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Abstract

Truck traffic increases day by day according to the economy. Road network infrastructure
has to meet this growing demand. This work focuses on prestressed concrete box girder bridges in
California, because many signs of deterioration, such as cracks, have been observed lately. The
objective is to calculate the reliability index for a wide spectrum of those bridges. There are over
6,000 prestressed concrete box girder bridges in California, and fourteen of them were selected for
the reliability analysis. Moments due to dead load, live load and resistance were calculated, and
the Monte Carlo method was used to calculate the reliability indices for the ultimate limit state.
The average and standard deviation for the reliability indices are 4.81 and 1.38, respectively.
Results show that the reliability indices for simple spans decrease and then increase as the span

length and the load effect increase, increasing and then decreasing for continuous spans.
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Chapter 1.  Introduction

1.1 Problem Statement

Bridges are used every day for a variety of reasons including travelling to work or to a
leisure place (lake, coast, etc.) and receiving packages from online retailers. The use of bridges
has become more critical due to the increase in the population and the economy. As a result, the
average daily traffic (ADT) and the average daily truck traffic (ADTT) also increase.

Many bridges in the state of California are functionally obsolete and structurally deficient.
Functionally obsolete bridges are bridges that do not meet current traffic demands or current
standards due to too few lanes or too narrow lanes and/or shoulders. Structurally deficient bridges
are those that require significant maintenance, rehabilitation or replacement because critical load-
carrying elements were found to be in poor condition due to deterioration or damage (ASCE,
2019).

According to the 2019 California infrastructure report card, California has the second
largest percentage of functionally obsolete bridges. Figure 1-1 presents the evolution of ADT on
obsolete bridges, and Figure 1-2 presents the evolution of the structurally deficient bridges and

shows that the number of structurally deficient bridges decreases with age.
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Figure 1-1. Total daily traffic on functionally obsolete bridges in the state of California

(ASCE, 2019).
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Figure 1-2. Structurally deficient bridges in the state of California (ASCE, 2019).
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Bridge deterioration such as longitudinal, transverse, and pattern cracks, spalling,
delamination, etc. are observed in decks of California bridges. Some examples of these cracks are

displayed in Figure 1-3 and Figure 1-4.

Figure 1-3. Longitudinal deck cracks (Caltrans)

According to the 2019 California report card, 65% of the total bridge stock are in good
condition, 30% are in fair condition and 5% are in poor condition. Maintenance is required so that
bridges in the “fair” category do not fall into the “poor” category. In the fiscal year 2017-2018
State Budget, $131 million was allocated to bridge major maintenance; however, the ongoing
annual need for bridge maintenance alone is estimated to require about $200 million (ASCE,
2019). Therefore, because of the scarcity of the funding, bridges with a higher structurally

deficiency must be a priority in the process of repair.
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Figure 1-4. Map pattern cracks (Caltrans).

1.2 Objective
The objective of the thesis is to calculate the reliability indices for a wide spectrum of
prestressed concrete box girder bridges in California to investigate their safety under applied live

load.

1.3  Outline
The thesis is outlined as follows:
e Chapter 1. Introduction, it provides some background and general information related to
the bridges in California, and the objective and outline of the thesis report.
e Chapter 2. Literature Review provides a state of art review of literature on various subjects
that include, bridge deterioration, weigh-in-motion, live loads, and reliability analysis.
e Chapter 3. Live Load Model in California, where the methodology used to determine

statistical parameters using California weigh-in-motion data, is described.

15



e Chapter 4. Representative Bridges, it presents the bridge selection procedure for the
reliability analysis .

e Chapter 5. Load and Resistance Models, it provides information about the dead load, live
load and resistance models used in the reliability analysis.

e Chapter 6. Reliability analysis provides background about the reliability analysis topic, and
gives the results of the reliability indices calculated for the selected bridges.

e Chapter 7. Summary and Conclusions, it focuses on the thesis report summary and

conclusions.

1.4 Overview

In the National Bridge Inventory (NBI) database, issued in 2021, the bridge records in
2020 count 25,755 bridges of various types open for traffic in California. It makes California the
fourth state in the U.S. in terms of bridge number after Texas, Ohio, and Illinois. Table 1-1 and
Figure 1-5 show statistics of the bridge material types in California. The NBI database contains
valuable information for each bridge, such as the name and bridge number, the location, the deck
condition, the maximum span length, the year built and year reconstructed, etc. Details of each
item are described in the Recording and Coding Guide for the Structure Inventory and Appraisal

of the Nation’s Bridges, written by the Federal Highway Administration (FHWA).
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Table 1-1. Bridge material types in California

Bridge material type Count

Aluminum, Wrought Iron, or Cast Iron 19
Concrete 5,176
Concrete continuous 10,720
Masonry 33
Other material 16
Prestressed concrete 3,200
Prestressed concrete continuous 3,101
Steel 2,373
Steel continuous 446
Wood or Timber 671
Total 25,755
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The percentage of bridge age, found using the NBI database, shows that approximately
50% of bridges in California have exceeded their design life (50-year lifespan); this includes 13%
of the bridges that are over 75 years old, which is the design year according to AASHTO LRFD.
Figure 1-6 classifies the bridge percentage in California by age. Various types of prestressed
concrete bridges are found in California: girder, box, segmental and other types of bridges. Figure
1-7 presents the percentage of these bridges and shows that approximately 70% of prestressed

concrete bridges in California are box girders, single and multi-boxes. Prestressed concrete box

Figure 1-5. Bridge material type statistics in California

girder bridges are then selected for the analysis.
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Chapter 2.  Literature Review

2.1 Bridge Deterioration

Concrete bridges behave and deteriorate in many ways. These include corrosion, exposure
to the environment, drying shrinkage, thermal effects and traffic.

Corrosion is the destructive attack of a metal or an electrochemical reaction with the
environment (Ahmad, 2006) in which water and oxygen must be present for the reaction to take
place (Emmons, 1993). The process of corrosion is accelerated in reinforced or prestressed
concrete structures if the aggressive chemicals are introduced into the concrete. This is the case of
concrete structures located in marine environments or in contact with deicing salts because of the
penetration of high concentration of chlorides present in sea waters and deicing salts. Corrosion
causes tensile forces into the concrete forcing it to crack and spall. According to Emmons (1993),
cracking and spalling of concrete reduce the croncrete effective cross section, thereby reduce the
ultimate compressive load capacity.

Another form of deterioration is an exposure to the environment such as freeze and thaw,
drying shrinkage and thermal effects. Freeze-thaw deterioration is induced when water penetrates
the concrete. After many cycles at low temperatures, the water in the concrete expands causing
tension, cracks and spalling. According to the American Concrete institute (ACI) website, drying
shrinkage is the contraction in the concrete caused by moisture loss from drying concrete. Drying
shrinkage is affected by the cement type, a short curing period, the placement temperature,
aggregates size and type (Emmons, 1993). Thermal effects may also cause cracks. Concrete bridge
structures are subjected to thermal effects due to the interaction with the environmental conditions
or special effects, like the placement of hot asphalt on the deck or the development of heat of

hydration during construction (Branco and Mendes, 1993).
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Many bridges also suffer from serious deterioration due to repeated vehicle loads. The
repeated vehicle loads cause accumulated damage due to fatigue and this damage accumulation
has become more serious as the number of overloaded vehicles has increased recently (Oh et al.,
2007). It was reported that the amount of repair of superstructures that indicates serious deck
deteriorations are due to the direct contact of vehicular traffic, inducing tensile stress in the
concrete decks. The combined longitudinal tensile stress on the decks due to shrinkage and wheels
loads will induce parallel transverse cracks (Oh et al., 2007). For some bridge configuration (like
short span and large width) and load position (heavy trucks in one lane), field measurements have
shown that tensile stress can occur in the longitudinal direction at the top of the slab in the unloaded
area (Nowak and Szerszen, 2003).

Bridge deterioration may be evaluated in terms of condition ratings. The condition ratings
are important information that describes the condition of existing bridges (e.g. section, cracks,
spalling, etc.). Table 2-1 contains the code and description of each condition rating as prescribed

by the Federeal Highway Administration (FHWA).

Table 2-1. Condition rating codes and description (FHWA, 1995).

Codes Description
N Not applicable
9 Excellent condition
8 Very good condition - no problems noted
7 Good condition - some minor problems
6 Satisfactory condition - structural elements show minor
deterioration

21



Codes

Description

Fair condition - all primary structural elements are sound
but may have minor section loss, cracking, spalling or

scour.

Poor condition - advanced section loss, deterioration,

spalling or scour

Serious condition - loss of section, deterioration, spalling
or scour have seriously affected primary structural
components. Local failures are possible. Fatigue cracks

in steel or shear cracks in concrete may be present.

Critical condition - advanced deterioration of primary
structural elements. Fatigue cracks in steel or shear
cracks in concrete may be present or scour may have
removed substructure support. Unless closely monitored
it may be necessary to close the bridge until corrective

action is taken.

Imminent failure condition - major deterioration or
section loss present in critical structural components or
obvious vertical or horizontal movement affecting
structure stability. Bridge is closed to traffic, but

corrective action may put back in light service.

Failed condition - out of service - beyond corrective

action

22




2.2 Weigh-in-Motion

In the U.S., bridge live loads are obtained using weigh-in-motion (WIM) technology.
WIM systems are used for enforcement primarily to identify individual vehicles suspected of being
in violation of weight or size laws and locate sites where relatively large numbers of probable
weight, speed, or size violations occur (Miao and Chan, 2002). Several factors cause truck-induced
damage. One of these factors is the weight of the vehicle and how that weight is distributed over
the axles of the vehicle.

According to Haugen et al. (2016), WIM systems were first developed to preserve the
road pavement and infrastructure, and to reduce the cost for weight enforcement resources. Weigh-
in-motion technologies allow the control of vehicle weights without disrupting the traffic and
freight operations (Haugen et al., 2016), and can be useful in bridge structural analysis, geometric
design, safety analysis, facility planning and programming, and standard and policy development
(FHWA, 2007). WIM systems capture information such as the vehicle classification, axle weight,
gross vehicle weight (GVW), and vehicle speed. The Federal Highway Administration (FHWA)
lists thirteen vehicle classes presented in Figure 2-1. The types of WIM systems available for use
in application include the high-speed weigh-in-motion (HS-WIM) and the slow-speed weigh-in-
motion (SWIM). The HS-WIM idenfies vehicles at highway speeds without hindering traffic flow
and the SWIM accurately captures axle weights on-site to ensure over-the-road compliance. Figure
2-2 shows a diagram for high-speed weigh-in-motion. As per Rygula et al. (2020), the basic
components of a WIM system include weight sensors built into the road surface, automatic number

plate recognition (ANPR) cameras, sensors to measure the height and length of the vehicle,
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facilities with electronic controls.

inducive loops to measure the speed and generate a trigger signal, and telecommunications
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Figure 2-1. FHWA 13 Vehicle category classification



v

Figure 2-2. Diagram of High-Speed Weigh-in-Motion (HS-WIM) (Ryguta et al., 2020).

——

Despite the numerous benefits of weigh-in-motion system, some challenges and
limitations are still identified. These include the functionality features of the WIM systems (i.e.,
the measurement uncertainty), and the difficulty of properly categorize the vehicles (Ryguta et al.,
2020). According to Haugen et al., other challenges involve the calibration procedure, which has
to be repeated often, the need for temperature correction due to sensor drift, as well as the short

lifetime and decrease in accuracy of the sensors.

2.3 Live Loads

There is a growing interest in developing probability-based rational criteria for the design
and evaluation of bridges; the live load model for load and resistance factor design (LRFD) is one
of the most important parts of these new developments (Nowak and Hong, 1991). The effect of
live load depends on many parameters including truck weight, axle loads, axle configurations, span
length, position of the vehicle on the bridge (transverse and longitudinal), number of vehicles on
the bridge (multiple presence) stiffnesses of structural members (slab and girders) and future
growth (Moses and Ghosn, 1985; Nowak and Hong, 1991). According to AASHTO (2017), the

live load effect is multiplied by the multiple presence factor, as shown in Table 2-2, to account for
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the probability of simultaneous lane occupation by the full HL93 design live load. Figure 2-3
represents the design truck, and Figure 2-4 represents the different cases for the design load

according to AASHTO LRFD.

Table 2-2. Multiple Presence Factors, m (AASHTO, 2017).

Number of lanes loaded Multiple presence factor, m
1 1.2
2 1
3 0.85
>3 0.65

8.0 kips 32.0 kips 32.0 kips
| 14°-0” | 14°-0” to 30’-0” |

» »

&
|~ y|‘ yl

|‘ﬂ’|

Figure 2-3. Characteristics of the design truck (AASHTO, 2017).
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Figure 2-4. Design Live load according to AASHTO LRFD (Nowak, 1999).
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The dynamic load allowance is defined as the maximum dynamic deflection, Dy, divided
by the maximum static deflection, Ds. (Nowak, 1994), as shown in Figure 2-5. According to
Nowak (1999), the dynamic load factor is a function of three major parameters: road surface
roughness, bridge dynamics (frequency of vibration) and vehicle dynamics (suspension system).

Dynamic load effect, /, is considered as an equivalent static load added to the live load, L (Nowak,

1999).
Ddyn — Dynamic
v §. AL A AL L L) Statjc

=
.- s

- a “

< ’

QL ’

c 4 \‘ -

0 ] M .\

Q '. \‘
=} ! . .
« '
% Tt ‘1
o N D h

Hee , sta

= ;

Time (s)

Figure 2-5. Time history for midspan deflection due to a single truck on a bridge (Nowak, 1994).

Live Load Models

The development of live load models is available in the literature. According to Shahid et
al., (2017), live load models are usually developed from the existing truck data and depend on
factors such as, gross vehicle weight (GVW), axle weight, axle spacing, truck configuration,
annual average daily truck traffic (ADTT) (Babu et al., 2019; Shahid et al., 2017). Existing truck

data are found in the weigh-in-motion data; according to Shahid et al., (2017), it is nearly
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impossible to estimate the traffic data for a long period of time (i.e., 75 year period). However, the
method of extrapolation could be used to project the existing data to any period of time. This can
also be used in the determination of the statistical parameters such as the bias factor, which is the
mean-to-nominal ratio and the coefficient of variation which is the ratio of the standard deviation
to the mean. In their research, Shahid et al. (2017) used three different methods to compare test
results used in the extrapolation of live load effects to 75 years return period. These methods are
the non-parametric fit method, the convolution method, and the cumulative distribution function
(CDF) projection method. The non-parametric fit method does not involve any parameters like
skew, mean, or variance, etc. One of its advantages is that it adjusts itself to the probability density
function to any distribution function. The convolution method uses the linear fit to extrapolate the
maximum expected value for any required period. It depends on the coefficient of determination,
R’, which shows how best the data was fitted. Lastly, the CDF projection method consists in using
the ADTT to project the live load effects. Shahid et al. found that results obtained using the non-
parametric fit were closer to the realistic data than the other method.

Similar research was carried out by Babu et al. (2019) to develop and compare statistical
parameters of live loads in the United States and in Europe. For the analysis, WIM measurements
from 44 U.S. locations were used as well as measurements from 5 European WIM stations, namely
in Poland, Netherland, Czech Republic, Slovenia, and Slovakia. The extrapolation method used
implies a maximum expected live load effect depending on a certain period of time T (in days),
the ADTT and the cumulative distribution function of the traffic load, which are related by

equations (1) and (2).

Zinas =~ () (M)
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N =T = ADTT )

Where N is the number of expected vehicles for a return period 7 (in days), Zuax is the axis of

standard deviation and @ ! is the inverse standard normal distribution function.

A linear extrapolation was then used at the upper tail of the CDFs as shown in Figure 2-6. The
values located on the intersection of extrapolated CDFs and corresponding ordinates are the bias
factors at the specified return period. Using different ADTTs (250, 1000, 2500, 5000, and 10000),
bias factors for a 75-year live load effect were generated for the U.S. and Europe as presented in

Figure 2-7.
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Figure 2-6. Linear extrapolation of the upper tail of the CDF of the moment ratio

(Babu et al., 2019).
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Figure 2-7. Bias factor of 75-year maximum moment ratios for different ADTT of the U.S. (a)

and European data (b) (Babu et al., 2019)

2.4 Reliability Analysis

The reliability of a structure is its ability to fulfill its design purpose for some specified
design lifetime (Nowak and Collins, 2013). According to Nowak (1999), the reliability index is an
efficient measure of structural performance; reliability indices served as a basis for selecting the
target reliability index, Br. Nowak (1999) calculated the reliability indices for girder bridges (non-
composite steel, composite steel, reinforced concrete and prestressed concrete) in his research.

Figure 2-8 shows the results obtained for moment in prestressed concrete girders. The results show
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that the most important parameters determining the reliability index are girder spacing and span
length. In general, the reliability indices are higher for larger girder spacing. This is due to more

conservative girder distribution factor (GDF) compared to shorter spacings (Nowak, 1999).
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Figure 2-8. Reliability indices for simple span moment in prestressed concrete girders

(Nowak, 1999)

Nowak and Tabsh (1991) also calculated the reliability index for noncomposite and
composite steel girder, reinforced concrete T-beams and prestressed concrete girders, using
available live load data from Nowak and Hong (1991), and weigh-in-motion data from Winsconsin
and Florida. Failure at a single girder and failure of the whole bridge as a system was considered
and a sensitivity analysis was also carried out to identify the parameters that mostly affect the
bridge. The analysis was performed with thousands of Monte Carlo simulations using the

statistical parameters for materials as shown in Table 2-3.
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Table 2-3. Statistical parameters of material properties (Nowak and Tabsh, 1991).

Variable Nominal (ksi) Mean (ksi) Mean-to-nominal \%
ratio
Fy 36 38 1.005 0.10
fy 40 45 1.125 0.12
fy 60 67 1.115 0.10
fos 270 281 1.04 0.025
fe 3 2.76 0.92 0.18
fc 5 4.03 0.805 0.15
Es 29,000 29,000 1.0 0.06

The analysis shows that the reliability indices for noncomposite steel girders are 3.0-3.5, for
composite steel 2.5-3.5, for reinforced and prestressed concrete 3.5-4.0. The system reliability
indices range between 4.95 and 6.20. Figure 2-9 shows the sensitivity functions for prestressed
concrete girders and indicates that the most important parameters are the effective depth d and the

prestressing force Apgfps.
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Figure 2-9. Sensitivity functions for prestressed concrete girders (Nowak and Tasbh, 1991).
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Law and Li (2010) investigated if the measured information of a structural system could
be integrated with reliability analysis to yield a safety estimate on the component or system. For
their study, the authors used a finite element modeling of a three-span continuous prestressed
concrete box bridge with a total length of 73 m. Figure 2-10 shows the cross section of the bridge;

dimensions are in millimeters.
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Figure 2-10. Cross section of the bridge superstructure (Law and Li, 2010).

Results obtained using the serviceability limit state are shown in Table 2-4 for the
components and the overall system. Type I reliability index is calculated from the intact structure
with initial coefficient of variation (COV) values of the modulus of elasticity for all elements; type
IT reliability index is calculated from the structure with true damage in the damage elements and
initial COV values of the modulus of elasticity of all the elements; and type III is calculated from
the structure with identified mean values of damage and identified COV values of the modulus of
elasticity in all elements. The 18" and 19" elements are in the left web, the 54™ and 55" elements

are in the middle web and the 90" and 91%! elements are in the right web as shown in Figure 2-11.
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Figure 2-11. Plan of bridge and sensor configuration (Law and Li, 2010).

Table 2-4. Reliability indices (Law and Li, 2010).

Intact with ~ True damage with  Identified damage
Element

Category number initial COV initial COV with identified COV
T (Type 1) (Type II) (Type 1)
Component reliability o\ 2.537 2087 2.400
index
19th 3.282 3.098 3.097
54th 2.889 2.707 2.781
55th 3.137 2.929 2.997
90th 3.271 2.960 2.976
91st 3.833 3.667 3.789
System reliability 5.940 5.640 5.642
index
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Chapter 3. Live Load Model in California

3.1 General Procedure

Developing the live load model for California requires finding statistical parameters such
as the bias factor, defined as the ratio of mean-to-nominal and the coefficient of variation, which
is the ratio of the standard deviation and the mean. The maximum expected mean is obtained from
California WIM data and the nominal is taken as the AASHTO HL93 design value.
The first step in developing live load model in California is to collect and process California WIM
data. WIM data from twenty-four (24) received by the California Department of Transportation,
Caltrans was used. Figure 3-1 presents the location of the 24 California WIM stations. The most
critical WIM station was chosen as a representative to determine the bias factor for one lane in
California. The second step is to compute the live load effects. The influence line analysis was
performed using a MATLAB algorithm. MATLAB is a programming and numeric platform used
to analyze data, develop algorithms, and create models. The moment due to California vehicles
and the AASHTO HL93 (design) moment were computed for span lengths ranging from 30 to 190
ft, for both simple spans and continuous spans (two identical spans). The ratio of moment due to
California vehicles to moment due to the AASHTO design vehicle was then plotted for simple
spans and continuous spans, separately for positive and negative moments as shown in Figure 3-2,
Figure 3-3 and Figure 3-4. These graphs represent the cumulative distribution function (CDF) of
the load effects. The plots show that approximately 97 % of California heavy vehicles cause a load
effect less than the AASHTO design vehicle and approximately 3 % of California heavy vehicles

exceed the AASHTO design vehicle.
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The third step in developing California live load model includes the determination of the
live load distribution. It is required, since there is no enough data to determine a maximum
expected loading. Hence, there is a need for data extrapolation to find load ratio for a certain time

period. The next steps of live load development are discussed in the next sections.

3.2 Live Load Distribution

Before extrapolating traffic data to any considered time period, knowing the distribution
of the data is important. A MATLAB algorithm was used to find the best fit distribution that
represents California traffic data. Four types of distribution were fitted to California data: the
Extreme Value, Generalized Extreme Value, Gamma and Normal distributions. The probability
density function and distribution types are shown in Figure 3-5. The cumulative probability and
error distributions are also plotted in Figure 3-6. The Extreme Value and Generalized Extreme
Value distributions best fitted California traffic data as shown in Figure 3-5. The cumulative
probability and error distributions were plotted to verify and select only one distribution that
represents best California data. The graphs in Figure 3-6 show that the Extreme Value distribution
is closer to the empirical data and has an error distribution closer to zero. Therefore, California
traffic data is represented by the Extreme Value distribution, also called Extreme type I

distribution.

39



Probability Density

100 T T T T T T T T T T T T : .
|:| Empirical Data
9.0r1 Extreme Value |
Gamma
8.0 GEV .
Normal
70 i
6.0 i
50F J
40 i
3.0 i
201 i
1.0 i
\
0.0 L L L ! | L T ———

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15

Positive Moment RatiooM . /M, .
wim  design

Figure 3-5. Probability density function for moment ratio, Mwim/Mbpesign

40



b 1 0 T T T T T T
5 Empirical Data
_g 0.8 Extreme Value | 7|
o Gamma
a 06 GEV 1
g 04k Normal i
)
= L i
£ 0.2
=
o 00 1 1 1 1 1 1

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15

Positive Moment Ratio,M . /M, .
wim  design

(a) Cumulative probability vs. positive moment ratio

0.10 N .

o \‘ -
= 0.00F ¥/D
i \\\\\\ [ Extreme Value
\ ) Gamma
-0.10 ~ GEV .
Normal

1 Il 1 1 Il 1 1 Il 1 Il 1 | Il L

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15

Positive Moment Ratio, M . /M, .
wim design

(b) Error distribution vs. positive moment ratio

Figure 3-6. Cumulative probability and error distribution for positive moment ratio

3.3 Extrapolation technique

The extrapolation of traffic data consists in predicting the maximum expected live load
that the bridge structures can experience during a certain time period (i.e., the number of expected
vehicles). The extrapolation of traffic data is performed to determine the load ratio for that period
of time. According to the Manual for Bridge Evaluation (MBE), bridges are inspected every 2 or
4 years. The maximum expected live load for the analsyis is taken for a 5-year return period, based

on the NCHRP Report 454 (Moses, 2001).
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The number of expected vehicles is expressed in terms of the return period as the average daily

truck traffic, as shown in equation (3).

N =T * ADTT 3)

Where N is the number of expected vehicles for a return period 7 (in days), and a certain ADTT.

The upper tail of the cumulative distribution function represents the maximum values of the live
load that can be obtained using a certain probability of occurrence P* as shown in equation (4) or

using the maximum moment at the the normal standard variable Z,... in equation (5)

P =1 _% “)
o= -0 (1)

Where @ ! is the inverse standard normal distribution function.

The ADTT for each considered WIM station was determined as traffic count and number of days
for which the data was recorded. Figure 3-7 presents a histogram of California ADTT per lane.
According to Pande and Wolshon (2016), the 85" percentile speed is the speed at which 85% of
the vehicles are travelling at or slower. Conversely, 15% of the vehicles travel faster than the
posted speed. This method was applied in order to determine a representative ADTT for California.
In Figure 3-7, 85% on the cumulative distribution function axis (right axis) corresponds to an
ADTT of 5,000 vehicles. Therefore, an ADTT of 5,000 is used to determine statistical parameters

of live load, and hence, the number of the maximum expected vehicles for a 5-year return period.
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Figure 3-7. Determination of the expected average daily truck traffic.

(5) are therefore,

N = 365 x5 years * 5,000 = 9,125,000 vehicles

Zmax = 5.18

3.4 Statistical Parameters for live Load

Statistical parameters define the level of uncertainty for a certain variable. The CDF of
the mean-to-nominal ratio was fitted at 15% of the top data (upper tail) with a normal distribution.

The intersection between the probability P* (or the associated Z,..x) as shown in equations (4) and
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(5) and the mean-to-nominal ratio was then plotted for each span length and each configuration
(simple span and continuous span) as shown in Figure 3-8. To remain consistent throughout the
analysis, the 85% rule by Pande and Wolshon (2016) was applied in order to determine the bias
factor for California considering that 15% of the vehicles have a higher load ratio. Therefore the
bias factor for California is 1.32 as shown in Figure 3-8, and the coefficient of variation is

approximately 0.18.
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Figure 3-8. Determination of the bias factor
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Chapter 4. Representative Bridges

Box girder bridge types represent the majority for prestressed concrete bridges in
California. The reliability analysis of prestressed concrete box girder bridges first involves
selecting a few bridges that will be considered as representative bridges for California.

Ninety-eight (98) bridge inspection reports were received from the California Department
of Transportation, Caltrans. These reports contain several information about prestressed concrete
box girder bridges built after 1990 such as the geometry of the bridges, defects, work
recommendations, etc. Fourteen (14) prestressed concrete box girder bridges, including four
simple span and ten continuous span bridges, were selected due to the availability of all necessary

information required for the reliability analysis. These bridges are presented in the map in Figure
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Figure 4-1. Location of the fourteen selected prestressed box bridges
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The selected prestressed box girder bridges have a range of span lengths between 62 and

231 ft, a box width between 7 and 10 ft, and a box height between 3 and 8 ft. Information about

the selected bridges is provided in Table 4-1. Simple span bridges are denoted by SS and

continuous span bridges, by CS.

Table 4-1. General information of selected prestressed concrete box girder bridges

Span Deck Bottom Box Box
Bridge Year | Span | Number Length . flange Number .
. . Thickness . width | Depth
Number | Built | Type | of Spans | Considered . thickness | of Cells
(in.) . (ft) (ft)
(ft) (in.)
17 0030 1991 | SS 1 176 8.75 6.63 8 9.58 8.00
29 0306L | 1992 | SS 1 158 7.38 5.50 8 7.25 7.00
370368L | 1990 | SS 1 124 8.13 6.38 5 9.54 6.00
550655 1992 | SS 1 95 8.38 6.75 26 10.00 4.50
23 0020 1993 | CS 2 112 7.38 5.50 5 7.25 4.42
23 0205L | 1992 | CS 3 126 7.25 5.50 5 7.00 5.00
370366L | 1991 | CS 3 85 7.25 6.00 7 7.00 3.50
37 0420L | 1990 | CS 3 62 7.63 5.50 6 7.96 3.00
37 0421L | 1990 | CS 3 77 7.38 5.50 7 7.17 3.50
370467L | 1991 | CS 10 231 8.25 6.63 7 9.75 6.50
49 0060L | 1991 | CS 5 160 7.63 5.50 4 8.00 6.50
49 0165L | 1992 | CS 3 98 8.00 6.00 4 8.88 4.00
54C0617 | 1991 | CS 2 73 7.75 6.00 13 8.33 3.50
550670 1990 | CS 7 156 8.25 6.63 7 9.67 6.25
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Chapter 5. Load and Resistance models

5.1 Load Model

5.1.1 Dead Load

According to Nowak (1999), dead load D, is the gravity load due to the self-weight of the
structural and non-structural elements permanently connected to the bridge. These include the
weight of factory-made elements, such as steel and precast concrete, the weight of cast-in-place
concrete, the weight of wearing surface (asphalt) and other types of weights such as railings and
luminaries. Dead load due to self-weight of one box girder and dead load due to barrier and railings
were considered for the reliability analysis; moment due to dead load was computed using
SAP2000 software. SAP2000 is a civil-engineering software used for design and analysis of any
type of structure. Dead load was assumed to follow a normal distribution. Statistical parameters
used in reliability analysis include the bias factor and the coefficient of variation. Table 5-1 shows

the statistical parameters of dead load.

Table 5-1. Statistical parameters of dead load (Nowak, 1999)

Component Bias factor, A Coefficient of Variation, V
Factory-made members 1.03 0.08
Cast-in-place members 1.05 0.10

Asphalt 3.5 inch* 0.25
Miscellaneous 1.03-1.05 0.08-0.10

*mean thickness

In California, prestressed concrete box girder bridges are cast-in-place; thus, the bias factor and

coefficient of variation of dead load used in the analysis are 1.05 and 0.10, respectively.
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5.1.2 Live Load

The analysis involves determining the load in each lane and load distribution to girders
(Nowak and Hong, 1991). According to AASHTO LRFD, the girder distribution factor (GDF) for
a cast-in-place concrete multicell box is expressed as shown in equations (8) and (9).

= One lane loaded

1 0.35 1 0.45

(175+ 550 &) ®

=  Two or more lanes loaded

(%) )6 ®
N.) \58/\L
Where S is the spacing of the box girder (ft), L is the span length (ft) and N. is the number of cells

for the prestressed concrete box girder bridge, in which N, = 8 if the number of cells is greater than

8.

The AASHTO HL93, as shown in Figure 2-4, was used to determine the live load moment due to
truck and lane load using SAP2000 software; this is the nominal live load. According to Nowak
(1999), the mean dynamic load represents 10% of the mean live load. Calculations for live load
are performed as follows.

The nominal live load (HL93) and nominal live load per box girder are

LLyominar = truck + lane load (10)

LLypominai/pox = (truck + lane load) = GDF )

For one lane loaded, the bias factor is 1.32 as previously mentioned in Chapter 3, and for two lanes

loaded, the bias factor for the live load can be taken as 1.10, according to Kulicki et al. (2007).
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The mean live load, with girder distribution factor included and no dynamic load is expressed as,

LLyean = AL * LLnominai (12)

box

where A; is the bias factor for live load.

The mean dynamic load represents 10% of the mean live load. The mean and standard deviation

of live load and dynamic load are

LL + IMp0n = LLmoan * (1 + 0.10) (13)

Opp+im = COVy, % LL + M eqn (14)

Where COV;, is the coefficient of variation of live load.

5.2 Resistance Model (Strength Limit State)

The resistance model for the thesis follows the strength (or ultimate) limit state. The
resistance of prestressed concrete box girder bridges used for the analysis was assumed to follow
a lognormal distribution (Nowak, 1999) with a bias factor for resistance Az of 1.05 and a coefficient
of variation, Vz of 0.075. The moment carrying capacity of one box girder was found by first
determining the neutral axis location when the compression C, and tension forces 7, are equal. The
calculations are performed as follows.

C=T (15)

a*f’c*b*a+A’S*fIS:Aps*fijs+As*fs (16)

Where « is 0.85 for a compressive strength /. less than 10 ksi, according to AASHTO LRFD
5.6.2.2. b is the width of one box, a is the depth of the compression block, A and 4 s are the area

of reinforcing tension and compression steel, f; and /s are the stresses in reinforcing steel at tension
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and compression fibers, respectively, 4, is the prestressing area and fys is the average stress in

prestressing steel.

The depth of compression block and the average stress in the prestressing steel are
a=pf;*c (17)

c
fps :fiau (1_k*d_> (18)

p

Therefore, the distance from the extreme compression fiber to the neutral axis is:

Apsfpu + As/‘:s - A’Sf’s
fou (19)

ps
dp

0.85f' Bib + kA

fs and f’s are assumed to equal 60 ksi.
The value of & depends on the type of tendons that are used. 270-ksi low relaxation strands are

used for California prestressed concrete bridges. According to AASHTO LRFD, £ is calculated as,

k=2 (1.04 - f”—y> =0.28 (20)
pu

as shown in Table 5-2.

Table 5-2. Value of k (AASHTO LRFD)

Type of tendons Fyo/fou Value of k
Low relaxation strand 0.90 0.28
Type 1 high-strength bar 0.85 0.38
Type 2 high-strength bar 0.80 0.48
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The nominal capacity of one box is therefore,

Mn = [Aps*fps*(dp_g)_i' As*fs*(ds - %)_A’S*fls*(d,s - g)] (21)

Where d,, d, and d s are the distance from the extreme compression fiber to the centroid of the

prestressing force, tensile steel, and compression steel, respectively.

The resistance determined for the fourteen prestressed concrete box girder bridges is calculated

only for positive moment capacity.
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Chapter 6.  Reliability Analysis

6.1 Background
The reliability of a structure is its ability to fulfill its design purpose for some specified

design lifetime (Nowak and Collins, 2013), in which three main questions are considered.

1) How to measure the safety of structures?
Safety is measured in terms of the reliability index £ which is associated with the probability of
failure. The probability of failure is defined as the probability that a structure will fail to perform

as desired.

2) How safe is safe enough?
The proability of failure is a nonzero value. Reducing the probability of failure means increasing
the reliability index. However, increasing the safety of a structure may be beyond a certain

optimum level, which may not always be economical.

3) How does a designer implement the optimum safety level?
The optimum safety level is determined by the implementation of target reliability that can be
accomplished through the development of probability-based design codes such as the American

Association of State Highway and Transportation Officials (AASHTO) manual.

The reliability analysis of a structure also involves the use of random variables and limit

states, which are discussed in the following sections.
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6.1.1 Random Variables

According to Nowak and Collins (2013), a random variable is defined as a function that
maps events onto intervals on the axis of real numbers as shown in Figure 6-1. This function, called
the probability function, is categorized into three basic functions, which are the probability mass
function (PMF), the cumulative distribution function (CDF), and the probability density function

(PDF).

Sample space Random variable

Real numbers

Interval

Figure 6-1. Representation of a random variable as a function (Nowak and Collins, 2013).

Probability Mass Function (PMF)

For a discrete random variable, the probability mass function is defined as follows.

px(x) = P(X = x) (22)

Where px(x) is the probability that a discrete random variable X is equal to a specific value x being
a real number. For instance, a discrete random variable and probability mass function are shown

in equation (23) and Figure 6-2.
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Figure 6-2. Probability mass function (Nowak and Collins, 2013).

Cumulative Distribution Function (CDF)

The cumulative distribution function is defined for both discrete and continuous variables as
F.(x) =P(X <x) (24)

Where Fi(x) is the total sum or integral of all probability functions. An example of CDF is shown

in Figure 6-3.
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Figure 6-3. Example of a CDF (Nowak and Collins, 2013).

Probability Density Function (PDF)

The probability density function is defined as the first derivative of the CDF for continuous random

variables. An example of PDF is shown in Figure 6-4.

4

4.0

3.0

2.0 +

1.0+
e 1 T T e T >
0.6 0.8 1.0 1.2 14

Figure 6-4. Example of a PDF (Nowak and Collins, 2013).
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6.1.2 Limit States

The limit state is defined as the boundary between desired and undesired performance of
a structure. According to Nowak and Collins (2013), this boundary is often represented
mathematically by a limit state function called performance function, and can be formulated as

follows.

gR,Q) =R-0Q (25)

Where R is the resistance and Q is the load (or the demand).

g = 0 indicates that the structure is safe (desired performance) and g < 0, indicates that the
structure is not safe (undesired performance).

The limit state function, g is associated with the probability that the undesired performance will

occur; this is the probability of failure, Py which is defined as

Pr=P(R—Q<0)=P(g<0) (26)

For continuous random variables, namely variables that could take any positive values, the

probability density function for the load effect, the resistance, and the safety margin is shown in

Figure 6-5.
4
PDF : R, resistance
R-Q, safety margin Q, load effect /
Probability z \
of failure
—>
0

Figure 6-5. PDFs of load, resistance, and safety margin (Nowak and Collins, 2013)
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Three types of limit states are generally considered in structural reliability analyses, which are:

Ultimate limit state (ULS)

The ultimate limit state is related to the loss of load-carrying capacity (i.e., buckling of the web,
shear failure of web in steel beams, crushing of concrete, etc.)

Service limit state (SLS)

The service limit state is related to the gradual deterioration, user’s comfort, or maintenance costs
(i.e. excess deflections, excess vibrations, permanent deformations, and cracking)

Fatigue limit state (FLS)

The fatigue limit state is related to the loss of strength and accumulation of damage under repeated

loads.

The considered limit state for the thesis is the ultimate limit state, also called the strength limit

state.

6.1.3 Reliability index

According to Nowak and Collins (2013), the reliability index is defined as the shortest
distance from the origin of reduced variables Zz and Zp to the line g (Zr, Zg) = 0. Figure 6-6 is a
representation of the definition of the reliability index . From the figure, the reliability index S

for a normal distribution can be calculated as

Hr — Hq

N @7)

Where pi; and oy are the mean and standard deviation of the resistance; u, and oy are the mean

and standard deviation of the load.
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Limit state function g(Zp, Z)) = 0

HR — HQ

OR \

Failure

Figure 6-6. Reliability index defined as the shortest distance in the space of reduced variables

(Nowak and Collins, 2013).

The reliability index is also related to the probability of failure by

B =—-0"1(P;) or P = (—p) (28)
@(z) is the cumulative distribution function (CDF) of the normal variable and z equals —p.

Other methods such as Monte Carlo, Rackwitz-Fiessler, or Hasofer-Lind methods can also be used

to calculate the reliability index of a structure.

6.1.4 Probability Paper

According to Nowak and Collins (2013), probability paper is used to determine if certain
data follow a particular distribution (normal, lognormal, etc.). The most common is the normal
probability paper, in which a set of data are said to be normal when the CDF of the considered data

follows a straight line. Figure 6-7 represents the normal probability paper. Note the difference in
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the dual vertical axes; the probability axis is unevenly spaced whereas the standard normal variable
axis is evenly spaced. A probability of 0.5 represents a standard normal variable of zero (0). The
mean and standard deviation of the distribution can also be determined using the slope and y-

intercept of the graph as shown in Figure 6-8.
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Figure 6-7. Example of normal probability paper (Nowak and Collins, 2013).
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Figure 6-8. Interpretation of a straight-line plot on probability paper in terms of the mean and

standard deviation of the normal random variable (Nowak and Collins, 2013).

The probability p based on the normal CDF and its inverse can be expressed as follows.

p=®(

X ;X.UX> (29)
O lp)=z= ad ;XMX = (%)x + (;_I)l(x) (30)
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Where p is the probability, @(z) and @/(z) are the cumulative distribution function (CDF) of the

normal variable and its inverse, x is a certain value in a set of data of variable X, ux and ox are the

mean and standard deviation of the normal random variable X.

6.2 Reliability Analysis Procedure

1.

The reliability analysis used in this thesis was developed using the following procedure.
Select representative bridges.
Fourteen prestressed box girder bridges were selected for California based on the
availability of the information necessary to perform the reliability analysis.
Establish the statistical parameters and distribution types for the dead load, live load and
resistance.
The statistical parameters for dead load and resistance were found in the NCHRP 368 by
Nowak (1999). Dead load and resistance were assumed to follow a normal and lognormal
distributions. Live load distribution was found as Extreme Type I for California traffic. The
bias factor for live load (mean-to-nominal factor) for one lane is determined using the
weigh-in-motion data for California and the AASHTO HL93 truck and the bias factor for
two lanes is taken as 1.10 as per Kulicki et al. (2007).
Calculate the nominal dead load moment for representative bridges using the self-weight
of one interior box girder and the effect of barriers and/or railings per box girder.
Determine the nominal live load moment using the design live load as shown in Figure 2-4,
for representative bridges.
The positive moment is considered using the maximum moment due to one HL93 truck or
tandem, and the negative moment is considered using two HL93 trucks with a headway

distance of 50 ft as stated in AASHTO LRFD.
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5. Calculate the positive nominal capacity of one prestressed concrete box girder.
6. Calculate the reliability index £.
The reliability index for each selected prestressed concrete box girder is determined using

the Monte Carlo method, described in section 6.3.

6.3 Monte Carlo Analysis

Monte Carlo is a simulation technique commonly used to resolve structural reliability
problems. The basic idea behind simulations is, as the name implies, to numerically simulate some
phenomenon and then observe the number of times some event of interest occurs (Nowak and
Collins, 2013). The Monte Carlo method is often applied to solve complex problems for which
solutions are either not possible or complex, problems with variables of different types of
distribution, and to check the results of other solution techniques.
In this thesis is the ultimate limit state for flexure is checked. The basic limit state function can be
formulated as,

g=R-D-1 (31)

Where R is the resistance (i.e., moment carrying capacity), D is the moment due to dead load, and
L is the moment due to live load.
The Monte Carlo procedure is performed as follows.
1. Generate random numbers using the RAND function.
The RAND function generates numbers between 0 and 1.
2. For each random number generated, calculate the normal standard variable z;.
3. For each normal standard variable z;, calculate the resistance R, the dead load D, and live

load L according to their respective distributions, as described in sections 6.3.1 through

6.3.4.
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4. Compute the limit state g = R — D — L.
5. Repeat step 1 to 4 until a sufficient number of g values have been generated.
For the analysis 10,000 numbers have been simulated using MATLAB software.
6. Determine the reliability index S.
The reliability index f can be determined using either the Monte Carlo analysis numerical

method and/or graphical method.

Numerical method
The numerical method determines the reliability index using the limit state values that are
less than zero. First, the number of simulations, where the load exceeds the resistance is
determined. Then the probability of failure Pris calculated as the ratio between the number of

simulations where the limit state values are less than zero and the total number of simulations.

Ng <o
P =2 (32)
! N total
The reliability index f is therefore,
B =—-1(P) (33)

Graphical method
The graphical method for determining the reliability index uses the normal standard
variable and the limit state values. First, values obtained through the limit state, g = R - D - L, were
sorted from smallest to largest. Then for each limit state value, the probability, P; and its associated

normal standard variable, z; are calculated, as shown as follows.

[

P. =
' Ntotal +1

(34)
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zi = 07(P) (35)

The normal standard variable is then plotted versus the limit state values. A linear trendline is fitted
to the data to find the y-intercept. The y-intercept is the normal standard variable z value.

The reliability index and probability of failure are then,

B =~z (36)

P = 0(2) (37)

6.3.1 Generation of standard normal random numbers
The basis of the Monte Carlo method is the generation of random numbers u;, which are
values between 0 and 1. Here, the generated random numbers represent the probability and are

used to determine the standard normal variables z;, as shown in equation (38),

z; = O (w) (38)

Where @1 is the inverse of the standard normal cumulative distribution function (CDF). A
graphical representation is shown in Figure 6-9 and values for the cumulative distribution function

for the standard normal variable are presented in Appendix B.
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Figure 6-9. Generation of standard normal random variables (Nowak and Collins, 2013).

6.3.2 Generation of normal random numbers
The generation of normal random numbers implies the use of the standard normal variable
zi. For each random number generated, the basic relationship between a corresponding sample

normal random variable x; and its standard normal variable, z; is,
X; = Ux t Z;0x (39)

Where ux and ox are the mean and standard deviation of a normally distributed random variable

X.
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6.3.3 Generation of lognormal random numbers
For a lognormal random variable with the mean and standard deviation, the relationship

between a sample lognormal value x; and its standard normal variable z; is,

X; = €exp [.ulnX + Zio-lnX] (40)
where,
O-leLX - ln(VZX + 1) (41)
1 2
Hinx = In(uy) — EU Inx (42)

6.3.4 Generation of Extreme Type I random numbers

According to Nowak and Collins (2013), some of the most common distributions used in
reliability analysis, such as the extreme type I distribution, do not consider the use of the standard
normal variable z;. However, a general procedure applicable to any type of distribution can be

formulated as
X = Fhp () (43)
Where F-/, is the inverse of a random variable CDF, F.

A random variable g; of extreme type I distribution is, therefore, evaluated as,

_InQn(=p) )

g =F 'y(w)=u .

Where o and u are the extreme type I parameters calculated as shown in equations (45) and (46).
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1.282
a= (45)

U = py — 0.45 * gy (46)

6.4 Results of Analysis

The reliability analysis procedure, previously described, was applied to the 14 selected
prestressed concrete box girder bridges. Table 6-1 shows data about each bridge as well as the
calculated reliability index. Simple span is denoted by SS and continuous span by CS. The
resistance ratio is the ratio of the calculated load carrying capacity and the required load carrying

capacity per box girder. The required load carrying capacity per box is

My requirea = 1.25 % Dy + 1.75 = (LL + IM) % GDF (47)

Where D, is the moment due to dead load, LL+IM is the live and dynamic load, and GDF is the
girder distribution factor.
Detailed calculations for the representative bridges can be found in Appendix A.

The results obtained through the reliability analysis of prestressed concrete box girders
show that the reliability indices range between 5.64 and 6.54 for simple spans. The reliability
indices lie between 2.32 and 5.79 for continuous spans. The average and standard deviation for the
reliability indices for California are 4.81 and 1.38, respectively. These results are presented in
Table 6-2. The reliability indices were plotted in terms of the span length, the girder spacing, and
the total load effect (dead and live load) as shown in Figure 6-10, Figure 6-11, and Figure 6-12,

respectively.
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Table 6-1. Reliability analysis results

Type 135231 Relz/i[:tillllce Meil(l);ead Nll)e;r:lalr;llivcepael:*d Resist.a nee R.e liability
(fo) R (kip-ft) (kip-ft) Box (kip-ft) ratio index f
17 0030 SS 175.5 34,079 11,857 3,395 1.63 6.54
29 0306L SS 157.5 18,188 7,085 2,242 1.41 5.64
37 0368L SS 124.3 15,334 5,208 2,527 1.38 5.69
55 0655 SS 94.6 10,100 2,846 1,665 1.52 6.52
23 0020 CS 111.8 7,091 2,348 1,336 1.32 5.36
23 0205L CS 126.1 6,473 2,146 1,059 1.40 5.79
37 0366L CS 85.0 2,894 1,174 777 1.00 3.24
37 0420L CS 62.0 1,883 591 493 1.13 3.72
370421L CS 77.0 2,561 773 588 1.24 5.20
37 0467L CS 231.0 19,275 11,743 3,180 0.95 2.32
49 0060L CS 160.0 12,998 5,481 2,095 1.23 4.62
49 0165L CS 98.0 4,745 1,515 1,048 1.24 5.08
54C0617 CS 73.0 2,894 1,307 856 0.90 2.43
550670 CS 156.0 15,740 6,465 2,101 1.33 5.22
Table 6-2. General results of Monte Carlo analysis

Category Simple Span Continuous Span

Minimum f 5.64 2.32

Maximum [ 6.54 5.79

Average 4.81

Standard Deviation 1.38
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Figure 6-12. Scatter plot of reliability indices vs. load effect

Figure 6-10 and Figure 6-12 show that the reliability indices decrease for simple spans and then
increase as the span length and the load effect increase. On the contrary, the reliability indices of
continuous spans increase and then decrease as the span length and load effect increase.
Figure 6-11 shows that there is no particular relationship between the reliability indices and the
girder spacing for both simple and continuous spans.

According to the AASHTO LRFD and AASTHO LRFR, the target reliability index for
design is given as 3.5, while a target reliability index for evaluation of existing bridges is 2.5.
Results show that the reliability indices for twelve of the considered prestressed box girder bridges
in California are greater than the target reliability index for existing bridges, 2.5. Therefore, they
are safe under the applied live loads, for the strength limit state. However, two of the bridges were
found to have their reliability indices less than the target reliability indices 2.5; therefore, they will

require further analysis.

70



Chapter 7. Summary and Conclusions

The prestressed concrete box girder bridges in the state of California have shown many
signs of deck deterioration such as longitudinal, transverse and pattern cracks. The presence of
heavy vehicles may cause these cracks. The objective of the thesis was to calculate the reliability
indices for a wide spectrum of prestressed concrete box girder bridges in California, in order to
investigate their safety under applied live loads.

Fourteen prestressed box girder bridges were selected for the reliability analysis. Moment
due to dead load, live load, and resistance (only positive moment capacity) for one box, were
calculated for each selected bridge. The Monte Carlo method was used to calculate the reliability
indices for the ultimate limit state, for both simple and continuous spans.

The reliability indices range between 5.64 and 6.54 for simple spans and between 2.32
and 5.79 for continuous spans. The average and standard deviation for the reliability indices for
California are 4.81 and 1.38, respectively. Results show that the reliability indices for simple spans
decrease and then increase as the span length and the load effect increase. However, the reliability
indices of continuous spans increase and then decrease as the span length and load effect increase.

Compared with the target reliability index for existing bridges of 2.5, the results obtained
through the reliability analysis for twelve of the considered prestressed box girder bridges in
California are greater than the target reliability index for existing bridges, 2.5. Therefore, they are
safe under the applied live loads, for the Strength Limit State. However, two of the bridges were

found to have their reliability indices less than the target reliability indices 2.5.
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Additional research include performing a reliability analysis on the two prestressed box
girder bridges that have their reliability indices less than the target reliability indices of 2.5,
accounting for the distresses that are present on these bridges. Also, further research will be to
calculate the reliability indices for the considered bridges for other limit states such as the Service

Limit State and the Fatigue Limit State.
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Appendix A. Detailed Calculations



Bridge 29 03061 — Simple span

Bridge Properties

General information about bridge 29 0306L are presented below.

Span length: 157.5 ft

Concrete: fc: 4.5 kst

Prestressing steel: 270 ksi low relaxation strand
Aps = 82.57 in’

Girder spacing = 7.25 ft

Depth of beam = 7 ft

Top flange = 7.375 in

Bottom flange = 5.51n

Web thickness = 12 in

Area of one box = 1,973.63 in’

Number of cells/box = 8

Number of webs = 9

The cross-section of bridge 29 0306L and prestressing notes are shown in Figure A-1 and Figure

A-2.
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Figure A-1. Cross-section of bridge 29 0306L
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Dead Load Analysis — Interior Beam
Components and Attachments, DC
The unit weight of concrete is taken as 150 pcf.

1,973.63 in?

Self — weight for one interior box = 0.150 * ( 144

) = 2.056 kip/ft

1
*—= 0.120 kip/ft

8

319 in? 4 600 in®
144 144

Barrier and railing for one box: 0.150 * <

The self-weight and barrier loads were used in SAP2000 to find the moment due to dead load.
The moment due to self-weight is 6,375.21 kip.ft and the moment due to barrier and railing is
372.09 kip.ft

The total moment due to dead load for one interior box is

Mpe = 6,375.21 + 372.09 = 6,747.3 kip-ft

Wearing surface, DW
There is no wearing surface wearing surface applied on the bridge. Therefore, the moment due to

wearing surface is, Mpy, = 0 kip-ft

Live Load Analysis — Interior Girder
Prestressed concrete box bridges in California are cast-in-place concrete multicell boxes as shown

in Figure A-3, with a monolithic concrete deck.
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Figure A-3. Cast-in-place concrete multicell box (AASHTO, 2017).

Compute Live Load Distribution Factor for an Interior Box
The live load distribution factors were computed for one interior box. The girder distribution
factors (GDFs) for one design lane and two design lanes loaded, are calculated according to
AASHTO LRFD as follows.

* One design lane loaded:

(1 ) N S )(1)0.35(1 )0.45 _ (1 . N 725)( 1 >0.35 <1>0.45 _ 0513
' 3.6/\L N, S\ 3.6 /\157.5 8 -

= Two or more design lanes loaded:

B0 -G E) (L) -omm
—_— —_— —_ = | — —_— —_— = . «—
N, \58/\L 8 58 /\157.5 overns

Further live load analysis is detailed in the reliability analysis section.
Nominal Flexural Resistance
The area of prestressing steel per box is calculated as follows.

total prestressing area

PS " number of boxes
82.57 in? .
ps = ——— = 1032in
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With a compressive strength of 4.5 ksi, the concrete stress block factor is computed as,
B 1 =0.85—0.05% (4.5 ksi —4)
p 1= 0.825
The center of gravity of the prestressing steel at midspan is 9 inches. The distance from the extreme
compression fiber to the centroid of the prestressing is,
d, =84—-9=75in
Location of longitudinal reinforcement
The location of the longitudinal steel was estimated using the cross-section of the boxes. The table
below shows the location of the longitudinal steel from the bottom to the top of one box.

Table A-1. Location of longitudinal reinforcement

Location Number of steel Bar number Location from bottom of the
bars box girder (inches)
Bottom flange 4 #5 = | 1.421in.
3 #5 == |[4.27in.
Web 2 #4 == 14.24 in.
2 #4 == |[24.201n.
2 #4 == |[35.59in.
2 #4 == |[48.41 in.
2 #4 == | 58.37in.
1 #8 == |[71.191n.
1 #8 == | 72.6] in.
Top flange 3 #4 == | 7831 in.
5 #5 == |[79.73 in.
2 #5 == | 82.58in.
2 #5 == [ 82.58in
1 #4 == | 82.58i1n
Total 32 bars
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The location of the neutral axis was first estimated by computing the compression and tension
forces, C and T.

C=axpy*f' A+ A *f’y = 0.85 * 0.825 * 4.5 ksi * 87 * 7.375 + 3.59 * 60 ksi

C = 2,240.13 kips
T = Aps * fou + Ag * f,, = 10.32 in? * 270 ksi + 5.75 * 60 ksi

T = 3,131.74 kips
C = 2,240.13 kips < T = 3,131.74 kips

Therefore, the neutral axis is located below the top flange of the box.
The location of the neutral axis is found when the compression and tension forces are equal. The
formula is shown below.
C=T
axf wbxa+ Ay f = Aps fos + Ag*
Where a 1s 0.85 for f°¢ less than 10 ksi, according to AASHTO LRFD 5.6.2.2.

a=pi+c
fos = £ (1—k*i>
ps pu dp

Therefore, for rectangular section behavior, the distance from the extreme compression fiber to the

neutral axis is:

_ Apsfpu + Asfs - A,sfls
Jou

s
dp

0.85f' B1b + kA

fs and s are assumed to equal 60 ksi.
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The value of k& depends on the type of tendons that is used. According to AASHTO LRFD, k for

low relaxation strand, is calculated as, k = 2 * (1.04 — j:p—y> = 2% (1.04 — 0.90) = 0.28

pu

The neutral axis is located at,

Apsfou + Asfs — A'sf's  10.32%270 + 5.75%60 — 3.59 * 60
B - 270
af’ b + kAps]:’l’—;‘ 0.85 % 4.5 x 0.825 * 87 + 0.28 x 10.32 * 5=

c =10.23in > t;,=7.375in

The neutral axis is, therefore located below the top flange, as previously determined.

c 10.23
fos = fou (1= kx—] =270 (1 —0.28 * ) — 259.68 ksi
4, 75

a=f+*c =085%10.23 = 844in

The nominal capacity of one box is,

M, = [Aps *fps*(dp—%)-}- A *fs*(ds - %)—A’S*f’s*(d’s — %)]

8.44 8.44
M, = [10.32 * 259.68 * (75 — T) + 5.75 * 60 * (56.42 - T) —3.59 %60

(o229

M, = 17,322 kip-ft
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Reliability Analysis
Table A-2 presents the statistical parameters for resistance and dead load.

Table A-2. Statistical parameters for resistance and dead load

Component Bias factor, A Coefﬁc.lent of References
variation, V

Resistance (flexure) 1.05 0.075 Nowak, 1999 (NCHRP 368)

Dead load (cast-in-place) 1.05 0.10 Nowak, 1999 (NCHRP 368)

The bias factor of live load for one lane is 1.32. The bias factor was found using weigh-in motion
data for California. As per NCHRP 20-70/186, the bias factor for two lanes is taken as 1.10; the
coefficient of variation for live load and dynamic load is 0.18.

Resistance
The distribution for resistance is assumed to be lognormal. The bias factor for flexural resistance
is 1.05 and the coefficient of variation is 0.075.
The nominal capacity of one box M, is 17,322 kip-ft.
The mean resistance, variance and mean of the logarithm resistance were expressed as follows

Ur = AgM, = 1.05x 17,322 = 18,188 kip-ft

0%mm = In(V?y + 1) = In(0.075% + 1) = 0.00561

1 1
Hin(ry = In(ug) — Eazm(R) = [n(18,188) — 5* 0.00561 = 9.81 kip-ft

Dead Load
The distribution for dead load is assumed to be normal. It was calculated using the self-weight of

one interior box and the effect of barrier and railing applied on the box.

A-10



The total dead load is 2.176 kip/ft and the moment due to the total dead load is 6,747 kip-ft, found
using SAP2000. This is the nominal dead load.
The bias factor for the dead load A is 1.05 for cast-in-place and the coefficient of variation COV
is 0.10.
The mean dead load and the standard deviation of the dead load are

Up = ApD, = 1.05 % 6,747 = 7,085 kip-ft

op = COVpD, = 0.10 * 6,747 = 674.7 kip-ft

Live Load
The distribution for the live load in California is the extreme type 1 distribution.
The nominal live load is HL93. The moment due to HL 93 truck and lane load was calculated
using moving load in SAP2000 software. The moment due to truck load is 2,555 kip-ft and the

moment due to lane load is 1,985 kip-ft.

The nominal live load (HL93) is

LLyominat = truck + lane load = 2,555 + 1,985 = 4,540 kip-ft

The girder distribution factor for two lanes loaded governs. Therefore, the nominal live load per
box with girder distribution factor (GDF) for two lanes included (no dynamic load) is,

LLyominai/pox = (truck + lane load) * GDF = (2,555 + 1,985) * 0.4082

LLnominal/box = 1,853 kip-ft

The mean live load with girder distribution factor for two lanes (no dynamic load) is
LLmean = A * LLnominal/box = 1.10 = 1,853

LL,yoqn = 2,038 kip-ft
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The mean dynamic load represents 10% of the mean live load. Therefore, the mean live load and
dynamic load is
LL + IMppqn = LLpean * (1 +0.10) = 2,038 * (1 + 0.10)

LL + IM,pq, = 2,242 kip-ft

The standard deviation of the live and dynamic load is

Orpeim = COV, % LL + IMyp5, = 0.18 x 2,242 = 403.6 kip-ft

Extreme type 1 parameters

California live load best fits an extreme type 1 distribution. The parameters a and u are,

1282 1.282

= = =0.003176
@ OLL+IM 403.6

U = LL + IMpppqn — 045 * 0,41 = 2,242 — 0.45 + 403.6 = 2,061 kip-ft

Monte Carlo
The limit state function is expressedas, g =R —D — L
Monte Carlo analysis was performed by running 10,000 simulations in Matlab software. Random
numbers and their associated standard variable, Z were generated. The values for the dead load,
live load and resistance were calculated using:
=  For normal distribution (dead load)

D= pp + Zp*op

= For lognormal distribution (resistance)

R =exp [timm) + ZrOmw)|
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= For extreme type 1 distribution (live load and dynamic load)

_ In(In(=p:))
a

Where p; is the simulated random numbers.

The reliability index is determined using the numerical method or the graphical method as
discussed in section 6.2.1. The graphical method is used for bridge 29 0306L.The normal standard
variable is plotted versus the limit state values as shown in Figure A-4. A linear trendline is fitted
to the data to find the y-intercept using Matlab. For bridge 29 0306L the y-intercept is, z = —5.64.
Therefore, the reliability index and probability of failure are

f=—z=05.64

P =®7!(-2z)=8.5%10""°

6_

4+
~
o
=
= 2F
=
o=
=
=
g | 1 | | | | | | 1
o -2000 2000 4000 6000 10000 12000 14000 16000
=
g 21
z.
4+ LI
e o g=R-D-L
A Linear fit

§=R-D-L

Figure A-4. Monte Carlo simulation for bridge 29 0306L
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Bridge 17 0030 — Simple span

Bridge Properties

General information about bridge 17 0030 is presented below.

Span length: 175.5 ft

Concrete: fc: 4.5 kst

Prestressing steel: 270 ksi low relaxation strand
Aps,total = 54.32 in’

Girder spacing = 9.58 ft

Depth of beam = 8 ft

Top flange = 8.75in

Bottom flange = 6.625 in

Web thickness = 12 in

Area of one box = 2.735.63 in’

Number of cells = 8

Number of webs = 11

The cross-section of bridge 17 0030 and prestressing notes are shown in Figure A-5 and Figure

A-6.
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Dead Load Analysis — Interior Beam
Components and Attachments, DC
The total dead load applied on one box is

DL = 2.933 kip/ft

The total moment due to dead load for one box is
Mpe = 11,292.14 kip-ft

Wearing surface, DW
There is no wearing surface applied on the bridge. Therefore, the moment due to wearing surface
is, Mpy, = 0 kip-ft
Live Load Analysis — Interior Girder

Compute Live Load Distribution Factor for an Interior Girder
The girder distribution factors (GDF) for one design lane and two design lanes loaded are
calculated according to AASHTO LRFD as follows.

* One design lane loaded:

(175+ ) (D) () = (175 2) () (@) = oasss
' 3.6/\L N, -\ 3.6/ \ 175.5 8 -

= Two or more design lanes loaded:

B0 @) () - osst <6
—_— —_— —_ = | — —_— B — = . «—
N, \58/\L g) \58/\1755 overns

Nominal Flexural Resistance
The area of prestressing steel per box is A,s = 18.11 in?

fs and f’s are assumed to equal 60 ksi and £ is 0.28.
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The neutral axis is located at,

Apsfou + Asfs — A'sf' _ 18.11 %270 + 8.37* 60 — 5.1 x60

B 270
af'.Bb + kApS]:’i’—: 0.85 % 4.5 x0.825 % 115 + 0.28 x 18.11 * |

cC =

c =13.396in > t; =8.75in

c 18.11 _
fos = fou (1 —k *d—p> =270 (1 ~ 0285 —= ) = 257.65 ksi

a = [+*c = 0.825%13.396 = 11.05in

The nominal capacity of one box is,

a

M, = [Aps *fps*(dp—%)-}- Ag *fs*(ds - %)—A’S*f’s*(d’s - E)]

11.05 11.05
M, = [18.11 * 257.65 * <75 - T) + 8.37 * 60 x (70.77 - T) —5.1x60

(5 71 11.05)}
* | 5. _—_—
2

M, = 32,456 kip-ft
Reliability Analysis
Resistance
The mean resistance, variance, and mean of the logarithm resistance were expressed as follows
Ur = AgM,, = 1.05 * 32,456 = 34,079 kip. ft

0% m@ = In(V% + 1) = In(0.075% + 1) = 0.00561

1 1
Hin(ry = In(ug) — Eazm(R) = [n(34,079) — 5* 0.00561 = 9.94 kip-ft

Dead Load
The mean dead load and the standard deviation of the dead load are

tp = ApD, = 1.05*11,292.14 = 11,857 kip-ft

A-18



op = COVpD, = 0.10 x 11,292.14 = 1,129.2 kip-ft
Live Load
The moment due to truck load is 2,879 kip-ft and the moment due to lane load is 2,464 kip-ft.
The nominal live load (HL93) is

LLyominar = truck + lane load = 2,879 + 2,464 = 5,343 kip-ft

The girder distribution factor for two lanes loaded governs. Therefore, the nominal live load per
box with girder distribution factor for two lanes included (no dynamic load) is,

LLyominai/pox = (truck + lane load) * GDF = (2,879 + 2,464) = 0.5251

LLnominal/box = 2,806 kip-ft

The mean live load with girder distribution factor for two lanes (no dynamic load) is
LLypean = Ay * LLnominal/box = 1.10 % 2,806

LLypan = 3,086 kip-ft

The mean dynamic load represents 10% of the mean live load. The mean live load and dynamic
load is
LL + IMppqn = LLpmean * (1 +0.10) = 3,086 * (1 + 0.10)

LL + IM,pq, = 3,395 kip. ft

The standard deviation of the live and dynamic load is

OLL+IM — COVL « LL + IMmean = 0.18 * 3,395 =611 kipft
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Extreme type 1 parameters

California live load best fits an extreme type 1 distribution. The parameters a and u are,

1282 1.282

a= =0.002098

OLL+IM 611
u=LL+ IMpyeqn — 045 * 0774y = 3,395 — 0.45 x 611 = 3,120 kip. ft
Monte Carlo
Using the graphical method, the reliability index and probability of failure are
B =-z=6.54
P =®1(—z)=3.8x10"

The normal standard variate is then plotted versus the limit state values as shown in Figure A-7.

6 [
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©
5 21
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£ 4
= %10
[ |
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B o g=R-D-L
Linear fit

g=R-D-L

Figure A-7. Monte Carlo simulation for bridge 17 0030
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Bridge 37 03681 — Simple span

Bridge Properties

General information about bridge 37 0368L is presented below.

Span length: 124.26 ft

Concrete: fc: 4.0 kst

Prestressing steel: 270 ksi low relaxation strand
Aps,total = 48.65 in?

Girder spacing = 9.54 ft

Depth of beam = 6 ft

Top flange = 8.125 in

Bottom flange = 6.375 in

Web thickness = 12 in

Area of one box = 2.350.25 in’

Number of cells = 5

Number of webs = 6

The cross-section of bridge 37 0368L and prestressing notes are shown in Figure A-8 and Figure

A-9.
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Figure A-9. Bridge 37 0368L details and prestressing notes
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Dead Load Analysis — Interior Beam
Components and Attachments, DC
The total dead load applied on one box is

DL = 2.581 kip/ft

The total moment due to dead load for one box is
Mpc = 4,959.51 kip-ft

Wearing surface, DW
There is no wearing surface applied on the bridge. Therefore, the moment due to wearing surface
is, Mpy, = 0 kip-ft
Live Load Analysis — Interior Girder

Compute Live Load Distribution Factor for an Interior Girder
The girder distribution factors (GDF) for one design lane and two design lanes loaded are
calculated according to AASHTO LRFD as follows.

* One design lane loaded:

S 1 0.35 1 0.45 954 1 0.35 1 0.45
(1'75 * %) (Z) <E) - (1'75 Y ) ( 124.26) (E) = 03944
= Two or more design lanes loaded:
133/ S\ 1\ 13\03 954y 7 1\
(E) (%) (Z) - (?) ( 5.8 ) ( 124.26) = 0.6563 « Governs

Nominal Flexural Resistance
The area of prestressing steel per box is Aps = 9.73 in?

fs and [’ are assumed to equal 60 ksi and & is 0.28.
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The neutral axis is located at,

Apsfou + Asfs — A'sf'y 9.73% 270 + 9.08 x60 — 5.1 % 60

B 270
af'.Bb + kApsz’—;‘ 0.85%4.5%0.85*114.5 + 0.28 *9.73 * VA

C =

c =8.361in > t;, =8.125in

114.5

c
Jos = fou (1 —k = d_> =270 (1 —0.28 % ) = 259.8 ksi

P
a=f+*c =085%8361 = 7.11in

The nominal capacity of one box is,

a

M, = [Aps*fps*(dp_%)-}' As*fs*(ds - E)_A’s*f’s*(d’s - _)]

7.11 7.11

] (4.21 - 7711)]

M, = 14,604 kip — ft
Reliability Analysis
Resistance
The mean resistance, variance, and mean of the logarithm resistance were expressed as follows
Ur = AgM, = 1.05 * 14,604 = 15,334 kip. ft

0% m@ = In(V% + 1) = In(0.075% + 1) = 0.00561
1 1 _
Hinery = In(ug) — 502 (g = n(15,334) — > 0.00561 = 9.63 kip. ft
Dead Load

The mean dead load and the standard deviation of the dead load are

pup = ApD, = 1.05 % 4,960 = 5,208 kip. ft
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op = COVpD, = 0.10 » 4,960 = 496 kip. ft

Live Load
The moment due to truck load is 1,952 kip-ft and the moment due to lane load is 1,230 kip-ft.
The nominal live load (HL93) is

LLyominar = truck + lane load = 1,952 + 1,230 = 3,182 kip. ft

The girder distribution factor for two lanes loaded governs. Therefore, the nominal live load per
box with girder distribution factor for two lanes included (no dynamic load) is,

LLyominai/pox = (truck + lane load) * GDF = (1,952 + 1,230) = 0.6563

LLnominal/box = 2,088 kip. ft

The mean live load with girder distribution factor for two lanes (no dynamic load) is expressed
as,
LLypean = Ay * LLnominal/box = 1.10 % 2,088

LLypoan = 2,297 kip. ft

The mean dynamic load represents 10% of the mean live load. The mean live load and dynamic
load is
LL + IMpoqn = LLpean * (1 +0.10) = 2,297 * (1 + 0.10)

LL + IM,pq, = 2,527 kip. ft

The standard deviation of the live and dynamic load is

OLL+IM = COVL * LL + IMmean = (0.18 * 2,527 = 252.7 kipft
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Extreme type 1 parameters

California live load best fits an extreme type 1 distribution. The parameters a and u are,

_1.282  1.282

= = = 0.00507
O11L+IM 2527

a

U = LL + IMpppgn — 045 * 6,41 = 2,527 — 0.45 » 252.7 = 2,413 kip. ft

Monte Carlo
Using the graphical method, the reliability index and probability of failure are
B =-z=5.69
Pr=®"1(-2)=6.35+107°

The normal standard variate is then plotted versus the limit state values as shown in Figure A-10.
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Figure A-10. Monte Carlo simulation for bridge 37 0368L
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Bridge 55 0655 — Simple span

Bridge Properties

General information about bridge 55 0655 is presented below.

Span length: 94.58 ft
Concrete: fc: 4.0 kst
Prestressing steel: 270 ksi low relaxation strand
Aps,total = 41.82 in?
Girder spacing = 10 ft
Depth of beam = 4.5 ft
Top flange = 8.375 in
Bottom flange = 6.75 in
Web thickness = 12 in
Area of one box = 2281.5in?
Number of cells = 26
Number of webs = 27

The cross-section of bridge 55 0655 and prestressing notes are shown in Figure A-11 and Figure

A-12.
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Dead Load Analysis — Interior Beam
Components and Attachments, DC
The total dead load applied on one box girder is

DL = 2.402 kip/ft

The total moment due to dead load for one box girder is
Mpe = 2,710.88 kip-ft

Wearing surface, DW
There is no wearing surface applied on the bridge. Therefore, the moment due to wearing surface
is, Mpy, = 0 kip-ft
Live Load Analysis — Interior Girder

Compute Live Load Distribution Factor for an Interior Girder
The girder distribution factors (GDF) for one design lane and two design lanes loaded are
calculated according to AASHTO LRFD as follows.

* One design lane loaded:

(175+ ) ()T () = (1759 (s) () - 0seus
' 3.6/\L N, -\ 3.6/ \94.58 8 -

= Two or more design lanes loaded:

133°3 S\ 1V 13103 /10 1 0%
(F) <§)<Z) :<E> (§)<—9458) = 06396« Governs
i . . .
Nominal Flexural Resistance

The area of prestressing steel per box is A,; = 10.46 in?

fs and f’s are assumed to equal 60 ksi and £ is 0.28.
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The neutral axis is located at,

Apsfou + Asfs — A'sf'y 1046270 + 517+ 60 — 5.1 %60

B 270
af'.Bb + kApS]:’Z—: 0.85% 4.0 x0.85 %120 + 0.28 * 10.46 * Vv

cC =

c =7.732in< t; =8.375in

c 10.46 _
fos = fou (1 —k *d—p> =270 (1 ~ 028 x——5 ) = 256.08 ksi

a=fx*c = 0825%7732 = 6.57in

The nominal capacity of one box is,

a

M, = [Aps*fps*(dp_%)-}' As*fs*(ds - E)_A’s*f’s*(d’s - _)]

6.57 6.57
M, = [10.46 * 256.08 * <42 — T) + 5.17 * 60 * (41.49 - T) —5.1x60

} (3.54 - 6757)]

M, = 9,619 kip — ft
Reliability Analysis
Resistance
The mean resistance, variance, and mean of the logarithm resistance were expressed as follows
Ur = AgM, = 1.05 9,619 = 10,100 kip. ft

0%mm = In(V?y + 1) = In(0.075% + 1) = 0.00561
1 1 .
Hingry = In(ug) — EGZm(m = [n(10,100) — > 0.00561 = 9.22 kip. ft
Dead Load

The mean dead load and the standard deviation of the dead load are

pp = ApD, = 1.05% 2,711 = 2,846 kip. ft
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op = COVpD, = 0.10 % 2,711 = 271.1 kip. ft

Live Load
The moment due to truck load is 1,430 kip-ft and the moment due to lane load is 722 kip-ft. The
nominal live load (HL93) is

LL,omina = truck + lane load = 1,430 + 722 = 2,152 kip. ft

The girder distribution factor for two lanes loaded governs. Therefore, the nominal live load per
box with girder distribution factor for two lanes included (no dynamic load) is,

LLyominat/pox = (truck + lane load) * GDF = (1,430 + 722) = 0.6396

LLnominal/box = 1,376 kip. ft

The mean live load with girder distribution factor for two lanes (no dynamic load) is
LLypean = Ay * LLnominal/box = 1.10% 1,376

LLpan = 1,514 kip. ft

The mean dynamic load represents 10% of the mean live load. The mean live load and dynamic
load is
LL + IMpoqn = LLpean * (1 +0.10) = 1,514 = (1 + 0.10)

LL + IM, o0, = 1,665 kip. ft

The standard deviation of the live and dynamic load is

OLL+IM = COVL * LL + IMmean =0.18 * 1,665 = 299.7 kipft

A-33



Extreme type 1 parameters

California live load best fits an extreme type 1 distribution. The parameters a and u are,

_1.282  1.282

= = = 0.00428
Oiem  299.7

a

U = LL + IMpppgn — 045 * 6,410 = 1,665 — 0.45 % 299.7 = 1,530 kip. ft

Monte Carlo
Using the graphical method, the reliability index and probability of failure are
B =-—z=6.52
P =@ 1(—z) =3.52x 10711

The normal standard variate is then plotted versus the limit state values as shown in Figure A-13.
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Figure A-13. Monte Carlo simulation for bridge 55 0655
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Bridge 23 0020 — Continuous span

Bridge Properties

General information about bridge 23 0020 is presented below.

Span length: 111.8 ft

Concrete: fc: 4.0 kst

Prestressing steel: 270 ksi low relaxation strand
Aps,total = 34.07 in’

Girder spacing = 7.25 ft

Depth of beam = 4.42 ft

Top flange = 7.375 in

Bottom flange = 5.51n

Web thickness = 12 in

Area of one box = 1,601.63 in’

Number of cells = 5

Number of webs = 6

The cross-section of bridge 23 0020 and prestressing notes are shown in Figure A-14.
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Figure A-14. Cross-section and details of bridge 23 0020
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Dead Load Analysis — Interior Beam
Components and Attachments, DC
The total dead load applied on one box is

DL = 1.801 kip/ft

The total moment due to dead load for one box is
Mpc = 2,236.35 kip — ft

Wearing surface, DW
There is no wearing surface applied on the bridge. Therefore, the moment due to wearing surface
is, Mpy, = 0 kip-ft
Live Load Analysis — Interior Girder

Compute Live Load Distribution Factor for an Interior Girder
The girder distribution factors (GDF) for one design lane and two design lanes loaded are
calculated according to AASHTO LRFD as follows.

* One design lane loaded:

(1 ) N S )(1)0.35(1 )0.45 _ (1 . N 725)( 1 >0.35 <1>0.45 _ 03501
' 3.6/\L N, S\ 3.6/\111.8 5 -

= Two or more design lanes loaded:

13393, 5\ 1NP 1302 725y, 1 A\
(N_> (%)(Z) = (?) <§8)<111 8) = 05120 < Governs
j . . .
Nominal Flexural Resistance

The area of prestressing steel per box is 4,s = 6.81 in?

fs and [’ are assumed to equal 60 ksi and & is 0.28.
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The neutral axis is located at,

Apsfou + Asfs — A'sf' 681270 + 88560 — 5.89*60

B 270
af' Bb + kApS/:zl’—: 0.85%4.0%0.85%87 + 0.28 x 6.81 * 35

C =

c =7.613in > t;, =8375in

c 6.81
fos = fou|1—k*—) =270 (1 —0.28 ) = 254.85 ksi
d, 38

a=f+*c =085%7.613 = 647 in

The nominal capacity of one box is,

a

M, = [Aps *fps*(dp—%)-}- Ag *fs*(ds - %)—A’S*f’s*(d’s - E)]

6.47 6.47
M, = [6.81 * 254.85 * <38 - T) + 8.85 * 60 * <42.16 - T) —5.89 x 60

] (2.48 - %)]

M, = 6,753 kip-ft
Reliability Analysis
Resistance
The mean resistance, variance, and mean of the logarithm resistance were expressed as follows
Ur = AgM,, = 1.05 x 6,753 = 7,091 kip-ft

0% m@ = In(V% + 1) = In(0.075% + 1) = 0.00561
1 1 _
Hinry = In(g) = 50 mer) = In(7,091) — 5+ 0.00561 = 8.86 kipft
Dead Load

The mean dead load and the standard deviation of the dead load are

up = ApD, = 1.05 % 2,236 = 2,348 kip-ft
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op = COVpD, = 0.10 » 2,236 = 223.6 kip-ft

Live Load
The moment due to truck load is 1,362 kip-ft and the moment due to lane load is 795 kip-ft. The
nominal live load (HL93) is

LLyominar = truck + lane load = 1,362 + 795 = 2,157 kip-ft

The girder distribution factor for two lanes loaded governs. Therefore, the nominal live load per
box with girder distribution factor for two lanes included (no dynamic load) is,

LLyominat/pox = (truck + lane load) * GDF = (1,362 + 795) = 0.5120

LLnominal/box = 1,104 kip. ft

The mean live load with girder distribution factor for two lanes (no dynamic load) is

LLyean = AL * LLnominat == 1.10 * 1,104

box

LLpoqn = 1,215 kip. ft

The mean dynamic load represents 10% of the mean live load. The mean live load and dynamic
load is
LL + IMpoqn = LLpmean * (1 +0.10) = 1,215 * (1 + 0.10)

LL + IM,,,, = 1,336 kip. ft

The standard deviation of the live and dynamic load is

Orpeim = COVy, % LL + IM,pq, = 0.18 x 1,336 = 240.5 kip. ft
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Extreme type 1 parameters

California live load best fits an extreme type 1 distribution. The parameters a and u are,

_1.282  1.282

= = = 0.00533
GLL+IM 24‘05

a

w = LL + IMpppgn — 045 * 6,1y = 1,336 — 0.45 * 240.5 = 1,227.8 kip. ft

Monte Carlo
Using the graphical method, the reliability index and probability of failure are
B =-z=5.36
Pr=0"1(-2)=4.16+1078

The normal standard variate is then plotted versus the limit state values as shown in Figure A-15.
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Figure A-15. Monte Carlo simulation for bridge 23 0020
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Bridge 23 02051 — Continuous span

Bridge Properties

General information about bridge 23 0205L is presented below.

Span length: 126.1 ft

Concrete: fc: 4.0 kst

Prestressing steel: 270 ksi low relaxation strand
Aps,total = 25.43 in?

Girder spacing = 7 ft

Depth of beam = 5t

Top flange = 7.25 in

Bottom flange = 5.51n

Web thickness = 12 in

Area of one box = 1,638in?

Number of cells = 5

Number of webs = 6

The cross-section of bridge 23 0205L and prestressing notes are shown in Figure A-16 and

Figure A-17.
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Dead Load Analysis — Interior Beam
Components and Attachments, DC
The total dead load applied on one box girder is

DL = 1.839 kip/ft

The total moment due to dead load for one box girder is
Mpc = 2,043.74 kip — ft

Wearing surface, DW
There is no wearing surface applied on the bridge. Therefore, the moment due to wearing surface
is, Mpy, = 0 kip-ft
Live Load Analysis — Interior Girder

Compute Live Load Distribution Factor for an Interior Girder
The girder distribution factors (GDF) for one design lane and two design lanes loaded are
calculated according to AASHTO LRFD as follows.

* One design lane loaded:

(175+ ) (D) () = (175 L) () (@) = 03208
' 3.6/\L N, -\ 3.6/ \ 126.1 5 -

= Two or more design lanes loaded:

B0 =B (D) () - o <
—_— —_— —_ = | — —_— —_— = . «—
N, \58/\L 5) \58/\1261 overns

Nominal Flexural Resistance
The area of prestressing steel per box is A,s = 5.09 in?

fs and f’s are assumed to equal 60 ksi and £ is 0.28.
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The neutral axis is located at,

Apsfou + Asfs — A'sf' _ 5.09%270 +5.620 %60 — 3.62 * 60

fou 270
prgs  085+40+085+84 + 0284509+

C =

af' Bb + kA

c =5962in< ty=7.25in

c 5.09
fos = fou| 1 — k=] =270 (1 —0.28 % ) = 262.34 ksi
d, 50

a=f+*c =085%5962 = 5.07in

The nominal capacity of one box is,

a

M, = [Aps *fps*(dp—%)-}- Ag *fs*(ds - %)—A’S*f’s*(d’s - E)]

5.07 5.07
M, = [5.09 * 262.34 x (50 - T) + 5.62 * 60 * <34.23 - T) — 3.62 x 60

} (2.71 - ?)]

M, = 6,165 kip — ft
Reliability Analysis
Resistance
The mean resistance, variance, and mean of the logarithm resistance were expressed as follows
Ur = AgM,, = 1.05 x 6,165 = 6,473 kip. ft

0%mm = In(V?y + 1) = In(0.075% + 1) = 0.00561
1 2 1 .
Hinr) = In(ug) — 50 m®) = In(6,473) — 5* 0.00561 = 8.77 kip.ft
Dead Load

The mean dead load and the standard deviation of the dead load are

pp = ApD, = 1.05 % 2,044 = 2,146 kip. ft
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op = COVpD, = 0.10 » 2,044 = 204.4 kip. ft

Live Load
The moment due to truck load is 1,114 kip-ft and the moment due to lane load is 711 kip-ft. The
nominal live load (HL93) is

LL,omina = truck + lane load = 1,114 + 711 = 1,825 kip. ft

The girder distribution factor for two lanes loaded governs. Therefore, the nominal live load per
box with girder distribution factor for two lanes included (no dynamic load) is,

LLyominat/pox = (truck + lane load) * GDF = (1,114 + 711) = 0.4797

LLnominal/box = 875 kip. ft

The mean live load with girder distribution factor for two lanes (no dynamic load) is
LLmean = Ar * LLnominal/box = 1.10 = 875

LLyqn = 963 kip. ft

The mean dynamic load represents 10% of the mean live load. The mean live load and dynamic
load is
LL + IMypegqn = LLmean * (1 +0.10) = 963 = (1 + 0.10)

LL + IM,,pq, = 1,059 kip. ft

The standard deviation of the live and dynamic load is

Opeim = COVy, % LL + IM,ypqn, = 0.18 x 1,059 = 190. 6 kip. ft
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Extreme type 1 parameters

California live load best fits an extreme type 1 distribution. The parameters a and u are,

1282 1.282

= = =0.00191
O 190.6

a

U = LL + IMppgn — 045 * 6,41 = 1,059 — 0.45  190.6 = 973.23 kip. ft

Monte Carlo
Using the graphical method, the reliability index and probability of failure are
p=-z=5.79
Pr=®"1(-2)=3.52%107°

The normal standard variate is then plotted versus the limit state values as shown in Figure A-18.
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Figure A-18. Monte Carlo simulation for bridge 23 0205L
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Bridge 37 03661. — Continuous span

Bridge Properties

General information about bridge 37 0366L is presented below.

Span length: 85 ft

Concrete: fc: 4.0 kst

Prestressing steel: 270 ksi low relaxation strand
Aps,total = 26.42 in?

Girder spacing = 7 ft

Depth of beam = 3.5t

Top flange = 7.25 in

Bottom flange = 6 in

Web thickness = 12 in

Area of one box = 1,458 in?

Number of cells = 7

Number of webs = 8

The cross-section of bridge 37 0366L and prestressing notes are shown in Figure A-19.
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Dead Load Analysis — Interior Beam
Components and Attachments, DC
The total dead load applied on one box girder is

DL = 1.88 kip/ft

The total moment due to dead load for one box girder is
Mpe = 1,118.17 kip-ft

Wearing surface, DW
There is no wearing surface applied on the bridge. Therefore, the moment due to wearing surface
is, Mpy, = 0 kip-ft
Live Load Analysis — Interior Girder

Compute Live Load Distribution Factor for an Interior Girder
The girder distribution factors (GDF) for one design lane and two design lanes loaded are
calculated according to AASHTO LRFD as follows.

* One design lane loaded:

0.45 1 0.35 1 0.45

AT I T T R e

= Two or more design lanes loaded:

1312 S\ 1\ A3 7y 1T
(F) (ﬁ)(f) =(7) (ﬁ)(%) = 04786 < Governs
i . .
Nominal Flexural Resistance

The area of prestressing steel per box is A,s = 3.77 in?

fs and f’s are assumed to equal 60 ksi and £ is 0.28.
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The neutral axis is located at,

Apsfou + Asfs — A'sf' 377270 + 424+ 60 — 537060

B 270
af' Bb + kApsz’—;‘ 0.85%4.0%0.85%84 + 0.28 % 3.77 * 30

C =

¢ =3.771in > t, = 7.25in

7
) = 260.5 ksi

Cc
fpszfpu<1—k*d—>=270<1—O.28* oy

P
a=f+*c =085%3.771 = 3.211in

The nominal capacity of one box is,

a a

M, = [Aps *fps*(dp—%)-}- A *fs*(ds - E)_Als*f’s*(dls — E)]

3.21 3.21
M, = [3.77 * 260.5 * <30 - T) + 4.24 * 60 * <22.53 — T) —5.37 x 60

] (2.15 - %)]

M, = 2,756 kip-ft
Reliability Analysis
Resistance
The mean resistance, variance, and mean of the logarithm resistance were expressed as follows
Ur = AgM,, = 1.05 x 2,756 = 2,894 kip-ft

0% m@ = In(V% + 1) = In(0.075% + 1) = 0.00561
1 1 _
Hinry = In(g) = 50 mer) = In(2,894) — 5+ 0.00561 = 7.97 kipft
Dead Load

The mean dead load and the standard deviation of the dead load are

up = ApD, = 1.05% 1,118 = 1,174 kip-ft
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op = COVpD, = 0.10 1,118 = 111.8 kip-ft

Live Load
The moment due to truck load is 898 kip-ft and the moment due to lane load is 443 kip-ft. The
nominal live load (HL93) is

LLyominar = truck + lane load = 898 + 443 = 1,341 kip-ft

The girder distribution factor for two lanes loaded governs. Therefore, the nominal live load per
box with girder distribution factor for two lanes included (no dynamic load) is,

LLyominai/pox = (truck + lane load) * GDF = (898 + 443) * 0.4786

LLnominal/box = 642 kip-ft

The mean live load with girder distribution factor for two lanes (no dynamic load) is
LLmean = Ar * LLnominal/box = 1.10 * 642

LLppean = 706 kip-ft

The mean dynamic load represents 10% of the mean live load. The mean live load and dynamic
load is
LL + IMypeqn = LLpmean * (1 +0.10) = 706 = (1 + 0.10)

LL + IM,pq, = 777 kip-ft

The standard deviation of the live and dynamic load is

OLL+IM = COVL * LL + IMmean =0.18%777 =139.9 kip'ft
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Extreme type 1 parameters

California live load best fits an extreme type 1 distribution. The parameters a and u are,

1282 1.282

= = =0.00916
O 1399

a

U = LL + IMyppqn — 045 % 6,41 = 777 — 0.45 x 139.9 = 714 kip-ft

Monte Carlo

Using the numerical method, the probability of failure Prand the reliability index f are

=6.00+10"*

P, =
7 710,000

B =3.24
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Bridge 37 04201 — Continuous span

Bridge Properties

General information about bridge 37 0420L is presented below.

Span length: 62 ft

Concrete: fc: 4.0 kst

Prestressing steel: 270 ksi low relaxation strand
Aps,total = 14.62 in?

Girder spacing = 7.96 ft

Depth of beam = 3.0 ft

Top flange = 7.625 in

Bottom flange = 5.51n

Web thickness = 12 in

Area of one box = 1,527.94 in’

Number of cells = 6

Number of webs = 7

The cross-section of bridge 37 0420L and prestressing notes are shown in Figure A-20 and

Figure A-21.
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Figure A-21. Bridge 37 0420L details and prestressing notes
A-56



Dead Load Analysis — Interior Beam
Components and Attachments, DC
The total dead load applied on one box girder is

DL = 2.014 kip/ft

The total moment due to dead load for one box girder is
Mpc = 563.14 kip-ft

Wearing surface, DW
There is no wearing surface applied on the bridge. Therefore, the moment due to wearing surface
is, Mpy, = 0 kip-ft
Live Load Analysis — Interior Girder

Compute Live Load Distribution Factor for an Interior Girder
The girder distribution factors (GDF) for one design lane and two design lanes loaded are
calculated according to AASHTO LRFD as follows.

* One design lane loaded:

S 1 0.35 1 0.45 7.96 1 0.35 1 0.45
1.75 —) (—) (—) = (1.75 —) (—) (—) = 0.4171
( HEYIAV? N, NEYIAN 6
= Two or more design lanes loaded:
'S0 @) - -
—_— —_— —_ = | — —_— —_— = . «—
N, \58/\L 6 58/\62 overns

Nominal Flexural Resistance
The area of prestressing steel per box is Aps = 2.44 in?

fs and f’s are assumed to equal 60 ksi and £ is 0.28.
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The neutral axis is located at,

. Apsfou + Asfs — A'sf' _ 244 « 270 + 54360 — 2.17 * 60
af’ fb + kApsC}’—: 0.85 4.0 0.85 % 955 + 0.28 * 2.44 » 5
c =3.018in > t; =7.625in
fos = fou (1 . di> =270(1-028 + 3;77) = 261.55 ksi
P
a=f+*c =085%3.018 = 257in
The nominal capacity of one box is,
M, = [Aps ¥ fos * (dp —%) + A *f, % (ds —~ g) — A xf (d’s —~ %)]

2.57 2.57
M, = [2.44 * 261.55 * (27 - T) + 543 * 60 * (17.46 - T) —2.17 60

} (2.40 - 2757)]

M, = 1,793 kip-ft
Reliability Analysis
Resistance
The mean resistance, variance, and mean of the logarithm resistance were expressed as follows
Ur = AgM, = 1.05 % 1,793 = 1,883 kip-ft

0%mm = In(V?y + 1) = In(0.075% + 1) = 0.00561
1 2 1 .
Uinr) = In(ug) — 50 m® = In(1,883) — 5* 0.00561 = 7.54 kip-ft
Dead Load

The mean dead load and the standard deviation of the dead load are

up = ApD, = 1.05 %563 = 591 kip-ft
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op = COVpD, = 0.10 563 = 56.3 kip-ft

Live Load
The moment due to truck load is 898 kip-ft and the moment due to lane load is 443 kip-ft. The
nominal live load (HL93) is

LLyominar = truck + lane load = 482 + 179 = 661 kip-ft

The girder distribution factor for two lanes loaded governs. Therefore, the nominal live load per
box with girder distribution factor for two lanes included (no dynamic load) is,

LLyominai/pox = (truck + lane load) * GDF = (482 + 179) * 0.6166

LLnominal/box = 408 kip-ft

The mean live load with girder distribution factor for two lanes (no dynamic load) is
LLmean = Ar * LLnominal/box = 1.10 % 408

LLppean = 448 kip-ft

The mean dynamic load represents 10% of the mean live load. The mean live load and dynamic
load is
LL + IMpegqn = LLmean * (1 +0.10) = 448 = (1 + 0.10)

LL + IM,pq, = 493 kip-ft

The standard deviation of the live and dynamic load is

OLL+IM = COVL * LL + IMmean =0.18+%x493 = 88.74 kip'ft
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Extreme type 1 parameters

California live load best fits an extreme type 1 distribution. The parameters a and u are,

_1.282  1.282

— - = 0.0144
Oueiy  88.94

a

U = LL + IMpppqn — 045 * 6,41 = 493 — 0.45 % 88.74 = 453.1 kip-ft

Monte Carlo

Using the numerical method, the probability of failure Prand the reliability index f are

=1x10"*

P, =
/710,000

B =3.72
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Bridge 37 04211, — Continuous span

Bridge Properties

General information about bridge 37 0421L is presented below.

Span length: 77 ft

Concrete: fc: 4.0 kst

Prestressing steel: 270 ksi low relaxation strand
Aps,total = 17.14 in?

Girder spacing = 7.17 ft

Depth of beam = 3.5t

Top flange = 7.375 in

Bottom flange = 5.51n

Web thickness = 12 in

Area of one box = 1,456.75 in?

Number of cells = 7

Number of webs = 8

The cross-section of bridge 37 0421L and prestressing notes are shown in Figure A-22 and

Figure A-23.
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Figure A-23. Bridge 37 0421L details and prestressing notes
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Dead Load Analysis — Interior Beam
Components and Attachments, DC
The total dead load applied on one box girder is

DL = 1.612 kip/ft

The total moment due to dead load for one box girder is
Mpc = 735.94 kip-ft

Wearing surface, DW
There is no wearing surface applied on the bridge. Therefore, the moment due to wearing surface
is, Mpy, = 0 kip-ft
Live Load Analysis — Interior Girder

Compute Live Load Distribution Factor for an Interior Girder
The girder distribution factors (GDF) for one design lane and two design lanes loaded are
calculated according to AASHTO LRFD as follows.

* One design lane loaded:

S 1 0.35 1 0.45 717 1 0.35 1 0.45
1.75 —) (—) (—) = (1.75 —) (—) (—) = 0.3407
( HEYIAV? N, 36 )\ 77 7
= Two or more design lanes loaded:
'S0 @ E) - -
—_— —_— —_ = | — —_— —_— = . «—
N, \58/\L 7 58 /\77 overns

Nominal Flexural Resistance
The area of prestressing steel per box is A,; = 2.45 in?

fs and f’s are assumed to equal 60 ksi and £ is 0.28.
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The neutral axis is located at,

Apsfou + Asfs — A'sf' _ 245%270 + 64960 — 2.17 60

B 270
af' Bb + kApsz’—;‘ 0.85%4.0%0.85%86 + 0.28 x 2.45 * 34

C =

¢ =3.624in > t, = 7.25in

c 2.45
fos = fou| 1 — k=] =270 (1 —0.28 % ) = 261.94 ksi
d, 34

a=f+*c = 085%3.624 = 3.08in

The nominal capacity of one box is,

a

M, = [Aps *fps*(dp—%)-}- Ag *fs*(ds - %)—A’S*f’s*(d’s - E)]

3.08 3.08
M, = [2.45 * 261.94 x <34 - T) + 6.49 * 60 * <23.71 - T) —2.17 60

] (2.93 - ?)]

M, = 2,439 kip-ft
Reliability Analysis
Resistance
The mean resistance, variance, and mean of the logarithm resistance were expressed as follows
Ur = AgM, = 1.05 % 2,439 = 2,561 kip-ft

0% m@ = In(V% + 1) = In(0.075% + 1) = 0.00561
1 1 _
ﬂln(R) = ln(uR) - Eazln(R) = ln(2,561) - E x (0.00561 = 7.35 klp'ft
Dead Load

The mean dead load and the standard deviation of the dead load are

up = ApD, = 1.05 736 = 773 kip-ft
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op = COVpD, = 0.10 * 736 = 73.6 kip-ft

Live Load
The moment due to truck load is 898 kip-ft and the moment due to lane load is 443 kip-ft. The
nominal live load (HL93) is

LLyominar = truck + lane load = 675 + 292 = 967 kip-ft

The girder distribution factor for two lanes loaded governs. Therefore, the nominal live load per
box with girder distribution factor for two lanes included (no dynamic load) is,

LLyominai/pox = (truck + lane load) * GDF = (675 + 292) * 0.5023

LLnominal/box = 486 kip-ft

The mean live load with girder distribution factor for two lanes (no dynamic load) is expressed
as,
LLpean = Ay * LLnominal/box == 1.10 x 486

LL,p0n = 534 kip-ft

The mean dynamic load represents 10% of the mean live load. The mean live load and dynamic
load is
LL + IMypeqn = LLmean * (1 +0.10) = 534 « (1 + 0.10)

LL + IM,,p,, = 588 kip-ft

The standard deviation of the live and dynamic load is

OLL+IM = COVL * LL + IMmean =0.18+* 588 = 105.84 kip'ft
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Extreme type 1 parameters

California live load best fits an extreme type 1 distribution. The parameters a and u are,

~1.282 1.282

= = =0.0121
O 105.84

a

U = LL + IMpppgn — 045 * 6,41 = 588 — 0.45 * 105.84 = 540.37 kip-ft

Monte Carlo
Using the graphical method, the reliability index and probability of failure are
B =-z=5.20
Pr=®"1(-2)=9.08+1078

The normal standard variate is then plotted versus the limit state values as shown in Figure A-24.

-1000 10 2000 3000

Normal Standard Variate z

-6 o g=R-D-L
Linear fit

g=R-D-L

Figure A-24. Monte Carlo simulation for bridge 37 0421L
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Bridge 37 04671 — Continuous span

Bridge Properties

General information about bridge 37 0467L is presented below.

Span length: 230.97 ft

Concrete: fc: 4.0 kst

Prestressing steel: 270 ksi low relaxation strand
Aps,total = 92.15 in?

Girder spacing = 9.75 ft

Depth of beam = 6.5 ft

Top flange = 8.251in

Bottom flange = 6.625 in

Web thickness = 12 in

Area of one box = 2.497.88 in’

Number of cells = 7

Number of webs = 8

The cross-section of bridge 37 0467L and prestressing notes are shown in Figure A-25 and

Figure A-26.
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Figure A-25. Cross-section of bridge 37 0467L
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Figure A-26. Bridge 37 0467L details and prestressing notes
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Dead Load Analysis — Interior Beam
Components and Attachments, DC
The total dead load applied on one box girder is

DL = 2.697 kip/ft

The total moment due to dead load for one box girder is
Mpc = 11,183.88 kip-ft

Wearing surface, DW
There is no wearing surface applied on the bridge. Therefore, the moment due to wearing surface
is, Mpy, = 0 kip-ft
Live Load Analysis — Interior Girder

Compute Live Load Distribution Factor for an Interior Girder
The girder distribution factors (GDF) for one design lane and two design lanes loaded are
calculated according to AASHTO LRFD as follows.

* One design lane loaded:

1.75 —)(—) (—) = (1.75 ' )( ) (—) = 0.2765
( 36\ 1 N, 36/ 23097 7
= Two or more design lanes loaded:

13393/, 5\ /102 /13,03 /9,75 1 3\

(E) (%)(Z) - (7) (5.8)(230.97) = 05192« Governs

Nominal Flexural Resistance
The area of prestressing steel per box is Aps = 13.16 in?

fs and [’ are assumed to equal 60 ksi and & is 0.28.
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The neutral axis is located at,

Apsfou + Asfs — A'Sf'. 13.16 % 270 + 63460 — 7+ 60
cC = =
af' b + kApS]:’l’—u 0.85 + 4.0 + 0.85 * 117 + 0.28 * 13.16 *%
14

¢ =9.931in > t, = 8.25n

c 9.931
fps = fpu 1—kx—) =270 (1 —0.28 * ) = 258.08 ksi
d, 63

a=f+*c =085%9931 = 844in
The nominal capacity of one box is,

M, = [Aps *fps*(dp—%)-}- A *fs*(ds — %)—A’S*f’s*(d’s — %)]

8.44 8.44
M, = [13.16 * 258.08 * (63 — T) + 6.34 * 60 * (58.93 - T) —7%60

(o772

M, = 18,375 kip-ft
Reliability Analysis
Resistance
The mean resistance, variance, and mean of the logarithm resistance were expressed as follows
Ur = AgM,, = 1.05 x 18,357 = 19,275 kip-ft

0% m@ = In(V%, + 1) = In(0.075% + 1) = 0.00561
1 2 1 .
Hinery = m(ug) — 3% @ = In(19,275) — 5 *0.00561 = 9.86 kip-ft
Dead Load

The mean dead load and the standard deviation of the dead load are

pp = ApD, = 1.05 % 11,184 = 11,743 kip-ft
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op = COVpD, = 0.10 11,184 = 1,118 kip-ft

Live Load
The moment due to truck load is 2,673 kip-ft and the moment due to lane load is 2,389 kip-ft.
The nominal live load (HL93) is

LLyominar = truck + lane load = 2,673 + 2,389 = 5,062 kip-ft

The girder distribution factor for two lanes loaded governs. Therefore, the nominal live load per
box with girder distribution factor for two lanes included (no dynamic load) is,

LLyominai/pox = (truck + lane load) * GDF = (2,673 + 2,389) = 0.5192

LLnominal/box = 2,628 kip. ft

The mean live load with girder distribution factor for two lanes (no dynamic load) is

LLyean = AL * LLnominat = 1.10 * 2,628

box

LL,oqn = 2,891 kip. ft

The mean dynamic load represents 10% of the mean live load. The mean live load and dynamic
load is
LL + IMpoqn = LLpmean * (1 +0.10) = 2,891 * (1 + 0.10)

LL + IM,,,,, = 3,180 kip. ft

The standard deviation of the live and dynamic load is

OLL+IM = COVL * LL + IMmean = (0.18 * 3,180 =572.4 kipft
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Extreme type 1 parameters

California live load best fits an extreme type 1 distribution. The parameters a and u are,

_1.282  1.282

= = =0.00224
O11L+IM 5724‘

a

U = LL + IMpppgn — 045 * 6,41 = 3,180 — 0.45 % 572.4 = 2,923 kip. ft

Monte Carlo

Using the numerical method, the probability of failure Prand the reliability index f are

102

P, = = 1.02 % 102
f = 10,000 *

B =2.32
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Bridge 49 00601, — Continuous span

Bridge Properties

General information about bridge 49 0060L is presented below.

Span length: 160 ft

Concrete: fc: 4.0 kst

Prestressing steel: 270 ksi low relaxation strand
Aps,total = 32.31 in’

Girder spacing = 8 ft

Depth of beam = 6.5 ft

Top flange = 7.625 in

Bottom flange = 5.51n

Web thickness = 12 in

Area of one box = 2,038.5in’

Number of cells = 4

Number of webs = 5

The cross-section of bridge 49 0060L and prestressing notes are shown in Figure A-27 and

Figure A-28.
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Figure A-27. Cross-section of bridge 49 0060L
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Figure A-28. Bridge 49 0060L details and prestressing notes
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Dead Load Analysis — Interior Beam
Components and Attachments, DC
The total dead load applied on one box girder is

DL = 2.29 kip/ft

The total moment due to dead load for one box girder is
Mpc = 5,219.97 kip-ft

Wearing surface, DW
There is no wearing surface applied on the bridge. Therefore, the moment due to wearing surface
is, Mpy, = 0 kip-ft
Live Load Analysis — Interior Girder

Compute Live Load Distribution Factor for an Interior Girder
The girder distribution factors (GDF) for one design lane and two design lanes loaded are
calculated according to AASHTO LRFD as follows.

* One design lane loaded:

S 1 0.35 1 0.45 8 1 0.35 1 0.45
(1-75+§)(z) (N_) =(1-75+§)(m) (z) = 0.3603

= Two or more design lanes loaded:

1313 S\ IV AR 8y, 1\
(F) <§)<Z) :<T> (ﬁ)(ﬁ) = 0.5523  « Governs
C . .

Nominal Flexural Resistance

The area of prestressing steel per box is A,; = 8.08 in?

fs and f’s are assumed to equal 60 ksi and £ is 0.28.
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The neutral axis is located at,

Apsfou + Asfs — A'sf' _ 8.08x%270 + 4.08x60 — 4.08 60

B 270
af' Bb + kApsz’—: 0.85*4.0x0.85%96 + 0.28 * 8.08 * %8

C =

c =7.614in< t; =7.625in

c 7.614
fps = fpu 1—kx—) =270 (1 —0.28 * ) = 261.53 ksi
d, 68

a=pf+*c =085+7.614 = 647 in

The nominal capacity of one box is,

a

M, = [Aps *fps*(dp—%)-}- Ag *fs*(ds - %)—A’S*f’s*(d’s - E)]

6.47 6.47
M, = [8.08 * 261.53 * (68 - T) + 4.08 * 60 * (51.37 - T) —4.08 * 60

] (3.47 - %)]

M, = 12,379 kip-ft
Reliability Analysis

Resistance

The mean resistance, variance, and mean of the logarithm resistance were expressed as follows

g = AgM,, = 1.05 * 12,379 = 12,998 kip-ft

0% m@ = In(V%, + 1) = In(0.075% + 1) = 0.00561
1 2 1 .
Hinery = In(ug) — 3% @ = In(12,998) — 3 0.00561 = 9.47 kip-ft
Dead Load

The mean dead load and the standard deviation of the dead load are

up = ApD, = 1.05 % 5,220 = 5,481 kip-ft
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op = COVpD, = 0.10 * 5,220 = 522 kip-ft

Live Load
The moment due to truck load is 1,676 kip-ft and the moment due to lane load is 1,459 kip-ft.
The nominal live load (HL93) is

LLyominar = truck + lane load = 1,676 + 1,459 = 3,135 kip-ft

The girder distribution factor for two lanes loaded governs. Therefore, the nominal live load per
box with girder distribution factor for two lanes included (no dynamic load) is,

LLyominat/pox = (truck + lane load) * GDF = (1,676 + 1,459) = 0.5523

LLnominal/box = 1,732 kip-ft

The mean live load with girder distribution factor for two lanes (no dynamic load) is

LLyean = A * LLnominat = 1.10 x 1,732

box

LLyoqn = 1,905 kip-ft

The mean dynamic load represents 10% of the mean live load. The mean live load and dynamic
load is
LL + IMpoqn = LLpmean * (1 +0.10) = 1,905 * (1 + 0.10)

LL + IM,p,, = 2,095 kip-ft

The standard deviation of the live and dynamic load is

OLL+IM = COVL * LL + IMmean = 0.18 * 2,095 =377.1 kip'ft
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Extreme type 1 parameters

California live load best fits an extreme type 1 distribution. The parameters a and u are,

_1.282  1.282

— - = 0.0034
O 3771

a

w = LL + IMyppgn — 045 * 6,41y = 2,095 — 0.45 * 377.1 = 1,925.3 kip. ft

Monte Carlo
Using the graphical method, the reliability index and probability of failure are
f=-z=4.62
Pr=0"1(-2)=1.92%107°

The normal standard variate is then plotted versus the limit state values as shown in Figure A-29.

| | | | | |
2000 4000 6000 8000 10000 12000

Normal Standard Variate z

-6 © g=R-D-L
Linear fit

g=R-D-L

Figure A-29. Monte Carlo simulation for bridge 49 0060L
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Bridge 49 01651 — Continuous span

Bridge Properties

General information about bridge 49 0165L is presented below.

Span length: 98 ft

Concrete: fc: 4.0 kst

Prestressing steel: 270 ksi low relaxation strand
Aps,total = 20.89 in?

Girder spacing = 8.88 ft

Depth of beam = 4 ft

Top flange = 8 in

Bottom flange = 6 in

Web thickness = 12 in

Area of one box = 1,899 in?

Number of cells = 4

Number of webs = 5

The cross-section of bridge 49 0165L and prestressing notes are shown in Figure A-30 and

Figure A-31.

A-82



L7 p— e I A e OREERS| o _misenen
zc:.mim VOIdAL . NOLLVLNOSNYIL 40 ININLNYG30 | 5% “oiS ] BB vious o fauueen
: BV Y e, [ v
| AO5 Jwini o= | |1 NOG30 SunonEis|  VINYOLITYO o 3
NOILV¥vd3S §%/10l 3LN0Y |y S3UNLONYLS 40 NOISIAID jo 21835 PRXL YD, e sEwpr | woeme
GvIE WOL108 56 oL
g7 INIOR NOTLONEICNDD Y230 SALYNEZL Y
e &S}q\u §°z 'vsepy pusuoiq
107 JoiE 1uur\uu:m1/
— “
) 2324 ;
:_3 sv T
| Ve |
ey
25 o
INTIY IVNIOALIONDT &01
ROl /Db ) S8 piip mm)« | o . T

NOILITFT TVV/lAL LYV

L T usEanu/
X JLW}l u

oG] L oL 5k 7

[ Tl.L
] ——sohhusys g, § 4045
W, K00 [ % 19 by 1 7 anpaif uad 7 jor gy M
a 4% by

40 ,0-81% Ly
Roq 4] clRl

e %)
e e e e e 3l
— O O, v crmme- e it N e 55
T T z ge [ez—=——o = 1
2 E— s ST DR M O NS N TV, 3
. e ———. I L% s 3 oW erig; )
_— — i 3 X i) | 1’;J.
*|g o sursy frbusy dol 5 TIG)
, - ‘ i L 3k S Al S
. - nBp wore omds | L
e e > E T .4*:\.9 = M ._\.u:d.._.ﬂo& 29970/ \_
e e e e e e =cit's [P
NG s by [ [ , ﬁ e o 0 # 308
g0z pung S YR g2y
= [<EREI
A= 43
NOIIDTS TYOTIAL
FARDORYS IHFY FINLTAIS 1937

o oS

u‘
5T nelky |
[ ——ruog qrosuey = | u , ,
| f | W AEBIY A1) | |
L 1
31v0 TWAGRIIY SV (087 I [ P LT
06-8-1 . I 2 7 ] —
; O BE [o.g ! o5 | T N
FSUca 7 »koig  ,9-2% ! ! {S9CD | AbYE L 94i®
aiz [soz|  ZEELEE o'y | 0w | S0 AU S s,
STl TERE 380 [ swow | awnoo [0

I [ I 1

Figure A-30. Cross-section of bridge 49 0165L
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Figure A-31. Bridge 49 0165L details and prestressing notes
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Dead Load Analysis — Interior Beam
Components and Attachments, DC
The total dead load applied on one box girder is

DL = 2.144 kip/ft

The total moment due to dead load for one box girder is
Mpe = 1,442.37 kip-ft

Wearing surface, DW
There is no wearing surface applied on the bridge. Therefore, the moment due to wearing surface
is, Mpy, = 0 kip-ft
Live Load Analysis — Interior Girder

Compute Live Load Distribution Factor for an Interior Girder
The girder distribution factors (GDF) for one design lane and two design lanes loaded are
calculated according to AASHTO LRFD as follows.

* One design lane loaded:

S 1 0.35 1 0.45 8.88 1 0.35 1 0.45
1.75 —) (—) (—) = (1.75 —) (—) (—) = 0.4539
( T36/\1 N, MEYYACT 4
= Two or more design lanes loaded:
1323 /5y /1y 13103 8.88y 7 11\
22) (22 (2 (=) (=) (= = 0.6926 G
(N) (5.8) < L) < 4 ) ( 5.8 ) ( 98) o boverns

Nominal Flexural Resistance
The area of prestressing steel per box is A,; = 5.22 in?

fs and f’s are assumed to equal 60 ksi and £ is 0.28.
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The neutral axis is located at,

Apsfou+ Asfs — A'sf's 522270 + 548+ 60 — 3.79 x 60

B 270
af'.Bb + kApsz’—;‘ 0.85* 4.0 x 0.85 % 106.5 + 0.28 * 5.22 * 36

C =

c =4.742in< t;=8in

c 5.22
fos = fou| 1 — k=] =270 (1 —0.28 % ) = 260.04 ksi
d, 36

a=[+*c = 085%x4.742 = 4.03 in

The nominal capacity of one box is,

a

M, = [Aps *fps*(dp—%)-}- Ag *fs*(ds - %)—A’S*f’s*(d’s - E)]

4.03 4.03
M, = [5.22 * 260.04 = <36 - T) + 5.48 * 60 * <27.87 - T) —3.79 % 60

] (3.87 - %)]

M, = 4,519 kip-ft
Reliability Analysis
Resistance
The mean resistance, variance, and mean of the logarithm resistance were expressed as follows
Ur = AgM,, = 1.05 x 4,519 = 4.745 kip-ft

0% m@ = In(V% + 1) = In(0.075% + 1) = 0.00561
1 1 _
ﬂln(R) = ln(uR) - Eazln(R) = ln(4,745) - E x 0.00561 = 8.46 klp'ft
Dead Load

The mean dead load and the standard deviation of the dead load are

pp = ApD, = 1.05* 1,442 = 1,515 kip. ft
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op = COVpD, = 0.10 » 1,442 = 144.2 kip-ft

Live Load
The moment due to truck load is 819 kip-ft and the moment due to lane load is 431 kip-ft. The
nominal live load (HL93) is

LLyominar = truck + lane load = 819 + 431 = 1,250 kip. ft

The girder distribution factor for two lanes loaded governs. Therefore, the nominal live load per
box with girder distribution factor for two lanes included (no dynamic load) is,

LLyominai/pox = (truck + lane load) * GDF = (819 + 431) * 0.6920

LLnominal/box = 866 kip-ft

The mean live load with girder distribution factor for two lanes (no dynamic load) is expressed
as,

LLpean = A * LLnominat = 1.10 x 866

box

LL,pqn = 952 kip-ft

The mean dynamic load represents 10% of the mean live load. The mean live load and dynamic
load is
LL + IMypeqn = LLmean * (1 +0.10) = 952 * (1 + 0.10)

LL + IM, ., = 1,048 kip-ft

The standard deviation of the live and dynamic load is

O peim = COV, % LL + IM,p5, = 0.18 x 1,048 = 188. 6 kip-ft
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Extreme type 1 parameters

California live load best fits an extreme type 1 distribution. The parameters a and u are,

1282 1.282

— - = 0.006797
O 1886

a

U = LL + IMppgn — 045 * 6,41 = 1,048 — 0.45 * 188.6 = 963.13 kip. ft

Monte Carlo
Using the graphical method, the reliability index and probability of failure are
B =-z=5.08
Pr=0"1(-2)=1.91+1077

The normal standard variate is then plotted versus the limit state values as shown in Figure A-32.

Ll

N L
@ 2
&
&
>
2
@ | | I | | I
2 -1000 1000 2 3000 4000 5000
&
©
£
5] 2
=
4
-6 O g:ﬂ-D-L
Linear fit
g=R-D-L

Figure A-32. Monte Carlo simulation for bridge 49 0165L
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Bridge 54C0617 — Continuous span

Bridge Properties

General information about bridge 54C0617 is presented below.

Span length: 73 ft
Concrete: fc: 4.0 kst
Prestressing steel: 270 ksi low relaxation strand
Apstotal = 35.1in?
Girder spacing = 8.33 ft
Depth of beam = 3.5t
Top flange = 7.75 in
Bottom flange = 6 in
Web thickness = 12 in
Area of one box = 1,714 in?
Number of cells = 13
Number of webs = 14

The cross-section of bridge 54C0617 and prestressing notes are shown in Figure A-33 and Figure

A-34.
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Figure A-34. Bridge 54C0617 details and prestressing notes
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Dead Load Analysis — Interior Beam
Components and Attachments, DC
The total dead load applied on one box girder is

DL = 1.921 kip/ft

The total moment due to dead load for one box girder is
Mpe = 1,244.84 kip-ft

Wearing surface, DW
There is no wearing surface applied on the bridge. Therefore, the moment due to wearing surface
is, Mpy, = 0 kip-ft
Live Load Analysis — Interior Girder

Compute Live Load Distribution Factor for an Interior Girder
The girder distribution factors (GDF) for one design lane and two design lanes loaded are
calculated according to AASHTO LRFD as follows.

* One design lane loaded:

S 1 0.35 1 0.45 8.33 1 0.35 1 0.45
(175 +3%) (1) (N_) =(175+55)(55) (5) = 03552
= Two or more design lanes loaded:
133/ 5\ /1y 13103 833y 13\
=) (22 (2) =(2) (222 (=) = 05686 G
(N) (5.8)<L> (8) (5.8)(73) o boverns

Nominal Flexural Resistance
The area of prestressing steel per box is A, = 2.70in?

fs and f’s are assumed to equal 60 ksi and & is 0.28.
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The neutral axis is located at,

Apsfou + Asfs — A'sf'y 2.70 270 + 9.31 %60 — 3% 60

B 270
af'.Bb + kApS/:zl’—;‘ 0.85* 4.0 x0.85* 100 + 0.28 % 2.70 * 33

C =

c =3.752in< t;,=7.751in

c 3.752
fos = fou| 1 — k=] =270 (1 —0.28 * ) = 261.4 ksi
d, 33

a=f+*c =085%3.752 = 3.19in

The nominal capacity of one box is,

a

M, = [Aps *fps*(dp—%)-}- Ag *fs*(ds - %)—A’S*f’s*(d’s - E)]

3.19 3.19
M, = [2.70 * 261.4 <33 — T) + 9.31 * 60 * <21.57 - T) —3 %60

(=)
2
M, = 2,756 kip-ft
Reliability Analysis
Resistance
The mean resistance, variance, and mean of the logarithm resistance were expressed as follows
Ur = AgM,, = 1.05 x 2,756 = 2,894 kip-ft

0% m@ = In(V% + 1) = In(0.075% + 1) = 0.00561
1 1 _
Hinry = In(g) = 50 mer) = In(2,894) — 5+ 0.00561 = 7.97 kipft
Dead Load

The mean dead load and the standard deviation of the dead load are

ptp = ApD, = 1.05 * 1,245 = 1,307 kip-ft

A-93



op = COVpD, = 0.10 » 1,245 = 124.5 kip. ft

Live Load
The moment due to truck load is 829 kip-ft and the moment due to lane load is 415 kip-ft. The
nominal live load (HL93) is

LLyominar = truck + lane load = 829 + 415 = 1,244 kip-ft

The girder distribution factor for two lanes loaded governs. Therefore, the nominal live load per
box with girder distribution factor for two lanes included (no dynamic load) is,

LLyominai/pox = (truck + lane load) * GDF = (898 + 443) * 0.5686

LLnominal/box =707 kip-ft

The mean live load with girder distribution factor for two lanes (no dynamic load) is expressed
as,
LLyean = AL * LLnominal/box = 1.10 = 707

LLyoan = 778 kip-ft

The mean dynamic load represents 10% of the mean live load. The mean live load and dynamic
load is
LL 4 IMypegn = LLpmean * (1 +0.10) = 778 x (1 + 0.10)

LL + IM,p,, = 856 kip-ft

The standard deviation of the live and dynamic load is

OLL+IM — COVL « LL + IMmean = 0.18 * 856 = 154 kip'ft
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Extreme type 1 parameters

California live load best fits an extreme type 1 distribution. The parameters a and u are,

1282 1.282

a= =0.00832

OLL+IM 154

U = LL + IMyppqn — 045 * 6,411 = 856 — 0.45 % 154 = 786.7 kip-ft

Monte Carlo

Using the numerical method, the probability of failure Prand the reliability index f are

76

P, = =7.60x103
f = 10,000 *

B =243
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Bridge 55 0670 — Continuous span

Bridge Properties

General information about bridge 55 0670 is presented below.

Span length: 156 ft
Concrete: fc: 4.0 kst
Prestressing steel: 270 ksi low relaxation strand
Aps,total = 78.37 in’
Girder spacing = 9.67 ft
Depth of beam = 6.25 ft
Top flange = 8.251in
Bottom flange = 6.625 in
Web thickness = 12 in
Area of one box = 2447 in?
Number of cells = 7
Number of webs = 8

The cross-section of bridge 55 0670 and prestressing notes are shown in Figure A-35 and Figure

A-36.
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Figure A-36. Bridge 55 0670 details and prestressing notes
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Dead Load Analysis — Interior Beam
Components and Attachments, DC
The total dead load applied on one box girder is

DL = 2.723 kip/ft

The total moment due to dead load for one box girder is
Mpc = 6,156.83 kip-ft

Wearing surface, DW
There is no wearing surface applied on the bridge. Therefore, the moment due to wearing surface
is, Mpy, = 0 kip-ft
Live Load Analysis — Interior Girder

Compute Live Load Distribution Factor for an Interior Girder
The girder distribution factors (GDF) for one design lane and two design lanes loaded are
calculated according to AASHTO LRFD as follows.

* One design lane loaded:

(175 +35) (1) (E) =(175+55 ) (18) (5) = 03155
= Two or more design lanes loaded:

1313 5y 1V A3 967y, 1y

2Z) (22 (2) =(2) (225 (=) = 05678 G

(N) (5.8>(L> (7) (5.8)(156) o Loverns

Nominal Flexural Resistance
The area of prestressing steel per box is A,; = 11.20 in?

fs and f’s are assumed to equal 60 ksi and £ is 0.28.
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The neutral axis is located at,

Apsfou + Asfs — A'sf' _ 11.20 * 270 + 5.66* 60 — 5.1 x 60

B 270
af'.Bb + kApS]:’Z—: 0.85%4.0%0.85*116 + 0.28 * 11.20 * %0

cC =

c =8.749in > t, = 8.25in

c 11.20
fps = fpu 1—kx—) =270 (1 —0.28 * ) = 258.98 ksi
d, 60

a=f+*c =085%8749 = 744 in

The nominal capacity of one box is,

a a

M, = [Aps *fps*(dp—%)-}- A *fs*(ds - E)_Als*f’s*(dls — E)]

7.44 7.44
M, = [11.20 * 258.98 * <60 — T) + 5.66 * 60 * (53.47 - T) —5.1%60

} (4.38 - 7'744)]

M, = 14,990 kip-ft
Reliability Analysis
Resistance
The mean resistance, variance, and mean of the logarithm resistance were expressed as follows
Ur = AgM, = 1.05 * 14,990 = 15,740 kip-ft

0%mm = In(V?y + 1) = In(0.075% + 1) = 0.00561
1 1 _
Hinery = m(ug) — gﬂzznan = In(15,740) — 5 *0.00561 = 9.66 kip'ft
Dead Load

The mean dead load and the standard deviation of the dead load are

p = ApD, = 1.05 % 6,157 = 6,465 kip-ft

A-100



op, = COVpD, = 0.10 * 6,157 = 615.7 kip-ft

Live Load
The moment due to truck load is 1,611 kip-ft and the moment due to lane load is 1,447 kip-ft.
The nominal live load (HL93) is

LLyominar = truck + lane load = 1,611 + 1,447 = 3,058 kip-ft

The girder distribution factor for two lanes loaded governs. Therefore, the nominal live load per
box with girder distribution factor for two lanes included (no dynamic load) is,

LLyominat/pox = (truck + lane load) * GDF = (1,611 + 1,447) = 0.5678

LLnominal/box = 1,736 kip-ft

The mean live load with girder distribution factor for two lanes (no dynamic load) is expressed
as,

LLyean = AL * LLnominat == 1.10 % 1,736

box

LLyoqn = 1,910 kip-ft

The mean dynamic load represents 10% of the mean live load. The mean live load and dynamic
load is
LL + IMpoqn = LLpmean * (1 +0.10) = 1,910 * (1 + 0.10)

LL + IM,p,, = 2,101 kip-ft

The standard deviation of the live and dynamic load is

Opeim = COVy, % LL + IM,pq, = 0.18 x 2,101 = 378.2 kip-ft
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Extreme type 1 parameters

California live load best fits an extreme type 1 distribution. The parameters a and u are,

_1.282  1.282

= = = 0.00339
O 3782

a

U = LL + IMpppqn — 045 * 6,41 = 2,101 — 0.45 * 378.2 = 1,930.8 kip-ft

Monte Carlo
Using the graphical method, the reliability index and probability of failure are
p=-—z=05.22
Pr=®"1(-2)=9.17+1078

The normal standard variate is then plotted versus the limit state values as shown in Figure A-37.
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Figure A-37. Monte Carlo simulation for bridge 55 0670
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Appendix B — Values of the CDF for the standard normal variable




Table B. Values of the cumulative distribution for the standard normal variable

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
0.0 5.00E-01 496E-01 492E-01 4.88E-01 4.84E-01 4.80E-01 4.76E-01 4.72E-01 4.68E-01 4.64E-01
-0.1 4.60E-01 4.56E-01 4.52E-01 448E-01 4.44E-01 4.40E-01 4.36E-01 4.33E-01 4.29E-01 4.25E-01
-0.2 421E-01 4.17E-01 4.13E-01 4.09E-01 4.05E-01  4.01E-01 3.97E-01 3.94E-01 3.90E-01 3.86E-01
-0.3 3.82E-01 3.78E-01  3.74E-01  3.71E-01  3.67E-01  3.63E-01 3.59E-01 3.56E-01 3.52E-01 3.48E-01
-04 3.45E-01 3.41E-01 3.37E-01  3.34E-01 3.30E-01  3.26E-01 3.23E-01 3.19E-01 3.16E-01 3.12E-0l
-0.5 3.09E-01 3.05E-01 3.02E-01 2.98E-01 2.95E-01 291E-01 2.88E-01 2.84E-01 2.81E-01 2.78E-0l
-0.6 2.74E-01 2.71E-01 2.68E-01  2.64E-01 2.61E-01  2.58E-01 2.55E-01 2.51E-01 248E-01 2.45E-01
-0.7 242E-01 239E-01 236E-01 2.33E-01 2.30E-01 2.27E-01 224E-01 2.21E-01 2.18E-01 2.15E-0l
-0.8 2.12E-01  2.09E-01 2.06E-01  2.03E-01  2.00E-01 1.98E-01 1.95E-01 1.92E-01 1.89E-01 1.87E-01
-0.9 1.84E-01 1.81E-01 1.79E-01 1.76E-01 1.74E-01 1.71E-01 1.69E-01 1.66E-01 1.64E-01 1.61E-01
-1.0  1.59E-01 1.56E-01 1.54E-01 1.52E-01 1.49E-01 1.47E-01 1.45E-01 1.42E-01 1.40E-01 1.38E-01
-1.1  1.36E-01 1.33E-01 1.31E-01 1.29E-01 1.27E-01 1.25E-01 1.23E-01 1.21E-01 1.19E-01 1.17E-01
-1.2  1.15E-01 1.13E-01 1.11E-01 1.09E-01 1.07E-01 1.06E-01 1.04E-01 1.02E-01 1.00E-01 9.85E-02
-1.3 9.68E-02  9.51E-02  9.34E-02  9.18E-02  9.01E-02  8.85E-02 8.69E-02 8.53E-02 8.38E-02 8.23E-02
-14 8.08E-02  793E-02  7.78E-02  7.64E-02  7.49E-02  7.35E-02 7.21E-02 7.08E-02 6.94E-02 6.81E-02
-1.5  6.68E-02  6.55E-02  6.43E-02  6.30E-02  6.18E-02  6.06E-02 5.94E-02 5.82E-02 5.71E-02 5.59E-02
-1.6 548E-02  537E-02  526E-02  5.16E-02  5.05E-02  4.95E-02 4.85E-02 4.75E-02 4.65E-02 4.55E-02
-1.7  4.46E-02  436E-02  4.27E-02  4.18E-02  4.09E-02  4.01E-02 3.92E-02 3.84E-02 3.75E-02 3.67E-02
-1.8 3.59E-02  3.51E-02  3.44E-02  3.36E-02  3.29E-02  3.22E-02 3.14E-02 3.07E-02 3.01E-02 2.94E-02
-1.9 287E-02  2.81E-02  2.74E-02  2.68E-02  2.62E-02  2.56E-02 2.50E-02 2.44E-02 2.39E-02 2.33E-02
-2.0 2.28E-02 222E-02  2.17E-02  2.12E-02  2.07E-02  2.02E-02 1.97E-02 1.92E-02 1.88E-02 1.83E-02
-2.1  1.79E-02  1.74E-02  1.70E-02  1.66E-02  1.62E-02  1.58E-02 1.54E-02 1.50E-02 1.46E-02 1.43E-02




Table B. Values of the cumulative distribution for the standard normal variable (continued)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
-2.2  1.39E-02  1.36E-02  1.32E-02  1.29E-02  1.25E-02  1.22E-02  1.19E-02 1.16E-02 1.13E-02 1.10E-02
-2.3 1.07E-02  1.04E-02  1.02E-02  9.90E-03  9.64E-03  9.39E-03  9.14E-03 8.89E-03 8.66E-03 8.42E-03
-2.4  8.20E-03  7.98E-03  7.76E-03  7.55E-03  7.34E-03  7.14E-03  6.95E-03 6.76E-03 6.57E-03 6.39E-03
-2.5 6.21E-03  6.04E-03  5.87E-03  5.70E-03  5.54E-03  5.39E-03  5.23E-03 5.08E-03 4.94E-03 4.80E-03
-2.6 4.66E-03  4.53E-03 4.40E-03 4.27E-03  4.15E-03  4.02E-03  3.91E-03 3.79E-03 3.68E-03 3.57E-03
-2.7 347E-03  3.36E-03  3.26E-03  3.17E-03  3.07E-03 ~ 2.98E-03  2.89E-03 2.80E-03 2.72E-03 2.64E-03
-2.8 2.56E-03  2.48E-03  2.40E-03  2.33E-03  2.26E-03  2.19E-03  2.12E-03 2.05E-03 1.99E-03 1.93E-03
-29 1.87E-03  1.81E-03  1.75E-03  1.69E-03  1.64E-03  1.59E-03  1.54E-03 1.49E-03 1.44E-03 1.39E-03
-3.0 1.35E-03  1.31E-03  1.26E-03  1.22E-03  1.18E-03  1.14E-03  1.11E-03 1.07E-03 1.04E-03 1.00E-03
-3.1  9.68E-04  9.35E-04 9.04E-04  8.74E-04  8.45E-04  8.16E-04  7.89E-04 7.62E-04 7.36E-04 7.11E-04
-3.2  6.837E-04  6.64E-04 6.41E-04 6.19E-04 598E-04 5.77E-04  5.57E-04 5.38E-04 5.19E-04 5.01E-04
-3.3  4.83E-04 4.66E-04 4.50E-04 4.34E-04 4.19E-04  4.04E-04  3.90E-04 3.76E-04 3.62E-04 3.49E-04
-34 3.37E-04 3.25E-04 3.13E-04 3.02E-04 291E-04 2.80E-04 2.70E-04 2.60E-04 2.51E-04 2.42E-04
-3.5 2.33E-04 2.24E-04 2.16E-04  2.08E-04  2.00E-04  1.93E-04 1.85E-04 1.78E-04 1.72E-04 1.65E-04
-3.6 1.59E-04 1.53E-04 147E-04 142E-04 136E-04 131E-04 1.26E-04 121E-04 1.17E-04 1.12E-04
-3.7 1.08E-04  1.04E-04 9.96E-05 9.57E-05  9.20E-05  8.84E-05  8.50E-05 &.16E-05 7.84E-05 7.53E-05
-3.8 7.23E-05 6.95E-05 6.67E-05  6.41E-05  6.15E-05  591E-05 5.67E-05 5.44E-05 5.22E-05 5.01E-05
-3.9 481E-05 4.61E-05 443E-05 4.25E-05 4.07E-05 3.91E-05 3.75E-05 3.59E-05 3.45E-05 3.30E-05
-4.0 3.17E-05  3.04E-05 291E-05 2.79E-05  2.67E-05  2.56E-05  2.45E-05 2.35E-05 2.25E-05 2.16E-05
-41 2.07E-05  1.98E-05 1.89E-05 1.81E-05 1.74E-05 1.66E-05  1.59E-05 1.52E-05 1.46E-05 1.39E-05
-4.2 1.33E-05 1.28E-05 1.22E-05 1.17E-05 1.12E-05 1.07E-05  1.02E-05 9.77E-06 9.34E-06 8.93E-06
-4.3 8.54E-06  8.16E-06  7.80E-06  7.46E-06  7.12E-06  6.81E-06  6.50E-06 6.21E-06 5.93E-06 5.67E-06
-44 541E-06 5.17E-06  4.94E-06 4.71E-06 4.50E-06 4.29E-06 4.10E-06 3.91E-06 3.73E-06 3.56E-06




Table B. Values of the cumulative distribution for the standard normal variable (continued)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
-4.5 3.40E-06 3.24E-06 3.09E-06  2.95E-06 2.81E-06  2.68E-06  2.56E-06 2.44E-06 2.32E-06 2.22E-06
-4.6 2.11E-06 2.01E-06  1.92E-06  1.83E-06 1.74E-06 1.66E-06  1.58E-06 1.51E-06 1.43E-06 1.37E-06
-4.7 1.30E-06  1.24E-06  1.18E-06  1.12E-06  1.07E-06  1.02E-06  9.68E-07 9.21E-07 &.76E-07 8.34E-07
-4.8 7.93E-07 7.55E-07 7.18E-07  6.83E-07 6.49E-07  6.17E-07  5.87E-07 5.58E-07 5.30E-07 5.04E-07
-49 4.779E-07 4.55E-07 4.33E-07 4.11E-07 391E-07 3.71E-07  3.52E-07 3.35E-07 3.18E-07 3.02E-07
-5.0 2.87E-07  2.72E-07  2.58E-07  2.45E-07 233E-07 221E-07 2.10E-07 1.99E-07 1.89E-07 1.79E-07
-5.1  1.70E-07 1.61E-07 1.53E-07 1.45E-07 137E-07 1.30E-07 1.23E-07 1.17E-07 1.11E-07 1.05E-07
-5.2  9.96E-08  9.44E-08  8.95E-08  8.48E-08  8.03E-08  7.60E-08  7.20E-08 6.82E-08 6.46E-08 6.12E-08
-5.3 5.79E-08  5.48E-08 5.19E-08 4.91E-08 4.65E-08 4.40E-08 4.16E-08 3.94E-08 3.72E-08 3.52E-08
-S54 3.33E-08 3.15E-08 2.98E-08  2.82E-08  2.66E-08  2.52E-08  2.38E-08 2.25E-08 2.13E-08 2.01E-08
-5.5 1.90E-08 1.79E-08 1.69E-08  1.60E-08 1.51E-08 1.43E-08 1.35E-08 1.27E-08 1.20E-08 1.14E-08
-5.6 1.07E-08  1.01E-08  9.55E-09  9.01E-09  8.50E-09  8.02E-09  7.57E-09 7.14E-09 6.73E-09 6.35E-09
-5.7 5.99E-09  5.65E-09  5.33E-09  5.02E-09 4.73E-09  4.46E-09 4.21E-09 3.96E-09 3.74E-09 3.52E-09
-5.8 3.32E-09 3.12E-09  2.94E-09 2.77E-09  2.61E-09 246E-09 231E-09 2.18E-09 2.05E-09 1.93E-09
-5.9 1.82E-09 1.71E-09 1.61E-09 1.51E-09 143E-09 1.34E-09 1.26E-09 1.19E-09 1.12E-09 1.05E-09
-6.0 9.87E-10  9.28E-10  8.72E-10  8.20E-10  7.71E-10  7.24E-10  6.81E-10 6.40E-10 6.01E-10 5.65E-10
-6.1 5.30E-10 4.98E-10 4.68E-10 4.39E-10 4.13E-10 3.87E-10  3.64E-10 3.41E-10 3.21E-10 3.01E-10
-6.2 2.82E-10  2.65E-10 249E-10 2.33E-10  2.19E-10  2.05E-10  1.92E-10 1.81E-10 1.69E-10 1.59E-10
-6.3 1.49E-10 1.40E-10 1.31E-10 1.23E-10  1.I5E-10  1.08E-10  1.01E-10 9.45E-11 &.85E-11 8.29E-11
-64 7.77E-11  7.28E-11  6.81E-11  6.38E-11  5.97E-11  5.59E-11  5.24E-11 4.90E-11 4.59E-11 4.29E-11
-6.5 4.02E-11  3.76E-11  3.52E-11  3.29E-11  3.08E-11  2.88E-11  2.69E-11 2.52E-11 2.35E-11 2.20E-11
-6.6 2.06E-11  1.92E-11  1.80E-11 1.68E-11  1.57E-11 1.47E-11  1.37E-11 1.28E-11 1.19E-11 1.12E-11




Table B. Values of the cumulative distribution for the standard normal variable (continued)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
-6.7 1.04E-11  9.73E-12  9.09E-12  8.48E-12  7.92E-12  7.39E-12  6.90E-12 6.44E-12 6.01E-12 5.61E-12
-6.8 5.23E-12 4.88E-12  4.55E-12  4.25E-12  3.96E-12  3.69E-12  3.44E-12 3.21E-12 2.99E-12 2.79E-12
-6.9 2.60E-12 242E-12  2.26E-12  2.10E-12  1.96E-12  1.83E-12  1.70E-12 1.58E-12 1.48E-12 1.37E-12
-7.0 1.28E-12 1.19E-12 1.11E-12  1.03E-12  9.61E-13  8.95E-13  833E-13 7.75E-13 7.21E-13 6.71E-13
-71  6.24E-13  5.80E-13  5.40E-13  5.02E-13  4.67E-13  4.34E-13  4.03E-13  3.75E-13 3.49E-13 3.24E-13
-7.2  3.01E-13  2.80E-13  2.60E-13  2.41E-13  2.24E-13  2.08E-13  1.94E-13 1.80E-13 1.67E-13 1.55E-13
-7.3  1.44E-13  1.34E-13  1.24E-13  1.15E-13  1.07E-13  991E-14  9.20E-14 8.53E-14 7091E-14 7.34E-14
-74  6.81E-14  6.31E-14 5.86E-14  5.43E-14 5.03E-14 4.67E-14  4.33E-14 4.01E-14 3.72E-14 3.44E-14
-7.5 3.19E-14  2.96E-14  2.74E-14  2.54E-14  2.35E-14  2.18E-14  2.02E-14 1.87E-14 1.73E-14 1.60E-14
-7.6 148E-14 1.37E-14 1.27E-14 1.17E-14 1.09E-14  1.00E-14  9.30E-15 8.60E-15 7.95E-15 7.36E-15
-7.7  6.80E-15  6.29E-15  5.82E-15  5.38E-15 4.97E-15 4.59E-15  4.25E-15 3.92E-15 3.63E-15 3.35E-15
-7.8 3.10E-15  2.86E-15  2.64E-15  2.44E-15 2.25E-15  2.08E-15 1.92E-15 1.77E-15 1.64E-15 1.51E-15
-79 1.39E-15 1.29E-15 1.19E-15 1.10E-15 1.01E-15 9.33E-16  8.60E-16 7.93E-16 7.32E-16 6.75E-16
-8.0 6.22E-16  5.74E-16 = 5.29E-16 4.87E-16 4.49E-16  4.14E-16 3.81E-16 3.51E-16 3.24E-16 2.98E-16
-8.1 2.75E-16  2.53E-16  2.33E-16  2.15E-16  1.98E-16  1.82E-16  1.68E-16 1.54E-16 142E-16 1.31E-16
-8.2 1.20E-16  1.11E-16  1.02E-16  9.36E-17  8.61E-17  7.92E-17  7.28E-17 6.70E-17 6.16E-17 5.66E-17
-83 5.21E-17 4.79E-17 4.40E-17 4.04E-17 3.71E-17  3.41E-17  3.14E-17 2.88E-17 2.65E-17 243E-17
-84 2.23E-17  2.05E-17 1.88E-17 1.73E-17  1.59E-17  1.46E-17  134E-17 123E-17 1.13E-17 1.03E-17
-85 9.48E-18 8.70E-18  7.98E-18  7.32E-18  6.71E-18  6.15E-18  5.64E-18 5.17E-18 4.74E-18 4.35E-18
-8.6 3.99E-18  3.65E-18  3.35E-18  3.07E-18  2.81E-18  2.57E-18  2.36E-18 2.16E-18 1.98E-18 1.81E-18
-8.7 1.66E-18  1.52E-18 1.39E-18 1.27E-18 1.17E-18 1.07E-18  9.76E-19 8.93E-19 &.17E-19 7.48E-19
-8.8 6.84E-19  6.26E-19  5.72E-19  5.23E-19 4.79E-19  4.38E-19 4.00E-19 3.66E-19 3.34E-19 3.06E-19
-89 2.79E-19  2.55E-19  2.33E-19 2.13E-19 195E-19 1.78E-19  1.62E-19 148E-19 135E-19 1.24E-19
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