more sensors located in the foundation to be able to
obtain more information about how the waves propagate and are amplified at different location
of the bridge.

3.4

Finite Element Model
A detailed finite element model of the Napa River Bridge with fixed foundations was

created with CSI Bridge 2016 software. Using the available as-built drawings, the model is
shown in Figure 3.7. A linear elastic model of the bridge was developed. To simplify the model,
the exiting ramps were excluded from the modeling; only their contributed mass was added to
their corresponding piers. Appendix A shows how the extra mass was calculated.
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Figure 3.7 Hwy 37 Napa River Bridge model in CSI Bridge software

3.4.1

Modeling Components
The concrete elements were modeled using the specified concrete of 5,000 psi. For the

base model, no modification was done to the material properties, to determine if the model
needed any updating. The deck of the bridge was modeled using the bridge wizard model option
in CSI Bridge. The concrete deck and precast I-girders are modeled together as shown in Figure
3.8. The concrete deck was modeled using shell elements and the I-girders were modeled with
frame elements.

Figure 3.8 Modeling of the bridge deck compared to as-built drawings
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The column piers, the bent caps and the column bents were modeled using frame
elements (Figure 3.9). The columns at piers 7 to 20 have varying sections. The bottom half is
noted as section 1 and the top half as section 2. Since the columns were retrofitted by encasing
them in steel jackets, the column’s concrete was considered as confined concrete. Steel jackets
provide more confinement and more ductility to the columns (Priestly et al, 1994). A summary
of the key properties used to model the bridge components are shown in Table 3.2.

Table 3.2 Values used to model the bridge components

Component

4

I2 (m )

4.6x10-3
Girder
0.72
Bent A
0.49
Bent B
0.23
PW3-P6
Section 1
0.93
P7,P11,P16,P20
Section 2
0.45
P7,P11,P16,P20
Section1
0.54
P8,P9,P10,P12,P13
P14,P15,P17,P18,P19
Section2
0.23
P8,P9,P10,P12,P13
P14,P15,P17,P18,P19
0.23
P21-P25

I3 (m )

Area
(m2)

0.18
1.84
1.36
0.36

0.46
3.71
3.14
1.85

0.93

3.34

0.45

2.32

0.78

2.79

0.35

1.86

0.35

1.86

4

E (MPa)

Mass
Density
ρ(kg/m3)

Poisson’s
ratio, ν

27789.40

2.40

0.20
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Figure 3.9 Model and as-built drawing comparison of Tower 16

The girders are supported on elastomeric bearing pads to allow movement at the
expansion joints. The locations of these expansion joints are shown in Figure 3.10. These
bearings were modeled with springs of equivalent stiffness, as no details of the bearing pads
were obtained. For this reason, a preliminary assumption of the lateral equivalent stiffness was
made. The equivalent stiffness use for the original model was 1500 KN/m for both the
longitudinal and transverse directions, and fixed for the vertical direction. These values were
assigned based on a previous study (Akogul, C., & Celik, O. C., 2008) of a bridge with similar
bearing pad dimensions.
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Figure 3.10 Location of the expansion joints along the bridge

At mid-span the bridge has a hinge that allows movement as an expansion joint. Based on
the details of the structural drawings, the hinge was modeled as a roller. This would allow the
deck to move longitudinally and rotate about three axes. Figure 3.11 shows the location of the
hinge at the bridge’s mid-span and its detail from the structural drawing. The abutments were
modeled as pins, and the foundation was considered fixed. Modeling the foundation was beyond
the scope of this study. However, remarks on the importance of including the foundation and
modeling the soil with springs are noted in Chapter 5, based on the results obtained.
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Hinge
location

Figure 3.11 Location of the hinge at mid-span and detail from structural drawings
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Chapter 4: Record Analysis of the Napa River Bridge during the 2014 Napa
Earthquake

In this chapter a detailed evaluation is carried out on the records of the Hwy 37 Napa
River Bridge during the 2014 Napa earthquake. In the first part the original recorded data is
presented, with the observations done by an inspection team after the earthquake. This is
followed by a preliminary analysis of the records gained by performing a Fourier analysis to get
the modal frequencies of the bridge. Finally, a detailed system identification is carried out using
the frequency domain decomposition and stochastic subspace identification techniques. The
modal frequencies and mode shapes are identified to eventually perform a modal updating of the
finite element model of the bridge.

4.1

Hwy 37 Napa River Bridge Recorded Data and Damage Observed after the 2014

Napa Earthquake
The recorded data by the sensor layout of the Hwy 37 Napa River Bridge during the 2014
Napa earthquake is presented here. Maximum accelerations, velocities and displacements are
shown followed by the observations found by an inspection team conducting a survey of the
damage suffered by the bridge during the earthquake.

4.1.1

Recorded Data by the Sensor Layout of the Napa River Bridge
On August 24 2014, a magnitude 6.0 earthquake hit the city of Napa and nearby cities in

California. The Hwy 37 Napa River Bridge is located 11 km from the epicenter (USGS). The
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bridge is part of the strong motion instrumentation network that Caltrans has implemented in its
infrastructure. The sensors recorded the bridge acceleration and displacements at different
locations of the bridge deck and geotechnical array (see Chapter 3 for sensor location). Figure
4.1, Figure 4.2 and Figure 4.3 show the acceleration, velocity and displacement records of the
sensors located on the bridge, respectively. Table 4.1 shows a summary of the peak acceleration
velocity and displacement of each recorded channel. The processed records were downloaded
from the strong motion instrumentation database CSMIP and the data was plotted with
ViewWave software (copyrighted). No modifications were made to the process records. The
record of 90 seconds was obtained using a sampling rate of 100 samples per second with a
frequency band of 0-100 Hz. As observed from the displacement time history records (Figure
4.3), the biggest displacement of the bridge during the earthquake occurred at the bridge’s midspan for the transverse and longitudinal directions.

In the acceleration time history (Figure 4.1) the acceleration figures do not seem to have
smooth plots between 25 seconds and 35 seconds. The accelerations show a drastic change in
direction when the bridge is going through the big pulse of the earthquake, suggesting that the
bridge suffered damage during this pulse. This implication does not mean that the bridge had
nonlinear behavior. It could have only suffered some minor damage at different locations of the
bridge.

Furthermore, as observed in these time history plots, the earthquake pulse only lasts
about 15 seconds, after which the bridge goes into free vibration. Using logarithmic decrement,
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an estimate of bridge damping can be calculated. Through Equation 1 (Eq. 1), the damping of the
bridge was calculated using the accelerations records of channels 1 and 3 respectively.

1

𝜁 = 2𝜋𝑗 ln(𝑢

𝑢𝑖

𝑖+1)

)

Eq.1

Where j is the number of cycles, ui is the first acceleration or displacement at time i and
ui+1 is the acceleration or displacement at time i+1. The damping of the bridge in the transverse
direction was calculated to be 3.2%, and 3.8% in the longitudinal direction. These values can be
compared to the damping obtained in the system identification section.
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Figure 4.1 Acceleration time history of the sensors located on the Napa River Bridge under the 2014 Napa
earthquake (a) transverse direction (b) longitudinal direction (c) vertical direction
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Figure 4.2 Velocity time history of the sensors located on the Napa River Bridge under the 2014 Napa
earthquake (a) transverse direction (b) longitudinal direction (c) vertical direction
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Figure 4.3 Displacement time history of the sensors located on the Napa River Bridge under the 2014 Napa
earthquake (a) transverse direction (b) longitudinal direction (c) vertical direction
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Table 4.1 Maximum acceleration, velocity and displacement recorded by the sensors

Chan No.

Peak

Acceleration Peak Velocity

Peak Displacement

(cm/s/s)

(cm/s)

(cm)

1

-522.10

-60.81

16.12

2

-387.80

-19.58

2.03

3

-615.70

-24.20

5.72

4

-192.90

-9.12

1.55

5

463.10

45.82

-8.17

6

358.90

43.51

7.12

7

-369.70

26.06

2.58

8

-284.00

24.99

3.99

9

-643.50

-34.28

2.86

10

207.60

6.27

-0.91

11

-232.70

8.58

1.28

12

-430.00

21.73

-2.11

Moreover, free-field data was obtained during the earthquake by station CGS sta. 68310.
The site consists of thin alluvial over rock (CSMIP). The array has three tri-axial accelerometers
located at the surface, 18m and 44m deep.

Figure 4.4 shows the p- and s-wave surveys

conducted by Caltrans. It is observed that the s-wave at the surface is about 200m/s and
increased to 600m/s at a depth of 19 meters.

43

Figure 4.4 p- and s-wave profiles (CSMIP, 2012)

The recorded motion by the sensors 1 and 3 are used to simulate the peak displacement of
the bridge during the earthquake by the developed FE model. This is discussed in Chapter 5.

4.1.2

Field Investigation of the Hw37 Napa River Bridge after the 2014 Napa

Earthquake
After the 2014 Napa earthquake, a group of PEER (Kang and Mahin, 2014) inspectors
conducted a survey of the infrastructure that was damaged during the earthquake. Minor damage
was mainly observed near the approaches. The expansion joints showed cracks and the handrails
separated themselves at the joints. Laser scanning of the piers showed that those near Mare
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Island had some residual displacement. Figure 4.5 shows the tilt observed on one of the piers.
Cracking was observed on the abutment wall from the Vallejo side and on the cap beam and the
pile caps of a few piers on the Mare Island side. Figure 4.6 and Figure 4.7 show the cracking
observed in some of the beam and pile caps, respectively.

These observations reflect the abrupt changes on the acceleration time history plots of the
previous section. Even though the damage was minor, it was reflected on the recorded data. This
is one of the big advantages of continuous monitoring of structures. A quick analysis of the
recorded data can help to identify any possible damage that the structure has suffered. It can give
engineers the advantage of deciding which structure to inspect based on analyzing the recorded
data. Furthermore, with more refined signal processing and damage identification techniques
damage can be located and quantified.

Figure 4.5 Pier tilted on the bridge approach from Mare Island (Kang and Mahin, 2014)
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Figure 4.6 Cracks observed at the beam cap (Kang and Mahin, 2014)

Figure 4.7 Cracks observed on one of the pile caps of a pier (Kang and Mahin, 2014)
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4.2

Fourier Analysis
Fourier analysis is one of the oldest and simplest techniques for identifying the modal

properties of a structure. The Fourier spectrum of response signals under uniform or smooth
input excitation is the common method used to identify the Frequency Response Function of a
system. This is the theory behind the peak picking technique. However, this theoretical
assumption of uniform excitation is not valid under strong motion excitation (Taciroglu,
Shamsabadi et al., 2014), although it can be implemented as a preliminary analysis for system
identification.

A Fourier analysis of the records was carried out to determine the dominant frequencies of
each data channel. This was used to identify the dominant frequencies of the transverse and
longitudinal directions. A single segment of the 90 seconds of data was used with a sampling rate
of 0.01 seconds in the analysis. The data was not smoothed because it was just a preliminary
analysis and the results of data without alteration were desired. Figure 4.8 and Figure 4.9 show
the Fourier spectrum of recorded response signals for the longitudinal and transverse directions.
As can be seen, the frequency range of interest is below 5Hz, because the dominant frequencies
of the recorded data are 5Hz or below. It is important to mention that even though channels 11
and 12 are used in this preliminary analysis, they are not located on the bridge’s main channel.
They are part of the exit ramp, and for this reason they are not included in the system
identification of the bridge. The summary of the peak frequencies is presented in
Table 4.2. This preliminary analysis produced some important conclusions, which are listed
as follows:
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Based on the Fourier spectra of the sensors the first dominant mode in the transverse
direction is 0.62Hz, with 0.76Hz for the longitudinal direction. For the longitudinal
direction, on channel 3, two peaks are shown close together. This suggests that the
dominant frequency may not be 0.76Hz.



As expected, the first global mode of the system is in the transverse direction, because
the bridge is more flexible in this direction.



The system can be considered in two separate directions for system identification.

Table 4.2 First dominant peaks (Hz) from the sensors on the bridge

Event

Longitudinal

Transverse Direction

Direction

Napa 2014

3

8

12

1

5

6

7

9

11

0.76

1.07

3.55

0.62

0.82

.082

1.21

3.46

5.23

0.25

Fourier Amplitude

Chan3

Chan8

Fourier Amplitude

0.45

0

0
0.01

0.1
1
Frequency (Hz)

10

0.01

0.1
1
Frequency (Hz)

10
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Figure 4.8 Fourier spectra of longitudinal response signals for the Napa earthquake, 2014
0.8

1.4
Fourier Amplitude

Chan1

0

Fourier Amplitude

Chan5

0
0.01

0.1

1

10

0.01

Frequency (Hz)

0.1

1

10

Frequency (Hz)

0.6

0.25
Chan7

Fourier Amplitude

Chan6

0

0
0.01

0.1

1
Frequency (Hz)

10

0.01

0.1

1

10

Frequency (Hz)

49

0.4

0.09
Chan11
Fourier Amplitude

Fourier Amplitude

Chan9

0
0.01

0.1

1

10

0

0.01

0.1

Frequency (Hz)

1

10

Frequency (Hz)

Figure 4.9 Fourier spectra of transverse response signals for the Napa earthquake, 2014

4.3

System Identification
In this section, an operational modal analysis is carried out on the recorded data to

identify the dominant mode shapes and frequencies of the Hwy 37 Napa River Bridge. Two
different techniques are used for comparison purposes; enhanced frequency domain
decomposition (EFDD) and stochastic subspace identification (SSI).

Using the recorded data from the sensors on the bridge deck and ARTeMIS Modal
Version 4.0 (Structural Vibration Solutions, Inc. 2015) software, a modal analysis was carried
out. The bridge deck was modeled as a line with four nodes. Only the instrumented side of the
bridge was modeled for identification purposes: from mid-span to the right, the Vallejo side. The
sensors located at the ramps were not included, as they are not part of the bridge main channel.
Moreover, the modal analysis for each direction is done independently to simplify the analysis
and get dominant frequencies in each direction. Because of the limited instrumentation, only the
first five modes in the transverse direction and the first mode in the longitudinal direction are
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identified. Figure 4.10 and Figure 4.11 show the EFDD and SSI plots for the recorded data in the
transverse direction. A summary of the identified modal frequencies and damping in the
transverse direction is presented in Table 4.3. Figure 3.1 and Figure 4.13 show the EFDD and
SSI plots of the longitudinal direction. Table 4.4 shows the frequencies and damping obtained for
the longitudinal direction. A frequency range from 0.61Hz to 2.29Hz and the damping ranges
from 2.07% to 3.93% for the transverse direction can be observed. For the longitudinal direction,
only the first mode was of interest and it has a frequency of 0.66Hz and 3.5% damping.

Figure 4.10 Singular value plot for recorded data of the transverse direction using EFDD method
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Figure 4.11 Stochastic subspace identification UPC plot for the recorded data of the transverse direction

Table 4.3 Modal frequencies and damping obtained through EFDD and SSI techniques, transverse direction

EFDD

SSI

Mode

Frequency (Hz)

Damping (%)

Frequency (Hz)

Damping (%)

1

0.61

3.60

0.61

3.71

2

0.86

3.79

0.85

3.93

3

0.94

2.32

0.94

2.38

4

1.19

3.71

1.19

3.75

5

2.22

2.12

2.29

2.07
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Figure 4.12 Singular value plot of the longitudinal direction using EFFD method
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Figure 4.13 Stochastic subspace identification UPC plot of the longitudinal direction

Table 4.4 Modal frequencies and damping obtained using EFDD and SSI techniques, longitudinal direction

EFDD

SSI

Mode

Frequency (Hz)

Damping (%)

Frequency (Hz)

Damping

1

0.66

3.2

0.68

3.5

Based on the results obtained for the transverse and longitudinal direction’s EFDD and
SSI, it was decided to use the results of the EFDD technique for both the transverse direction and
the longitudinal direction. The EFDD technique is robust and straightforward, while the SSI
technique has many parameters to determine and no guidelines that exist in the literature (Svend
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Gade, Nis B. Møller et al., 2005). Based on Figure 4.13, there is no stable modal frequency
identified through the technique. This is due to the lack of sensors in the longitudinal direction.
Figure 4.14 shows the section of the bridge that was used to identify the modal frequencies. The
mode shapes obtained corresponded only to the right side of the bridge. Figure 4.15 and Figure
4.16 show the mode shapes obtained for the longitudinal and transverse direction, respectively.

The modal frequencies and identified damping can be improved if more sensors are
added on the bridge deck. The lack of sensors on the left side of the bridge (Mare Island side)
does not allow identification of a good range of modal shapes and corresponding frequencies.
This in turn does not allow for more precise data for model updating and having a more accurate
representation of the bridge through a finite element model. Moreover, if more sensors were
located on the piles and pile caps, a more detailed investigation could have been done to study
the effect that the foundation has on the structure. This more detailed study could have
determined if the foundation rocked during the earthquake, allowing a correlation of the behavior
of the foundation to the damage observed on the bridge.
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Figure 4.14 Section of the bridge used to identify mode shapes

1st longitudinal (0.66 Hz)
Figure 4.15 First longitudinal mode shape of the Napa River Bridge
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2nd Transverse (0.854 Hz)

1st Transverse (0.614 Hz)

3rd Transverse (0.940 Hz)

4th Transverse (1.196 Hz)

5th Transverse (2.290 Hz)
Figure 4.16 Mode shapes in the transverse direction of the Napa River Bridge
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Chapter 5: Model Updating and Calibration of the Napa River Bridge to the
2014 Napa Earthquake

After performing a modal analysis and identifying the modal properties of the Hwy 37
Napa River Bridge during the 2014 earthquake, model updating was performed to the finite
element model developed in CSI Bridge. In this chapter, first the finite element model developed
is compared to the system identification results then a sensitivity analysis determines what
elements and properties to update. Model updating is eventually carried out and compared to the
modal shapes, frequencies and damping found in Chapter 4. Finally, a time history analysis is
carried out using the ground motion time history record of the 2014 Napa earthquake, to simulate
the response of the bridge to the recorded displacement of the sensors.

5.1

Base Finite Element Model Comparison
A comparison between the developed finite element model developed and the results

obtained in the system identification section is conducted here. Table 5.1 is a comparison of the
modal frequencies of the developed model and the identified frequencies. Figure 5.1 shows the
first longitudinal mode shape and Figure 5.2 shows the five mode shapes in the transverse
direction of the finite element model. The modal properties of the finite element model are based
on un-cracking conditions of the bridge bents and columns.

Table 5.1 shows that the modal frequencies of the FE model are much larger than the
identified modal frequencies. This is due to several reasons. First, the modal frequencies
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identified are based on the recorded data of the 2014 Napa earthquake. From the bridge
inspection, cracking on bent caps and columns were observed (see Chapter 4). This implies that
the stiffness of the columns and bent caps needs to be updated and cracking stiffness should be
applied. Moreover, the mass of the FE model might not be represented correctly, as the
developed model only includes the mass of the structural elements and does not take into account
the mass of non-structural components and vehicles that could have been on the bridge. It needs
to be updated as well. Similarly, the equivalent stiffness used for the elastomeric bearings needs
to be studied to determine if it needs updating.

Table 5.1 Comparison of modal frequencies of the base FE model and the identified frequencies

Mode No.

Frequency (Hz)
FE

Identified

Error (%)

Transverse Direction
1

0.81

0.61

32

2

1.09

0.86

28

3

1.16

0.94

23

4

1.66

1.19

39

5

2.75

2.22

29

0.66

39

Longitudinal Direction
1

0.92
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1st Longitudinal (0.918 Hz)
Figure 5.1 First longitudinal mode shape of the FE model

(a) 1st Transverse (0.813 Hz)

(b) 2nd Transverse (1.095 Hz)

(c) 3rd Transverse (1.155 Hz)

(d) 4th Transverse (1.658 Hz)
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Figure 5.2 Transverse mode shapes of the FE model

5.2

Sensitivity Studies
A set of sensitivity studies of the stiffness of the columns, the mass of the bridge girders

and the equivalent stiffness of the elastomeric bearings were carried out. This helped determine
how sensitive the model was to changing its properties and if the model of the columns needed to
be updated. To perform the sensitivity studies, a MATLAB code was developed to access the
model through the OAPI interface of CSI Bridge. Figure 5.3 shows a screenshot of MATLAB
accessing CSI Bridge. The MATLAB code is shown in Appendix B.1.

Figure 5.3 Screenshot of sensitivity procedure: MATLAB and CSI Bridge are connected through OAPI
interface
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Since the bridge has elastomeric bearing at its expansion joints, the column piers were
grouped into sections. This helped to identify which columns or sections do not affect the modal
frequencies identified. Figure 5.4 shows the location of the expansion joints divided into
sections. It also shows which columns correspond to each section.

Figure 5.4 Location of the expansion bearings and sections with their corresponding columns

The stiffness of the columns from each section was modified from 50% to 150% of the
value of the gross moment of inertia (Ig) individually. This was done in each direction,
transverse and longitudinal independently, to identify if it had any influence on the modal
frequencies and mode shapes.

After performing the sensitivity analysis, it was observed that only sections 3, 4 and 5
play an important role. The discussion of the sensitivity results, therefore, is based only on these
three sections. For the sensitivity analysis of all the sections, see Appendix B.2. Figure 5.5,
Figure 5.6 and Figure 5.7 show the plot frequency versus modification factor for the transverse
direction for sections 3, 4 and 5 respectively. As can be seen in Figure 5.5, in which the stiffness
factors of section 3 are modified from 1 to 0.5, only higher modes are affected. Modes 7, 8 and
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10 seem to be the most affected by the change in stiffness and are more sensitive to lower
stiffness. A similar observation is made in section 5, where higher modes are the only modes
affected. Figure 5.7 shows that mode 6 becomes more sensitive as the stiffness is reduced. On
the other hand, section 4 is more sensitive to the first transverse mode of the bridge, as shown in
Figure 5.6. Similar observations are made for modes 4 and 5. At a stiffness of 0.5, it can be
observed that a change in mode shape between mode 4 and 3 occurs. Modes 2 and 3 correspond
to the first and second longitudinal direction of the bridge, and by reducing the stiffness in the
transverse direction they become more flexible. For this reason, a change in mode shape occurs.

Figure 5.5 Sensitivity plot for section 3 in the transverse direction
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Figure 5.6 Sensitivity plot for section 4, transverse direction

Figure 5.7 Sensitivity plot for section 5, transverse direction
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The same sensitivity analysis was conducted in the longitudinal direction. The stiffnesses
were modified from 50% to 150% of their gross value to see the effects in mode shapes and
frequencies. Figure 5.8, Figure 5.9 and Figure 5.10 show the sensitivity plots in the longitudinal
direction respectively. Based on Figure 5.8, it can be seen in section 3 that higher modes are
affected in the longitudinal direction. There is a mode shape change between modes 7, 8 and 9.
As the columns become more flexible in the longitudinal direction, a tendency of changing mode
shapes occurs. Similar observations can be seen for modes 6 and 7 for section 3 in Figure 5.10.
On the other hand, when section 4 is modified in the longitudinal direction, modes 2 and 3 –
which correspond to the first and second longitudinal modes of the bridge – are highly sensitive.
It can be seen that at a factor of 0.5 a mode change between modes 1 and 2 occurs.

Figure 5.8 Sensitivity plot for section 3, longitudinal direction
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Figure 5.9 Sensitivity plot section 4, longitudinal direction

Figure 5.10 Sensitivity plot section 5, longitudinal direction
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Based on the sensitivity study conducted on the column piers, it was decided that
columns in section 3, 4 and 5 would be updated in the transverse and longitudinal directions. It is
important to take into account that if the modification factors are below 0.8 and close to 0.5, the
bridge becomes very sensitive and changes in mode shapes occur.

In addition, a sensitivity study of the mas of the bridge girders was conducted. This was
done to understand how the mode shapes and frequencies change by adding or reducing mass to
the girders. It helped to determine how much mass should be added to account for additional
mass that could have been on the bridge during the earthquake. Figure 5.11 shows the results of
the sensitivity analysis performed to the mass of the bridge girders. As seen in Figure 5.11, the
first five modes are not too sensitive to a change in stiffness. However, for higher modes it is
observed that they are highly sensitive when the mass is reduced from 0.9 to 0.5. It can also be
inferred that there is a mode change between mode 9 and 10 if the mass is increased between 1 to
1.2 mass modification factors.

Figure 5.11 Sensitivity plot of girder mass
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In order to have reasonable value for the equivalent stiffness of the elastomeric bearing of
the bridge, a sensitivity study was performed. The initial values of the equivalent stiffness of the
bearings were 1500 KN/m. This value was based on similar study conducted by C. Akogul and
O.C. Celik (2008) of a bridge in California with similar properties and dimension as this case
study. The values of the equivalent stiffness range from 1000 KN/m to 2000 KN/m. These values
were selected to simulate the approximate values of the bearings, since there is no detailing
available. Figure 5.12 shows a plot of the sensitivity of the elastomeric bearings equivalent
stiffness. As seen, changing the equivalent stiffness between 1000 KN/m and 2000 KN/m does
not have much effect on the first fundamental modes, up to mode 9. It only has some effect on
mode 10, where the change is more visible below between 1000 KN/m and 1500 KN/m.

Figure 5.12 Sensitivity plot of the stiffness of the elastomeric bearing
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5.3

Model Updating
In this section, the developed FE model is updated to match the modal frequencies found

in section 4.3. Considering the available recorded data, the model is manually updated. The main
properties to update are those identified in the sensitivity analysis.

There is a large degree of uncertainty in the modeling of bridge elements. There are many
aspects of concrete elements that may not be captured through the FE model. For example,
reinforcement in concrete is not modeled, nor is the interaction between concrete and steel. Also,
the bridge deck has prestressing in the transverse direction at the bent cap, which is not modeled.
The stiffness of the elastomeric bearings was modeled based on a previous study of a similar
bridge since no details of the bearings were available. Similarly, the actual mass of extra
elements on the bridge, those not taken into account, can contribute and modify the dynamic
properties of the bridge.

Based on the sensitivity study conducted and knowing that the main properties of the
bridge are the column stiffness, girder mass and elastomeric bearing stiffness, model updating
was performed using two different steps. A summary of the model-updating task is presented in
Table 5.2. The column piers were grouped into sections, as shown in section 5.2.
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Table 5.2 List of updating steps

Step

Direction

1

Transverse

2

Longitudinal

5.3.1

Updating Parameter
Sections 3-5, Girder Mass,
Bearing Stiffness
Sections 3-5, Girder Mass,
Bearing Stiffness

Step 1: Updating the Initial Model to the Frequencies Obtained in the Transverse

Direction
Using the developed FE model and knowing the frequencies obtained through system
identification, model updating to sections 3 through 5 addressed girder mass and bearing
stiffness. First, the girder mass was updated; it was increased by 10%. The modal frequency in
the transverse direction was reduced but did not match the identified frequencies, having errors
ranging from 15% to 21%. Then, the stiffness of the columns was updated to 0.4 Ig. This value is
reasonable since it is not uncommon to have a reduction in stiffness ranging from 35 to 60%
(Prestley, Seible and Calvin, 1996). Figure 5.13 shows the modification factors obtained through
the model updating. After this updating, the modal frequencies were improved and the errors of
the modal frequencies were reduced from 21% to 15%, and from 13% to 9%. In addition, the
elastomeric bearing stiffness was updated; it was reduced from 1500 KN/m to 1100 KN/m. The
frequencies were now closer to those identified. The error was reduced, and ranged from 10% to
7%. This error was reasonable but a smaller error was desired. Therefore, it was decided to
update the stiffness of the cap beams. Based on the observations of the investigation team, the
cap beams suffered cracking during the earthquake. For this reason, they were updated to 0.8 Ig.
After this update, better matching was observed. Table 5.3 shows a comparison between the
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modal frequencies of the initial FE model and after the update. The modal frequencies are very
close to the values of the identified frequencies. Mode 5, which was identified from the Napa
earthquake (2014), was observed to be mode 15 of the FE model. Other modes from the lefthand side of the bridge appear first and are not captured by the current instrumentation of the
bridge. As result, only these first five modal frequencies are used for the updating and response
prediction study.

Table 5.3 Comparison of modal frequencies of the initial FE model and the values of the updated FE model
with the values identified from the Napa earthquake (2014) in the transverse direction

Identified

Initial

Frequency

Frequency

Frequency

(Hz)

(Hz)

(Hz)

1

0.62

0.81

0.66

2

0.86

1.09

0.89

3

0.95

1.16

0.93

4

1.19

1.66

1.23

5

2.29

2.75

2.15

Mode No.

FE Updated FE
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Figure 5.13 Modification factors applied to the stiffness of the piers of sections 3, 4 and 5 in the transverse
direction

5.3.2

Step 2: Updating the First Mode Frequency Obtained in the Longitudinal Direction
After applying the model updating procedure to the transverse direction, the longitudinal

direction was studied in the same way. Knowing that the girder mass was increase by 10% and a
cracking stiffness was reduced for the cap beams, a new modal frequency was obtained for the
longitudinal direction. It was reduced from 0.918Hz to 0.846Hz. This indicates that further
updating of the column piers was needed in the longitudinal direction. The columns were
updated manually and the modification factors were limited to the valued obtained in the
transverse direction on 0.4 Ig. Figure 5.14 shows the modification factors obtained through the
model updating of the column piers in the longitudinal direction. After updating the column piers
72

of sections 3, 4 and five5 the frequency was reduced to 0.74Hz. This value gives a 12% error
between the identified and updated frequencies. For this reason, the elastomeric bearing stiffness
was reduced to 1100 KN/m for the longitudinal direction. This gave a frequency of 0.713Hz,
which corresponds to an 8% error between frequencies. Table 5.4 shows the values of the
comparison between the frequencies of the FE model and the updated FE model with the
identified values of the Napa earthquake (2014). As observed, the modal frequencies have a
close match. It is important to mention that only the first mode was identified because it has
limited sensors on the longitudinal direction.

Table 5.4 Comparison of modal frequencies of the initial FE model and the values of the updated FE model
with the values identified from the Napa earthquake (2014) in the longitudinal direction

Mode No.

1

Identified

Initial

FE Updated FE

Frequency

Frequency

Frequency

(Hz)

(Hz)

(Hz)

0.66

0.92

0.71
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Figure 5.14 Modification factors applied to the stiffness of the piers of sections 3, 4 and 5 in the longitudinal
direction

5.4

Summary of Model Updating
In order to understand how the parameters affect the dynamic properties of the bridge, a

sensitivity analysis was carried out. The column stiffness (grouped in sections), girder mass and
bearing stiffness were studied. The study reveals that not all of the columns have impact on the
modal frequencies of the bridge. Only sections 3, 4 and 5 play an important role. The mass of the
girders affect the modal frequencies, if there is big increase in mass and good judgment needs to
be taken into account when adding mass. On the other hand, the stiffness of the elastomeric
bearings seemed not to affect the mode shapes and frequencies of the FE model as much, when it
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was increased or reduced. Based on these findings, and on careful consideration of the
parameters, model updating to the FE model was performed. Table 5.5 shows a summary of the
FE model results to the identified values of the Napa earthquake (2014).

Table 5.5 Summary of the FE model results and the identified frequencies

Mode No.

Frequency (Hz)
FE

Identified

Error (%)

Transverse Direction
1

0.66

0.61

8.5

2

0.85

0.86

4.5

3

0.92

0.94

1.8

4

1.22

1.19

2.5

5

2.15

2.29

6.5

0.66

8.0

Longitudinal Direction
1

0.71

As can be observed, the variation between the modal frequencies went from 8.5% to
1.8%. These are good values compared to the identified frequencies. These modes were limited
to five, since the purpose of this study is to match the recorded peak displacement (section 5.5)
of the 2014 Napa earthquake. Furthermore, if better representation of bridge behavior is desired,
more instrumentation is required along the left side of the bridge.
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5.5

Response prediction of the FE model to Response of the Hwy 37 Napa River Bridge to

the 2014 Napa earthquake
The purpose of this study is to predict the response of the peak displacements at the
sensor locations of the Hwy 37 Napa River Bridge during the 2104 Napa earthquake. In order to
do so, and to have a good response prediction, the information required would be that of the
motion recorded at the pile cap at the locations of interest. However, there is no data available at
the location of the bridge mid-span, or other pile caps where the sensors are located. For this
reason, a preliminary analysis was carried out using the free-field recorded data at the surface of
the geotechnical array, located near abutment 26 of the bridge. It was observed that the time
history results in the longitudinal direction for the peak displacement are very close to recorded
data. On the other hand, the displacements resulting from the time history analysis in the
transverse direction were very small compared to the recorded data. For this reason, the recorded
data at the free-field in the transverse direction was studied and compared to the design
spectrums given in the as-built drawings by Caltrans. Figure 5.15 (a) shows the Caltrans design
spectrum near abutment 26 and the response spectrum of the Napa earthquake (2014), and Figure
5.15 (b) shows the Caltrans design spectrum at the bridge mid-span. As observed, the response
spectrum of the free-field data in the transverse direction is different than the design spectrum at
mid-span.
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(a)

(b)
Figure 5.15 (a) Response spectrum near abutment 26 compared to the response spectrum of free-field (b)
response spectrum at mid-span from the as-built drawing
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Based on these reasons, the free-field motion in the transverse direction was scaled to
match Caltrans’ design spectrum at mid-span, see Figure 5.15 (b). Because the response
spectrum of the 2014 Napa earthquake is about 50% of the Caltrans design spectrum at abutment
26 (Figure 5.15 (a)), the scaled motion at mid-span was reduced to 50% of its scale values. This
was done to approximate the input motion, as the design spectrums were done for a probabilistic
earthquake of 2% in 50 years. This was not the case for the 2014 Napa earthquake.

Figure 5.16 to Figure 5.21 show the acceleration time history comparison between the
recorded data and results obtained from the FE model. As can be observed, the peak
accelerations are underestimated for channels 1, 3 and 8, whereas the accelerations for channels
5, 6 and 7 are overestimated. The main reason for not getting better results for the peak values is
because the input motion used in this study is a simulated (scaled) motion. For long-span
bridges, multi-input motions are needed as the soil conditions change along the length of the
bridge.

Figure 5.22 to Figure 5.27 show the velocity time history comparison between the
recorded data and the results obtained from the simulated response. In this comparison it is
observed that the peak velocities are within the values of the recorded data. Moreover, a beat
effect appears in the histories after the big pulse of the earthquake. This appears when two
frequencies are set close together, and it can be observed from the comparison that the model
does not capture this phenomenon.
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Figure 5.28 shows the displacement time history comparison between the recorded data
of channel 3 and the FE model results for the longitudinal direction. As can be seen, the peak
displacement is under-predicted. However, the response prediction is close to the recorded data.
Similarly, Figure 5.29 shows the time history comparison between the FE model results and the
recorded displacement at mid-span of channel 1. The peak displacements of the FE model are
close to the values of the recorded data, however, the model is over-predicting them. This is
because the input motion was a simulated (scaled) one. Moreover, the beat effect can be more
clearly seen in these figures. Based on the Fourier analysis of channel1 (Figure 4.9), it can be
seen two close frequencies. The first peak is around 0.62 Hz and the second is around 0.68 sec.
The model was well updated to the first peak frequencies. For this reason, it is able to capture the
peak displacement and frequency between 25- 40 sec of the recorded data (Figure 5.29).
However, the model was not updated to the second frequency of 0.68 Hz and for that reason is
not capturing the second peak (beat effect) in the time history plot. If better representation of the
time history of the FE model is desired, the model needs to be updated to address these close
frequencies and not only the five used in this study. In addition, sensors at the base of the column
and in the foundation are needed. This would enable the gathering of more appropriate motions
during earthquake events in the future.

Figure 5.30 shows the displacement comparison of the recorded and calculated response
signal of channel 5 located above pier 16. As it is observed, the FE model overestimates the peak
displacement, but it seems to capture the frequency content of the recorded data at the time of the
earthquake pulse. The reasons for over-predicting displacement could be that frequencies not
captured by the FE model are playing an important role, especially since a beat phenomenon is
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observed on the recorded data. Moreover, a simulated ground motion was applied to the entire
bridge. This is not necessarily correct, as the bridge is about 1 km long and the soil conditions
vary along the length of the bridge. Multi-input motions are more desirable for such long
bridges.

Figure 5.31 presents the displacement prediction to the calculated signal of channel 6
located on the bridge deck over pier 18. It is observed that the predictions have close values to
the recorded data, in peak displacement and frequency content. The model is again overpredicting the peak values, and the beat phenomenon is again observed. But overall the peak
displacement is close, given the assumptions taken when developing the FE model.

Figure 5.32 shows the displacement prediction of channel 7 located at the bridge deck
over pier 20. The response over-predicts the peak displacements compare to the recorded data of
channel 7. However, the response has a close match to the recorded data in displacement and
frequency content. Again, a reason for over-predicting the displacement is that the model is using
a single input motion for the entire length of the bridge.

Figure 5.33 shows the displacement prediction of channel 8, which is in the longitudinal
direction. The sensor is located on the bridge deck above pier 20. This prediction is very close to
the actual recorded data overall. The peak displacement is captured and the frequency content of
the entire record is captured. The reason for this response being more accurate is that the input
motion used for the longitudinal direction was the recorded data of the free-field. The input
motion is in the range of the response spectrum of abutment 26, which corresponds to the free80

field data (Figure 5.15 (a)). Having a well-developed FE model and the exact input motion at the
location of interest would yield good results and predictions. For these reasons, it is important to
consider increasing the sensor instrumentation on the bridge.

Figure 5.16 Acceleration comparison between the recorded data of channel 1 and the FE element model
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Figure 5.17 Acceleration comparison between the recorded data of channel 3 and the FE element model

Figure 5.18 Acceleration comparison between the recorded data of channel 5 and the FE element model

Figure 5.19 Acceleration comparison between the recorded data of channel 6 and the FE element model
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Figure 5.20 Acceleration comparison between the recorded data of channel 7 and the FE element model

Figure 5.21 Acceleration comparison between the recorded data of channel 8 and the FE element model
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Figure 5.22 Velocity comparison between the recorded data of channel 1 and the FE element model

Figure 5.23 Velocity comparison between the recorded data of channel 3 and the FE element model
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Figure 5.24 Velocity comparison between the recorded data of channel 5 and the FE element model

Figure 5.25 Velocity comparison between the recorded data of channel 6 and the FE element model

85

Figure 5.26 Velocity comparison between the recorded data of channel 7 and the FE element model

Figure 5.27 Velocity comparison between the recorded data of channel 8 and the FE element model
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Figure 5.28 Displacement comparison between the recorded data of channel 3 and the FE element model

Figure 5.29 Displacement comparison between the recorded data of channel 1 and the FE element model
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Figure 5.30 Displacement comparison between the recorded data of channel 5 and the FE element model

Figure 5.31 Displacement comparison between the recorded data of channel 6 and the FE element model
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Figure 5.32 Displacement comparison between the recorded data of channel 7 and the FE element model

Figure 5.33 Displacement comparison between the recorded data of channel 8 and the FE element model

After performing the time history analysis to the FE model and comparing the results to the
recorded data, it was observed that the FE model gives good predictions of the peak
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displacement values of the Napa River Bridge to the 2014 Napa earthquake. The peak
displacements at mid-span of the bridge for the longitudinal and transverse direction have a close
match to the recorded data. The predicted response at mid-span does not correctly represent the
entire response of the record because the free-field motions were scaled to the design spectrum at
mid-span and a linear 50% reduction was done. This was done because no sensors were located
at the base of the columns, pile caps or piles to use as an input motion. Moreover, a beat
phenomenon is observed in channel 1, 2, 5 and 6. This shows that the model does not correctly
capture the frequencies of the bridge, especially if the frequencies are close to each other. It is
important to mention that updating a model to capture frequencies that are close is extremely
difficult and is beyond the scope of this study.

Similarly, the peak acceleration and velocities for channels 1, 3, 5, 6 and 7 are not well predicted.
The main reason is because a simulated motion is used for the entire length of the bridge, as
there are no sensors located at the base of the column or in the pile.

On the other hand, the comparison in acceleration, velocity and displacement of channel 8,
located near abutment 26, gives a better overall response prediction. At this location the ground
motion that excited the bridge is closer to the recorded data at free-field. This proves that having
a good FE model and input motions at the location of interest can give better results in a response
prediction. Moreover, using the SDC guidelines from Caltrans allow to capture peak values of
the response quantities of the bridge. However, it does not allow to capture the entire behavior of
the bridge throughout the length of an earthquake, as seen in this study.
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Chapter 6: Summary and Conclusions

The study of predicting the behavior of structures during earthquake loading has become
of interest to engineers across many cities. Being able to understand and predict the dynamic
behavior of bridges can give great insight for engineers about decision-making on the retrofitting
of bridges that can potentially be damaged.

The Napa River Bridge located in Vallejo, California was subjected to the 2014 Napa
earthquake (M 6.0). The bridge is part of the strong motion instrumentation network
implemented by Caltrans to continuously monitor its infrastructure. The sensors located on the
deck of the main channel of the bridge were used to identify the modal frequencies of the bridge
during the earthquake. Five modal frequencies were identified from recorded data. It was
concluded that more sensors are needed to properly identify all the mode shapes of the entire
bridge, as the bridge only possesses sensors on the right side. Moreover, to better understand
how the foundation behaves, more sensors are required at the base of the columns, pile caps and
pile foundation. This would allow for more exact input motions for the response prediction.

A finite element model was developed in CSI Bridge 2016 using the available as-built
drawing and retrofit drawings. The modal frequencies were compared to the identified
frequencies; it was observed that model updating was necessary. Before any model updating was
performed, sensitivity studies were carried out on the stiffness of the column piers, the girder
mass and the elastomeric bearing stiffness. To simplify the analysis, the columns were combined
into sections based on the location of the expansion joints. The sensitivity analysis of the
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columns showed that only sections 3, 4 and 5 would be more impacted by the dynamic behavior
of the bridge if they were modified. The sensitivity analysis of the girder mass showed that by
increasing the mass above 20%, the model becomes more sensitive and a drastic change is
observed. On the other hand, looking at the sensitivity analysis of the elastomeric bearings
showed that there is a small change in frequencies when the stiffness is increase or reduced.
Based on these observations, model updating was conducted to the FE model.

Model updating was performed on the bridge by modifying the column stiffness, girder
mass and elastomeric bearing stiffness. The column stiffness of sections 3, 4 and 5 were reduced
to 0.4 Ig for the longitudinal and transverse directions. The girder mass was increased to about
10% to take into account a mass of elements that were not modeled. This was the limit, as it was
a reasonable value and based on the sensitivity study it would have a bigger impact if the value
were increased more than 10%. Similarly, the elastomeric bearing stiffness was reduced from
1500 KN/m to 1100 Kn/m. After this update it was observed that the error between modal
frequencies was about 10%. It was decided to update the stiffness of the cap beams of the
columns, based on the findings of the investigation team that observed cracking of the cap beam.
The stiffness was reduced to 0.8 Ig. After this update, the modal frequencies error ranged from
1.5% to 8.5%. These values were decided to be good results for updating purposes.

A time history analysis was performed on the updated FE model to predict the response
of the bridge to the 2014 Napa earthquake at the location of the sensors of the strong motion
instrumentation. First, time histories were analyzed by using the free-field data from the
geotechnical array for the longitudinal direction. It was observed that the response in the
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transverse direction was smaller than the recorded data. For this reason, a response spectrum was
performed on the free-field data and it was observed that the response spectrum had the shape of
the response spectrum near abutment 26. As a result, the ground motion was scaled to the
response spectrum at the bridge mid-span, as provided in the as-built drawings. Then the time
history was reduced linearly to 50% since the earthquake was not a ‘2% in 50 years’ earthquake.
This input motion was used for the transverse direction – for the longitudinal direction the
original free-field record at the surface was used.

The response prediction was compared to the recorded data of each sensor located on the
main channel of the bridge. It was observed that the acceleration comparison of the recorded data
and the results of the FE model are not well predicted. This is because the input motion used was
a simulated scaled motion and not the actual ground motion, as no sensors were located at the
base of the column or foundation. Also, a beat phenomenon appears on the recorded data and the
model does not capture it. This beat phenomenon is more clearly visible in the velocity and
displacement time histories. The model does not capture this phenomenon, as it was not updated
to those close frequencies that are causing the beat phenomenon. In addition it is extremely
difficult to update a model to close frequencies, particularly in the time frame for this study; it
was out of the scope of this research.

The result comparison of channel l shows good matching between FE model results and
the recorded peak displacement and velocities. The peak displacements are over-predicted but
have a close match to the recorded displacement. Similarly, channels 3, 5, 6 and 7 show good
predictions for the peak values compared to the recorded data on the bridge. However, over93

predicting the peak displacement can be observed for channels 5, 6, and 7. This is because a
single input motion was used for the entire length of the bridge, which is not the true motion of
the earthquake at the desired location. If better results are wanted, more sensors need to be
placed at the base of the column, pile caps and piles. This would allow for a more comprehensive
understanding of the foundation behavior.

On the other hand, channel 8 comparisons show good agreement in peak displacement
and frequency content throughout the time history. This is because the sensor is located closer to
abutment 26 where the free-field motion was recorded. This shows that having a well-developed
finite element model and input motion at the location of interest will ensure response prediction
that can be more accurate, compared to the actual recorded data.

It has to be taken into consideration that there are some limitations in producing finite
element models that can be compared to a physical, realistic structure. Therefore, engineering
judgment into what components can be modeled and what assumptions are made during the
modeling procedure is very important. Also, model updating needs to be carefully done since
modifying parameters can yield unrealistic properties of a structure. It is important to have good
judgment to decide up to what point the updating realistically represents the properties of the
bridge.

Finally, the author of this study concludes that following the seismic design criteria
provided by Caltrans allows capturing the peak response values of a bridge during an earthquake.
These guidelines enable engineers to develop reasonable models of bridges that can give the
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peak response values required for design. However, if better results are desired for instrumented
bridges, more frequencies need to be identified and not just the peak frequencies from a Fourier
analyses. This was observed in the results of this study. A beat phenomenon appeared in
channels 1, 3 and 5 and was not captured by the FE model, as the model was not updated to
frequencies that were close to each other.

The model developed can capture the peak responses required by Caltrans for design
purposes dude to earthquake excitation, given the limitations in this study such as; the limited
instrumentation on the bridge, the lack of information on the elastomeric bearing and not having
multi-input motion for such a long bridge. In order to have a better representation of the bridge
behavior following Caltrans guidelines, more instrumentation on the bridge and a more profound
system identification is required. Model updating to the columns should be done individually.
This allows having better dynamic properties, yielding better results than just the peak response
values. These findings only apply to this study and cannot be generalized to other bridges. In
order to have generalized conclusions that can apply to different type of bridges, more case
studies are necessary for other instrumented bridges.

6.1

Recommendation for Future Work
A good match between the peak displacement prediction and the recorded data of the

2014 Napa earthquake were obtained. However, more insight is needed and a review of the
assumptions should be made, based on the limitations that were found while developing the
finite element model and analysis of the recorded data.
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This research focuses on the main channel of the Hwy 37 Napa River Bridge. The ramps
at the ends of the bridge are not modeled and only their mass was added to the bridge. Moreover,
the bridge was modeled with fixed foundation. The contribution of the kinematic effect of the
foundation can play an important role in bridge response. For this reason, future work will
benefit by studying the contribution of the bridge foundation to the response of the bridge.

The bridge components are all modeled linearly or with equivalent stiffness. Currently,
this simplified model gives good results in response prediction of the peak displacements to the
2014 Napa earthquake. However, applying nonlinearities to the model in the columns and
expansion joints would give better response prediction and can be used for further studies trying
to understand the behavior of the bridge in the nonlinear range.

The recorded data used to identify modal frequencies and use as input motion is limited.
If more sensors were to be located on the left-hand side of the bridge, more accurate modal mode
shapes can be identified. This would allow a more refined calibration for the developed finite
element model. Moreover, in order to have a better understating of the foundation behavior more
sensors need to be added at the bottom of the columns, pile caps and piles. This would also
determine what input motion can be used if response predictions are desired for earthquake
events. A full ambient vibration test is recommended to have a better understanding of the
dynamic behavior of the bridge.
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Finally, the finite element model was performed manually by adjusting specific
parameters. During the updating, close frequencies were not calibrated properly and the beat
phenomenon that appears on the recorded data is not captured. For future research a more
profound updating procedure is required, possibly automated. This would allow for more
parameters to be individually developed. In this research columns were grouped in sections to
simplify the updating and the yielding of good results. However, if an optimization technique is
used, improved results are possible.

In summary, future research would involve and focus on the following areas:


conducting a full ambient vibration test of the bridge to obtained more modal frequencies
and shapes;



creating a nonlinear model to incorporate nonlinearities of the columns and foundation;



increasing sensor instrumentation along the length of the bridge and at the base of the
columns, pile caps and piles;



performing model updating with automated procedures;



conducting

a

multi-support

excitation

analysis

of

the

bridge.
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Appendices
Appendix A
It shows the line weight calculate for the extras mass use at the cap beams of the piers that are
supporting the exit ramp.

Span 1
Weight of extra griders

Agir=
No.
extra
girders=
Girder
length=
Volume=

Weight of the deck

9

ft2

7

Adeck=

4529

ft2

Thickness=

7

in

98.92
6232

ft
ft3

Volume=

2642

ft3

γc=

150

lb/ft3

γc=

150

lb/ft3

Weight=

934794 lb

Weight=

396312

lb

Total Weight at abutment=
Line Weight
AbutmentW1=

665553

lb

8954

lb/ft
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Span 2
Weight of extra griders

Agir=
No.
extra
girders=
Girder
length=
Volume=

Weight of the deck

9

ft2

6

Adeck=

3192

ft2

Thickness=

7

in

100
5400

ft
ft3

Volume=

1862

ft3

γc=

150

lb/ft3

γc=

150

lb/ft3

Weight=

810000

lb

Weight=

279300

lb

Adeck=

1942

ft2

Thickness=

7

in

Total Weight=
Line Weight
PW-2=

1210203

lb

15128

lb/ft

Span 3
Weight of extra griders

Agir=
No.
extra
girders=
Girder
length=
Volume=

Weight of the deck

9

ft2

4
100
3600

ft
ft3

Volume=

1133

ft3

γc=

150

lb/ft3

γc=

150

lb/ft3

Weight=

540000

lb

Weight=

169925

lb

Total Weight=
Line Weight
PW-3=

899613

lb

8996

lb/ft

106

Span 4
Weight of extra griders

Agir=
No.
extra
girders=
Girder
length=
Volume=

Weight of the deck

9

ft2

3

Adeck=

957

ft2

Thickness=

7

in

100
2700

ft
ft3

Volume=

558

ft3

γc=

150

lb/ft3

γc=

150

lb/ft3

Weight=

405000

lb

Weight=

83738 lb

Adeck=

160

ft2

Thickness=

7

in

Total Weight=
Line Weight
P-1=

599331

lb

6830

lb/ft

Span 5
Weight of extra griders

Agir=
No.
extra
girders=
Girder
length=
Volume=

Weight of the deck

9

ft2

1
30
270

ft
ft3

Volume=

93

ft3

γc=

150

lb/ft3

γc=

150

lb/ft3

Weight=

40500

lb

Weight=

13965

lb

Total Weight=
Line Weight
P-2a=

271601

lb

3440

lb/ft
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Span 6
Weight of extra griders

Agir=
No.
extra
girders=
Girder
length=
Volume=

Weight of the deck

9

ft2

1

Adeck=

267

ft2

Thickness=

7

in

100
900

ft
ft3

Volume=

156

ft3

γc=

150

lb/ft3

γc=

150

lb/ft3

Weight=

135000

lb

Weight=

23363 lb

Total Weight=
Line Weight
P-2b=

106414

lb

1348

lb/ft

Span 7
Weight of extra griders

Agir=
No.
extra
girders=
Girder
length=
Volume=

Weight of the deck

9

ft2

1

Adeck=

34

ft2

Thickness=

7

in

100
900

ft
ft3

Volume=

20

ft3

γc=

150

lb/ft3

γc=

150

lb/ft3

Weight=

135000

lb

Weight=

2931

lb

P-3=

Total Weight=
Line Weight
1976
lb/ft

148147

lb

P-4=

965

lb/ft
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Span 28
Weight of extra griders

Agir=
No.
extra
girders=
Girder
length=
Volume=

Weight of the deck

9

ft2

1

Adeck=

159

ft2

Thickness=

7

in

100
900

ft
ft3

Volume=

92

ft3

γc=

150

lb/ft3

γc=

150

lb/ft3

Weight=

135000

lb

Weight=

13869 lb

Total Weight=
Line Weight
P-20b= 1041

74434

lb

lb/ft

Span 29
Weight of extra griders

Agir=
No.
extra
girders=
Girder
length=
Volume=

Weight of the deck

9

ft2

2

Adeck=

717

ft2

Thickness=

7

in

100
1800

ft
ft3

Volume=

418

ft3

γc=

150

lb/ft3

γc=

150

lb/ft3

Weight=

270000

lb

Weight=

62738

lb

Total Weight=
Line Weight
P-21=
3107

240803

lb

lb/ft
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Span 30
Weight of extra griders

Weight of the deck

9

ft2

Adeck=

1577

ft2

3

f

Thickness=

7

in

100
2700

ft
ft3

Volume=

920

ft3

γc=

150

lb/ft3

γc=

150

lb/ft3

Weight=

405000

lb

Weight=

137988

lb

Agir=
No.
extra
girders=
Girder
length=
Volume=

Total Weight=
Line Weight
P-22=
5091

437863

lb

lb/ft

Span 31
Weight of extra griders

Agir=
No.
extra
girders=
Girder
length=
Volume=

Weight of the deck

9

ft2

4

Adeck=

2402

ft2

Thickness=

7

in

100
3600

ft
ft3

Volume=

1401

ft3

γc=

150

lb/ft3

γc=

150

lb/ft3

Weight=

540000

lb

Weight=

210175

lb

Total Weight=
Line Weight
P-23=
6866

646581

lb

lb/ft
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Span 32
Weight of extra griders

Agir=
No.
extra
girders=
Girder
length=
Volume=

Weight of the deck

9

ft2

2

Adeck=

3233

ft2

Thickness=

7

in

100
1800

ft
ft3

Volume=

1886

ft3

γc=

150

lb/ft3

γc=

150

lb/ft3

Weight=

270000

lb

Weight=

282888

lb

Total Weight=
Line Weight
P-24=
6356

651531

lb

lb/ft
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Appendix B
B.1

MATLAB code

This code allows to modify the column stiffness and gives the modal frequencies for different
modification factors.

%% clean-up the workspace & command window
clear;
clc;
%

section=1;
%% full path to the program executable
%% set it to the installation folder

ProgramPath
=
'C:\Program
Structures\CSiBridge 2016\CSiBridge.exe';

Files

(x86)\Computers

and

%% pass data to Sap2000 as one-dimensional arrays
feature('COM_SafeArraySingleDim', 1);

%% pass non-scalar arrays to Sap2000 API by reference
feature('COM_PassSafeArrayByRef', 1);

%% create OAPI helper object
helper = actxserver('CSiBridge18.helper');
helper = helper.invoke('cHelper');

%% create Sap2000 object
sapObject = helper.CreateObject(ProgramPath);
%% start Sap2000 application
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sapObject.ApplicationStart;

%% create SapModel object
SapModel = sapObject.sapModel;
%% initialize model
ret = SapModel.InitializeNewModel;
%opens an existing file
FileName = 'C:\File location'
ret = SapModel.File.OpenFile(FileName)
% UnLocks model
ret = SapModel.SetModelIsLocked(false())
%sets the modification factors for all columns to 1
for i=1:8;
Value(i,:) = 1;
end
ret = SapModel.PropFrame.SetModifiers('Column PW3)', Value);
ret = SapModel.PropFrame.SetModifiers('Column P1', Value);
ret = SapModel.PropFrame.SetModifiers('Column P2', Value);
ret = SapModel.PropFrame.SetModifiers('Column P3', Value);
ret = SapModel.PropFrame.SetModifiers('Column P4)', Value);
ret = SapModel.PropFrame.SetModifiers('Column P5', Value);
ret = SapModel.PropFrame.SetModifiers('Column P6', Value);
ret = SapModel.PropFrame.SetModifiers('Column P8(1)', Value);
ret = SapModel.PropFrame.SetModifiers('Column P8(2)', Value);
ret = SapModel.PropFrame.SetModifiers('Column P7(1)', Value);
ret = SapModel.PropFrame.SetModifiers('Column P7(2)', Value);
ret = SapModel.PropFrame.SetModifiers('P9(1)', Value);
ret = SapModel.PropFrame.SetModifiers('P9(2)', Value);
ret = SapModel.PropFrame.SetModifiers('Column P13(1)', Value);
ret = SapModel.PropFrame.SetModifiers('Column P13(2)', Value);
ret = SapModel.PropFrame.SetModifiers('Column P14(1)', Value);
ret = SapModel.PropFrame.SetModifiers('Column P13(2)', Value);
ret = SapModel.PropFrame.SetModifiers('Column P11(1)', Value);
ret = SapModel.PropFrame.SetModifiers('Column P11(2)', Value);
ret = SapModel.PropFrame.SetModifiers('Column P16(1)', Value);
ret = SapModel.PropFrame.SetModifiers('Column P16(2)', Value);
ret = SapModel.PropFrame.SetModifiers('P10(1)', Value);
ret = SapModel.PropFrame.SetModifiers('P10(2)', Value);
ret = SapModel.PropFrame.SetModifiers('P12(1)', Value);
ret = SapModel.PropFrame.SetModifiers('P12(2)', Value);
ret = SapModel.PropFrame.SetModifiers('P17(1)', Value);
ret = SapModel.PropFrame.SetModifiers('P17(2)', Value);
ret = SapModel.PropFrame.SetModifiers('P18(1)', Value);
ret = SapModel.PropFrame.SetModifiers('P18(2)', Value);

113

ret
ret
ret
ret
ret
ret
ret
ret
ret

=
=
=
=
=
=
=
=
=

SapModel.PropFrame.SetModifiers('P19(1)', Value);
SapModel.PropFrame.SetModifiers('P19(2)', Value);
SapModel.PropFrame.SetModifiers('Column P20(1)', Value);
SapModel.PropFrame.SetModifiers('Column P20(2)', Value);
SapModel.PropFrame.SetModifiers('Column P21', Value);
SapModel.PropFrame.SetModifiers('Column P22', Value);
SapModel.PropFrame.SetModifiers('Column P23', Value);
SapModel.PropFrame.SetModifiers('Column P25', Value);
SapModel.PropFrame.SetModifiers('Column P24', Value);

ret = SapModel.File.Save('ModelPath');
%assign modification factors
%redim Value(7)
%runs different modification factors
if section==1;
for j=1:2;
% UnLocks model
ret = SapModel.SetModelIsLocked(false())
for i=1:8;
Value(i,:) = 1;
end
Value(5,:) = .4+.1*j;
ret = SapModel.PropFrame.SetModifiers('Column PW3)', Value);
%% save model
ret = SapModel.File.Save('ModelPath');
Valuenew(j,:)=Value(5,:);
%% run model (this will create the analysis model)
ret = SapModel.Analyze.RunAnalysis();
%% clear all case and combo output selections
% ret = SapModel.Results.Setup.DeselectAllCasesAndCombosForOutput
%% set case and combo output selections
ret = SapModel.Results.Setup.SetCaseSelectedForOutput('MODAL')

%% get modal period

NumberResults = 1;
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LoadCase = cellstr(' ');
Period = reshape(0:1,2,1);
Frequency = reshape(0:1,2,1);
StepType = cellstr(' ');
StepNum = reshape(0:1,2,1);
CircFreq = reshape(0:1,2,1);
EigenValue = reshape(0:1,2,1);
[ret, ~, LoadCases, StepType, CircFreq, StepNum, Frequency, Period,
EingenValue]
=
SapModel.Results.ModalPeriod(NumberResults,
LoadCase,
StepType, StepNum, Period, Frequency, CircFreq, EigenValue);
%stores the frequecies for desire mode
Frequencynew1(j,:)=Frequency(1,1);
Frequencynew2(j,:)=Frequency(1,2);
Frequencynew3(j,:)=Frequency(1,3);
Frequencynew4(j,:)=Frequency(1,4);
Frequencynew5(j,:)=Frequency(1,5);
Frequencynew6(j,:)=Frequency(1,6);
Frequencynew7(j,:)=Frequency(1,7);
Frequencynew8(j,:)=Frequency(1,8);
Frequencynew9(j,:)=Frequency(1,9);
Frequencynew10(j,:)=Frequency(1,10);
end
end
%Plots Modification factor vs Frequency
plot(Valuenew,Frequencynew1);
% close Sap2000
ret = sapObject.ApplicationExit(false());
SapModel = 0;
SapObject = 0;
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B.2

Column Sensitivity Plots

Sensitivity plots for columns stiffness in the longitudinal and transverse direction.
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