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EXECUTIVE SUMMARY

The objective of this project is to develop a procedure for
evaluation of live load spectra on Michigan bridges. Truck weights,
including axle loads and spacing, are measured to determine the
statistical parameters of the actual live load. Stress is measured in
various components of girder bridges to determine component-
specific load spectra. The deteriorating capacity of corroded steel
bridges is evaluated as a function of the rate of corrosion. Evaluation
procedure is developed for steel girder bridges with regard to fatigue.

The study involves experimental and analytical efforts. A live
load model is developed on the basis of weigh-in-motion (WIM)
measurements, truck counts, truck surveys; and statistical analysis.
Evaluation procedure for corroded steel bridges is developed using
sensitivity functions relating the load carrying capacity, corrosion
patterns and material loss. Fatigue analysis focuses on the
measurement and predictions of component live load spectra.

Field testing equipment included three data acquisition systems,
portable computers, strain gages, accelerometers, a van, power
generator and other items. The majority of equipment was purchased
exclusively for this project. Other equipment tried and considered for
use in this study included electronic theodolite, fleximeter, and the
Culway System. The Culway System was developed in Australia and is
based on instrumentation of concrete culverts.

A large data base of truck axle weights collected at stationary
weigh stations has been provided by the Michigan Department of
Transportation (MDOT). It includes results of an extensive truck
weight survey carried out using truck weighing stations located on I-
75 and I-94 in Michigan. The data consists of over 600,000 trucks,
mostly from 1-75. For each truck, the measured parameters include
axle loads and axle spacing. The survey data appears biased due to
truck driver's motivation to avoid the weigh scales.
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Michigan State Police files were reviewed to survey the trucks
which violated the weight limit regulations. The citation file covers
one year and it includes over 2000 vehicles. Most of the trucks were
fined for minor weight violations. The heaviest vehicles were 11 axle
trucks, weighing over 200 kips. The heaviest axle loads were about 40
kips.

Very little reliable trucks weigh data is currently available to
bridge researchers and designers. Past studies performed in other
states did not provide reliable results due to errors in the data
collection. Therefore, in this project, the major source of the actual
truck loads is WIM measurements. The loads were measured on 7
bridges. WIM equipment was calibrated using trucks provided by
MDOT, University of Michigan Transportation Research Institute
(UMTRI) and other vehicles. The WIM data provide unbiased results
because the drivers are not aware of the measurements and therefore
they do not make any effort of to avoid the scales. The heaviest truck
recorded in the WIM survey was about 230 kips, and the heaviest axle
load was about 50 kips.

Comparisons of the truck weigh station data, citation files and
WIM measurements show that the unbiased truck weights (from WIM)
are 30-50% larger than the extreme values obtained at Weigh Stations.
Citation data agrees well with the heaviest vehicles recorded by WIM
equipment. Measurements were taken on I-94 in the vicinity of the
Truck Weigh Station. When the Station was closed for repairs, the
weight of heaviest trucks increased by 30-40%.

For this report, bridge load spectra are considered in terms of
moments and shears. Moments and shears for various span lengths
have been calculated for each truck in the data base. The results are
plotted on normal probability paper. This scale allows for a better
statistical analysis of the load.

Truck counts were carried out to verify ADTT and to establish
the statistical parameters for multiple presence. The study was
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performed on I-94 and US-23. Results of the counts indicate that
right lane carries 80-90% of the truck traffic, and 65-70% of trucks
are 5-axle trucks. Multiple presence was considered in-lane and side-
by-side. Approximately 1-2% of trucks are followed in-lane by another
truck with the headway distance less than 50 ft. and 5-10% of trucks
travel side-by-side with another truck.

The measurements provided data for the analysis and
verification of the theoretical model of the dynamic load on bridges.
The results indicate that dynamic load (measured with the static load),
decreases with increasing truck weight. Dynamic load was also
considered as a function of vehicle speed and length.

Corrosion is an urgent problem, particularly in the State of
Michigan. The forms of corrosion and its effect on structural behavior
are discussed. In addition, a corrosion evaluation procedure is
formulated and included in this report. A relationship between the
loss of material (plate thickness) and load carrying capacity is
established in the form of sensitivity functions. The study indicates
those web stiffeners at the support are important in extending the
remaining life regarding corrosion.

Fatigue cracks are another common form of deterioration.
Structural behavior depends on load frequency and magnitude.
Therefore, component fatigue load spectra are determined using the
results of WIM measurements, truck survey data and trucks counts.
The results indicate that live load effect is strongly site-specific and
component-specific.

In summary, the major findings of this study is information about
the actual truck weights and axle weights. The gross vehicle weight
(GVW) values and average daily truck traffic (ADTT) vary from site to
site. It was observed that the heaviest trucks tend to avoid the Truck
Weigh Stations. Further results are presented in a Report
sumrmarizing the measurements of selected bridges in the Detroit
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Area. The other Report was submitted to the Michigan DOT in
November 1994.

The contents of this report reflect the views of the authors, who
are responsible for the facts and the accuracy of the information
presented herein. This document is disseminated under the
sponsorship of the Michigan Department of Transportation and Great
Lakes Center for Truck Transportation Research at the University of
Michigan Transportation Research Institute, in the interest of
information exchange. The Michigan Department of Transportation
assumes no liability for the contents or use thereof.
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1. INTRODUCTION

Evaluation of bridges is an increasingly important topic in the
effort to deal with the deteriorating infrastructure. There is a need for
accurate and inexpensive methods to determine the actual loads,
strength of the bridge, and its remaining life. Knowledge of the past
and current load spectra, together with predicted future loads, is
essential in the fatigue analysis. Comparison of load spectra in
different locations can serve as a basis for identification of the fatigue

critical components.

In the United States, about 40 percent of bridges are considered
as deficient. Half of these structures are functionally obsolete (mostly
inadequate clearance), and the other half do not have a sufficient
strength. The major factors that have contributed to the present
situation are: the age, inadequate maintenance, increasing load spectra

(traffic volume and truck weights) and environmental contamination.
' The deficient bridges are posted, repaired or replaced. The
disposition of bridges involves clear economical and safety
implications. To avoid high costs of replacement or repair, the
evaluation must accurately reveal the present load carrying capacity of
the structure and predict loads and any further changes in the
capacity (deterioration) in the applicable time span.

Observations indicate that truck loads vary from site to site.
Some bridges carry heavy truck traffic (volume and magnitude) others
carry lighter traffic. Furthermore, live loads are also component-
specific. This means that live load effects are different for different
girders in the same bridge. The objective of this studyis to determine
the effect of truck loads on the Michigan bridges. Therefore, the
major effort is directed on the development of an efficient truck
measurement technique. An approach is also developed for evaluation
of the actual strength and prediction of the remaining life for existing
bridges. The major directions of research are:



e determination of site-specific truck loads in Michigan,

¢ determination of component-specific load spectra for bridges in
Michigan,

¢ evaluation of corroded steel girder bridges,

e evaluation of steel girder bridges with regard to fatigue.

The need for reliable truck weight data has been recognized by
many State DOTs. For many years, the truck weight measurements
were collected by stationary weigh scales located on major highways.
However, the resulting data base seems to be biased because very
heavy vehicles avoid the scales by special detours. Therefore, the
Federal Highway Administration sponsored an extensive weigh-in-
motion (WIM) measurement program to develop an unbiased truck

weigh data base. Measurements were taken in various locations in the
United States for long periods of time. Processing of the data was the
objective of a special NCHRP Project 12-28(11) "Development of Site-
Specific Live Load Models for Bridges". However, it turned out that the
measurements were done incorrectly and most of the available results
include large errors (40-50%).

Another study was carried out by researchers at the University of
Colorado in 1989-90. WIM measurements were sponsored by the
FHWA. They instrumented about 30 bridges in various regions of the
United States. The results are not available in the FHWA standard
format and therefore are difficult to compare. Therefore, in the
recent calibration of the new LRFD (load and resistance factor design)
code for AASHTO, NCHRP Project 12-33, the live load model is based
on the Ontario truck survey. These developments pointed to an
urgent need for unbiased truck data for various regions of the United
States. This project provides a data base for truck loads in Michigan.

The State of Michigan allows considerably higher truck loads
compared to most of the other states (over 154 kips vs. 80 kips, as
shown in Fig. 1-1). In spite of that, many trucks carry loads in excess
of the legal limits. This may cause an accelerated deterioration due to
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fatigue. Rational evaluation criteria require a good estimate of the
loads. The information concerning actual load are very important for a
prediction of the remaining life and for calculation of the load carrying
capacity of existing bridges. The information can further be used for
the rating of bridges, prediction of the future live loads, and the
development of fatigue load models. Therefore, there is a need to
know the actual loads and their effect on bridges. Some observations
indicate that load spectra vary from component to component. This is
important in evaluation of the fatigue damage and prediction of
remaining life.

In this study, the load spectra are determined on the basis of
three sources:

(@) Truck counts;

(b) Truck weigh station data;

(c) Citation files;

(d) Weigh-in-motion measurements of trucks and component-specific
- live load stress spectra.

Truck count was carried out as a part of this project. The
objective is to determine the number of trucks crossing the bridge in
each direction, type of truck (number of axles) and multiple presence
(more than one truck on the bridge simultaneously). Multiple
presence is considered in lane and side-by-side.

Truck weigh stations are located on the major highways in
Michigan. In this study, the data was provided by the Michigan DOT,
from two locations. It has been observed that the truck traffic is
biased, with overloaded trucks avoiding the scales by using alternative
routes.

State Police citation files provide a data source on overloaded
vehicles. The files covering one year were processed to determine
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the distribution functions of truck weight, axle loads and load effects,
such as moments and shears.

The actual truck loads are verified using weigh-in-motion
measurements. A special instrumentation is used, invisible for the
truck drivers. Therefore, the results can be considered as unbiased.
For the measured trucks, the effect of load on the bridge is calculated
in terms of stresses, moments and shears. The statistical distribution
of the load effects provides a basis for the evaluation of fatigue load
spectra and prediction of the extreme loads.

The statistical distribution functions can be presented in a form
of a traditional histogram (frequency or cumulative). However, this
approach does not allow for an efficient analysis of the extreme values
(upper or lower tails) of the considered distribution. Therefore, the
results are presented on the so called normal probability paper. The
construction and use of the normal probability paper is presented in
Appendix A.

About 10,500 or 65 pércent of Michigan bridges are made of
steel. Therefore, corrosion is an important consideration. In this
study, the effect of corrosion is evaluated by considering various
degrees of material loss (due to various rates of corrosion). Sensitivity
functions are developed relating load carrying capacity with various
corrosion dependent parameters (flange thickness, web thickness).
The analysis indicates that web stiffeners, in particular bearing
stiffeners, considerably increase the structural life.

Fatigue performance depends on strength and load spectra. An
important objective of this project is to determine the actual site-
specific and component-specific loads. The measurements are carried
out for longer periods of time (three weeks). The resulting cumulative
distribution functions are used in the fatigue analysis, based on Miner's
Rule. The equivalent stresses are calculated and compared with the
critical values established by material tests.
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This study is divided into tasks involving analytical and
experimental parts. The relevant information available in the literature
is also included.

Task 1. Literature Survey

The literature was surveyed to determine the available data
pertinent to the effect of truck loads on highway bridges. The covered -
areas include bridge loads (live load and dynamic load), weigh-in-
motion studies (equipment, techniques, results, data processing),
truck surveys (techniques, results, data processing), other load
monitoring techniques, corrosion of steel girder bridges (types, rates,
typical forms, effect on strength, prediction of remaining life), and
fatigue in steel girder bridges (load spectra, fatigue-prone details,
prediction of remaining life). The results of the literature survey are
included in various Chapters of this report.

Task 2. Truck Count

A visual truck count was carried out on US-23 and 1-94 to verify
the average daily truck traffic (ADTT) and establish the statistical
parameters for multiple presence (more than one truck on the
bridge). Numerical simulations indicate that for two lane bridges, two
side-by-side truck produce the maximum effect. The truck count also
provided additional data for the statistical analysis of live load model,
performed in conjunction with the development of the new LRFD code
for AASHTO.

Task 3. Processing Truck Survey Data from Michigan DOT

Truck weights and configurations were obtained from MDOT.
The data covers 13 month measurements (1988-89) collected by
Truck Weighing Stations on I-75 and about a month on 1-94. A total of
over 600,000 trucks are included. The size of the data base caused
special numerical problems which had to be resolved prior to data
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processing. The trucks were run through influence lines to calculate
the maximum moments and shears for various spans. The results are
presented in a form of cumulative distribution functions.

Task 4. Processing of Citation Data

The Michigan State Police files covering one year were
processed. The files include trucks which violated the State legal load
limits. The statistical distribution functions were developed for gross
vehicle weight (GVW) and axle loads.

Task 5. Equipment for Bridge Weigh-in-Motion

The bridge test program has been carried out using equipment
available at the University of Michigan such as the Structural
Engineering Laboratory, Radiation Laboratory, and computer facilities.
Equipment utilized exclusively for this study includes three data
acquisition systems:

(a) data acquisition system developed by the Bridgé Weighing Systems,
Inc. The system includes 8 channel unit for measurement of truck
axle loads, speed, and other critical information).

(b) data acquisition system developed by Krenz Electronics. The
system includes unit with 8 channels for dynamic load
measurements (strains and/or accelerations).

(c) data acquisition system developed by SoMat Corporation. This is a
very compact unit, including 8 channels, for long term strain data
collection.

Additional pieces of equipment include a commercial panel van
equipped for bridge testing, portable 120 volt generator, and two
portable computers for data acquisition and down loading of data.



Task 6. Weigh-in-Motion Measurements

Weigh-in-Motion measurement is the major task of the project
and considerable effort was concentrated on field work and data
collection. Tests were conducted on seven bridges. These sites are
listed below: |

1. 23/HR - US-23 over the Huron River in Ann Arbor, Michigan.
Michigan State Bridge ID: RO1-81074

2. 23/SR - US-23 over the Saline River in Milan, Michigan.
Michigan State Bridge ID: B05-58033

3. 94/JR -1-94 over Jackson Road in Ann Arbor, Michigan.
Michigan State Bridge ID: S01-81062

4. 94/PR - 1-94 over Pierce Road in Grass Lake, Michigan.
Michigan State Bridge ID: S03-81104

5. 14/NY - M14/US-23 over the New York City Railroad in Ann
Arbor, Michigan.
Michigan State Bridge ID: R0O1-81103

6. WY/94 - Wyoming Road over 1-94 in Detroit, Michigan.
Michigan State Bridge ID: S36-82022

7. 75/BC -1-75 Northbound over Bay Creek Road in Luna Pier,
Michigan.
Michigan State Bridge ID: S14-58151

The truck weigh-in-motion (WIM) was performed on the first six
bridges. The strain data (rainflow strain histories) was collected at six
sites: 1 through 5 and 7. The WIM equipment was calibrated using
trucks provided by Michigan DOT and the University of Michigan
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Transportation Research Institute (UMTRI). Verification of the WIM
data was also done by comparing to trucks leaving an operated weigh
station along I-94.

Task 7. Processing of WIM Data

The data collected by WIM equipment was processed using the
computer facilities at the University of Michigan. Programs were
developed to manipulate the large quantities of truck data. The
histograms of truck weight (gross vehicle weight, GVW) and axle load
are shown on the normal probability paper. The measured trucks
were run through influence lines to calculate the maximum moments
and shears for various spans. The maximum observed values
considerably exceed the design values (about three times HS-20
values). The data obtained from the WIM study is compared with the
truck survey data (Truck Weighing Stations). The WIM data can be
considered to be unbiased (vehicle operators are unaware of the test
and are not motivated to avoid WIM measurement sites).

Task 8. Development of Fatigue Live Load Models

This task involved the development of the actual site-specific
and component-specific live load from the strain measurements. The
measurements were taken for extended periods of time, up to three
weeks in unattended mode. The stress spectra were determined for
the girders and diaphragms. Equivalent stress is calculated and
compared to the critical values.

Task 9. Development of Dynamic Load Model for Bridges

The measurements performed using accelerometers and Krenz
Electronics system provide a data for verification of the analytical
model of dynamic load. The design dynamic load is specified as a
function of span length and it is about 0.2-0.3 of static live load.
Numerical simulations performed at the University of Michigan
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indicated that dynamic load does not exceed 0.2 for a single truck and
0.1 for two trucks side-by-side. The analytical work was carried out in
conjunction with the development of the new LRFD code for AASHTO.
The actual measured dynamic loads confirmed the earlier theoretical
findings.

Task 10. Development of Evaluation Procedure for Corroded Bridges

Steel girder bridges (over 60 percent of the total bridge
population in Michigan) are ‘considered for evaluation of strength loss
due to corrosion. Typical corrosion patterns were observed on bridges
in Michigan. Sensitivity functions, relating corrosion rate with the
actual load carrying capacity, were developed for moment capacity,
shear and bearing. A procedure is formulated for evaluation of
corroded steel girder bridges. ‘

Task 11. Development of Evaluation Procedure for Fatigue

The study involves the analysis of fatigue load spectra and fatigue
strength. Load spectra are determined on the basis of the WIM
measurements, truck survey results, and strain time histories. Load
distribution factors are verified in WIM measurements and strain
measurements. The load spectra are determined for individual
girders and diaphragms at six bridge sites noted above. Fatigue
capacity is determined using currently accepted models and structural
reliability theory. The effect of variable amplitude load cycles is
estimated using the rainflow algorithm and Miner's Rule.
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2. TRUCK COUNT
2.1 Results of Observations

A visual truck count of trucks with number of axles in range of
two to ll-axles was carried out in February 1991 to determine the
number of trucks per each lane. Two locations were considered:

(a) 14/NY M14/US-23 over the New York City Railroad in Ann
Arbor, Michigan, for 1 day.
Michigan State Bridge ID: RO1-81 103

(b) 1-94 On the Highway, about 1 mile east of Zeeb Road (about 3
miles east of Ann Arbor), for 2 days.

Trucks were counted in both directions of traffic. There are two
lanes of traffic in each direction. The number of trucks was counted
separately for right lane and left lane. Right and left lanes are defined
according to the direction of traffic. Multiple presence (more than
one truck on bridge) cases were also observed. Three cases were
considered, as shown in Fig.2-1,

(a) in-lane; two trucks following each other with headway
distance (from rear axle of one truck to front axle of the
following truck) less than about 50 ft.

(b) side-by-side in tandem; two trucks in adjacent lanes traveling
with front axles on the same line.

(c) side-by-side and behind; two trucks in adjacent lanes but one
‘behind the other with the distance between front axles less
than 50 ft.
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Fig. 2-1 Simultaneous Presence of Two Trucks.

The numbers of trucks are listed for the right lane (in the
direction of traffic), left lane, and for simultaneous occurrence in lane,
in tandem, and side-by-side with one truck being behind the other.
Results of the truck count are shown in Table 2-1 for 1-94 and Table
2-2 for 14/NY. In the survey on 14/NY, the number of axles was
recorded for each truck. The results are shown in Table 2-3.

Table 2-1 Results of Truck Count on I-94 (West of Zeeb Road).

Hour Eastbound Westbound

Multiple presence Multiple presence

right left in- side-by-side right left in- side-by-side
lane lane lane tandem behind lane lane lane tandem behind

09-10am 241 33 8 0 14 274 45 6 8 14
10-1lam 200 24 4 4 10 236 49 2 16 12
11-12am 170 15 O 4 4 247 42 2 12 16
12-0lpm 172 14 O 6 4 255 42 O 12 11
01-02pm 172 15 O 6 4 215 17 O 4 4
02-03pm 153 6 O 2 0O 235 41 O 16 4
03-04pm 178 17 O 4 4 220 43 2 8 14
02-05pm 147 15 2 2 4 215 41 2 4 12
05-06pm 149 12 8 0 4 176 29 O 6 6
total 1,582 151 14 28 48 2,073 349 14 86 93
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Table 2-2 Results of Truck Count on 14/NY.

Hour Southbound/Eastbound Northbound/Westbound

Multiple presence Muttiple presence

right left in- side-by-side right left in- side-by-side
lane lane lane tandem behind lane lane lane tandem behind

05-08am 273 63 O 14 4 222 68 O 8 6
08-09am 141 38 2 4 11 100 54 O 0 0
09-1lam 317 57 8 2 15 211 114 O 8 6
11-O01lpm 302 52 4 2 10 208 119 O 8 10
01-03pm 302 50 2 10 10 227 94 O 10 6
03-05pm 234 65 4 4 14 194 101 O 4 4
05-06pm 116 46 0 4 12 85 51 2 0 2
total 1,685 371 24 40 76 1,247 601 2 = 38 34
Table 2-3 Observed Number of Axles (14/NY).
Percentage of Trucks
Number of Axles Eastbound Westbound
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2.2 Multiple Presence
Structural analysis indicates that a simultaneous presence of two
trucks on the bridge is critical. The percentage of in-lane and side-by-

side cases (see Fig. 2-1) has been calculated and the results are shown
in Table 2-4.

Table 2-4 Percentage of Multiple Truck Occurrence.

Highway Direction in-lane side-by-side
tandem behind total

[-94 Eastbound 1.8 1.8 3.1 4.9
1-94 Westbound 1.3 4.1 4.5 9.6
14/NY Eastbound 1.4 2.3 4.5 5.8
14/NY Westbound 0.1 3.0 2.7 5.7
Total 1.6 2.9 3.8 6.7

In the recent development of a bridge live load model for the
new LRFD AASHTO Code for the design of bridges, it has been found
that the maximum 75 year moment and shear are caused by two
trucks in adjacent lanes (side-by-side) (NCHRP Project 12-33).
Therefore, there is a need for statistical data on multiple presence.
The truck count results listed in Table 2-4 provide this information
for 1-94 and US-23. The observed percentages for multiple presence
are rather consistent and they provide an indication as to what can be
expected.
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3. TRUCK WEIGH STATION DATA
3. 1 Data Base

Truck weighing stations data includes a very large number of
trucks (over 600,000) and it represents the majority of highway
traffic, but it is biased. It appears that very heavy trucks avoid the
weigh stations by using alternate routes, or operate during hours when
the weigh station is closed. An extensive data set was obtained from
the Michigan DOT. The data covers truck survey carried out in 1987
and 1988 at truck weigh stations located on I-75 (Monroe), and in
1989 on 1-94 (Grass Lake). The total number of measured trucks on I-
75 is given in Table 3-1. The survey on 1-94 covered the Eastbound
direction only. The data base was collected in Oct./Nov. 1989 and
includes 19,874 trucks.

Table 3-1. Number of Trucks in the 1-75 Survey

Year Month North South Total
1987 T Mar ¢ 33,002 13,766 46,858
1987 Apr. 32,898 3874 36,772
1987 May 16,881 29,742 46,623
1987 June 32,196 17,618 49,814
1987 July 32,187 NA 32,187
1987 Aug. 51,408 NA 51,408
1987 Sep. 50.816 NA 50,816
1987 Oct. 15,815 NA 15,815
1987 Nov. 56,233  NA 56,233
1987 Dec. 5832 30,508 36,340
1987 total 327,358 95,508 . 422,866
1988 Jan. 47,540 31,281 78,821
1988 Feb. 39,136 22,963 62,099
1988 Mar 48,397 16,676 65,073
1988 total 135,073 70,920 205,993

1987 and 1988 462,431 166,428 628,859
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For each truck the data contains number of axles, axle loads, axle
spacing, gross vehicle weight (GVW), the date of measurement and
other information.

For each surveyed truck, the maximum moments and shears
were calculated for various simple spans. This resulted in thousands
of values for each span considered. The obtained moments and shears
can be treated as random variables. The most important statistical
parameter describing a random variable is the cumulative distribution
function (CDF). Therefore, the CDF's are derived for the moments and
shears and they are plotted using the normal probability paper.
Probability paper is a special scale which has two important
properties:

o any normal distribution function (CDF) is always represented by a
straight line,
» any straight line represents a normal distribution function (CDF).

The vertical scale on a normal probability paper includes
numbers between 0 and 1 (without O and 1 because these two points
correspond to -/+ «). However, the normal probability scale is very
irregular and difficult to use for computer graphics. Therefore, the it
can be replaced by the inverse standard normal distribution function,
which provides a convenient regular scale from - « to + «. In
structural engineering practice, the range of values is from -5 to 5.
This corresponds to the probability range from 0.0001 to 0.9999.
Zero (0) on the inverse normal probability scale corresponds to the
probability 0.5, -1 corresponds to 0.16, 1 to 0.84, -2 to 0.02, 2 to
0.98, -3 to 0.001 and 3 to 0.999. Therefore, the intersection of zero
on the inverse normal probability scale with the data points
corresponds to the median. The construction and use of the normal
probability paper is described in Appendix A.

3.2. Gross Vehicle Weights

The measurements were taken at Truck Weight Station on I-75
in Monroe, MI. The percentage of trucks corresponding to different
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number of axles is shown in Fig. 3-1. The results are processed for
both directions of traffic. Practically, there is no difference between
Nortbound and Southbound traffic. The percentage of 7-axle to 11-
axle trucks is so low that their are not visible in the Fig. 3-1. Detailed
analysis is done in Fig. 3-2 through Fig. 3-5.

100

Percentage of Trucks (%)

Southbound
Northbound | |

2 3 4 5 6 7 8 9 10 11
Number of Axles

Fig. 3-1. Histogram of Truck Type (Number of Axles) for [-75.

The weights of surveyed trucks are presented in histograms.
Northbound and Southbound directions are considered separately.
Figure 3-2 shows gross weight histograms for I-75 Southbound in
1987. The number of trucks, is 95,508 see Table 3-1. In Fig. 3-3, the
histograms are presented for [-75 Northbound in 1988. The
corresponding number of trucks is 135,073. The histograms are
rather similar.Review of the results indicates that most of the truck
weights are within legal limits. The histograms include a full range of
trucks, from empty vehicles to fully loaded ones. Therefore, some of
the histograms have two humps. In particular, it is visibles in case of
more than 4-axle trucks.
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3. 3 Moments Due to Surveyed Trucks

The moments and shear forces are calculated for each truck to
derive the cumulative distrution function (CDF). The results are
plotted on normal probability paper with the vertical scale
representing the inverse standard normal distribution function.
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For an easier comparison, the calculated moments (shears) are
divided by the design HS-20 moments (shears) (AASHTO 1992)
without impact. The moment (shear) ratio is plotted on the horizontal

axis.

The calculated moments are presented separately for 1-75
Northbound, I-75 Southbound and 1-94 Eastbound. The results are

shown in Fig. 3-6 through 3-12.
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For Northbound traffic in 1987 and 1988, the results are shwon
in Fig. 3-6 and 3-7, respectively. The irregularities (waves) in the
curves indicate humps in the histogram, which corresponds to
different types of trucks and whether they are fully loaded or not.

The CDF's of moments for Southbound trucks in 1987 and 1988
are shown in Fig. 3-8 and 3-9, respectively. In the Fig. 3-10, the CDF's
are plotted for all the surveyed trucks on I-75 (North and South, 1987
and 1988, combined).

The moments for Eastbound traffic on I-94 are shown in Fig. 3-
11. The number of trucks is considerably smaller than on I-75
(19,874 vs. 628,859), but the extreme moments corresponding to
about 4 on the inverse normal probability scale are similar.

The differences in the moments corresponding to different
months are presented in Fig. 3-12. The results are shown for the span
of 60 ft and 10 months (March through December) in 1987 and 3
months (January through March) in 1988.

In most cases the maximum moments do not exceed twice HS-
20 moments. The differences in moment values are more a function
of span length than month, year, or direction of traffic.
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3. 4 Shears Due to Surveyed Trucks

The calculated shears are also presented separately depending
on traffic direction and year of survey, for I-75 Northbound, I-75
Southbound and 1-94 Eastbound. The results are shown in Fig. 3-13
through 3-19.

For Northbound traffic in 1987 and 1988, the results are shown
in Fig. 3-13 and 3-14, respectively. As in the case of moments, the
irregularities (waves) in the curves indicate humps in the histogram,
which corresponds to different types of trucks and whether they are
fully loaded or not.

The CDF's of shears for Southbound trucks in 1987 and 1988 are
shown in Fig. 3-15 and 3-16, respectively. In the Fig. 3-17, the CDF's
are plotted for all the surveyed trucks on I-75 (North and South, 1987
and 1988, combined).

The shears for Eastbound traffic on 1-94 are shown in Fig. 3-18.
The shape of CDF's is different than for I-75 trucks. This indicates,
that truck traffic is different with regard to weights, axle loads and
axle spacing. However, the maximum values in Fig. 3-18,
corresponding to 4 on the inverse normal probability paper, are
similar to the shears calculated for I-75.

In most cases the maximum shears do not exceed twice HS-20
shears. The differences in shear values are more a function of span
length than year or direction of traffic.
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3.5 Discuésion of Results

In general, from the histograms of GVW, it is clear that the

surveyed trucks do not exceed the Michigan legal loads.

maximum moments (shears) are in most cases less than twice HS-20

moments (shears). '

The moments and shears obtained as a part of this study by field
measurements and shown in Chapter 8 are considerably larger than
maximum values resulting from the measurements taken at the weigh
stations. This observation indicates that the truck survey data is
biased because the heaviest trucks avoid the scales.
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4. CITATION DATA

Another possible source of information regarding weight and
configuration of highway trucks is the citation data of overweight
vehicles. This data base was provided by the Michigan State Police
Motor Carrier Division. The survey covered 2,511 citations in the
calendar year 1985. The data was processed in two subgroups,
corresponding to half-year periods; the first one is denoted by
January-May and the other by June-December.

The frequency histogram for the number of axles of citation
trucks is shown in Fig. 4-1. The traffic is dominated by 5 and 6 axle
trucks. The third most frequent number of axles is 11.

The frequency histogram fpr the gross vehicle weight (GVW) of
all citation trucks is shown in Fig. 4-2. Most of GVW's are between 70
and 90 kips. :

The gross vehicle weight is also represented as by cumulative
distribution function (CDF). The distribution functions are plotted
using normal probability paper, as described in Appendix A. The
vertical scale corresponds to the probability and the actual numbers
are equal to the inverse normal probability. - The CDF's of the gross
vehicle weight for January-May and June-December are plotted in Fig.
4-3. For the whole year, the cumulative distribution function is
plotted in Fig. 4-4.

The distribution functions of axle load are shown in Fig. 4-5 and
4-6, for the first and second half year periods, respectively. For the
whole year the results are shown in Fig. 4-7.

The heaviest trucks in the citation file were identified. The
vehicles with GVW > 200 kips are shown in Fig. 4-8. The schematic
figures of trucks with axle weight exceeding 35 kips are shown in Fig.
4-9.
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Fig. 4-8. Trucks with GVW > 200 kips, Citation Data.
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5. TESTING EQUIPMENT

The testing equipment is very important in this project. The
main objective is to collect data for the development of live load
spectra. Several data acquisition systems were considered. Most
data was collected using the Bridge Weighing System Inc. (BWS) unit
specially purchased by the Michigan DOT for this project. The
equipment is described in four groups including items available at the
University of Michigan, equipment provided by MDOT, specially
purchased equipment, and other equipment.

The system provided by MDOT was supplemented by other
equipment purchased by the University of Michigan (U of M). The
purchased items, by MDOT as well as by U of M, include: 8-channel
data acquisition unit by Krenz Electronics, 8-channel data acquisition.
system by SoMat Corporation, two portable computers, power
generator, van, accelerometers, strain transducers and miscellanous
items such as tape switches, cables, clamps, and ladders.

5.1 Equipment Available at the University of Michigan

The computations and laboratory tests were carried out using
the facilities available at the University of Michigan, and in particular
at the Structural Engineering Laboratory and computer workstations.

The Structural Engineering Laboratory (SEL) was used to
calibrate and adjust the testing equipment. Several state-of-the art
electronic controllers and recorders are used for load and
displacement control and graphical output display.

The computer facilities available to the project team include the
University of Michigan Computer Aided Engineering Network (CAEN)
and desktop computers. The state-of-the-art Computer Aided
Engineering Network uses a variety of links to connect IBM and Apple
personal computers, as well as the more powerful Apollo DN3000 and
DN4000 machines, Sun, Harris, and Alliant computers. Several
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computer networks including the Apollo, Ethernet, and Appletalk
make it possible for the computing resources of all machines to be
shared. An IBM 3090-400 is accessible from any personal computer
via the Michigan Terminal System (MTS).

5.2 WIM Equipment

The WIM Data acquisition system was purchased by the Michigan
DOT from the Bridge Weighing Systems, Inc. (BWS). The BWS system
was designed to collect axle and gross weights on vehicles moving at
highway speeds. It is based on a prediction method that was
developed at the Case Western Reserve University (Moses and Ghosn,
1983). It uses instrumented bridge girders that offer several
advantages over pavement scales. The measurements can be carried
out in up to two traffic lanes.

The system purchased by MDOT consisted of the basic unit, 10
strain transducers, 6 cables, 2 T-boxes, and 10 tape switches. The
unit is capable of handling up to 8 channels (original unit handled 6
channels and it was upgraded later) with analog front end (AFE), data
processor (MVME105 computer with a mass storage device, a Citadel
Datavault). In addition, a power generator and a notebook computer
(to view and download data) were purchased by the Project Team.
The unit required a power generator to provide AC. The main
components of the system are shown in Fig. 5-1.

The data processor contains a Motorolla MVME105 processing
board and one Citadel Controller card. It has a 2 Mbytes of solid state
mass storage that resides on a removable cartridge (Datavault). It is
also equipped with a 64 Kbytes of battery backed static Random
Access Memory (RAM), that is utilized to store the WIM site
parameters files. When the system is booted up those files are read by
the AFE and updated to be used with the data acquisition routines.
The system originally required AC current provided by a power
generator. An adjustment was made to change to DC supplied by a
battery. '
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The analog front end (AFE) system acts as a signal conditioner
and amplifier with a capacity of 8 input channels. Each channel can
condition and amplify signals from strain transducers. During data
acquisition, the AFE maintains the strain signals at zero. The auto-
balancing of the strain transducers is activated when the first axle of
the vehicle crosses the first axle detector. As the truck crosses the
axle detectors the speed and axle spacing are determined. When the
vehicle reaches the bridge, the strain sampling is activated. As the
last axle of the vehicle has exited the instrumented bridge span, the
strain sampling is turned off. Data received from strain transducers is
digitized and sent to the MVME105 computer where axle weights are
determined by an influence line algorithm. These data do not include
dynamic loads. This process takes from 1.7 to 3.0 seconds,
depending on the instrumented span length, vehicle length, number
of axles, and speed.

In the spring of 1992 the BWS WIM equipment was upgraded to
operate on 12V DC and store data on static random access memory
rather than 120V AC and the mass storage Citadel Datavault. All files
are stored in SRAM capable of holding up to 20,000 truck records.
Captured strain files may also be stored in SRAM with a maximum of
175 records.

The strain transducer used for the system is shown in Fig. 5-2.
It is clamped to the upper or lower surface of the bottom flange of the
steel bridge girder and placed in the middle third of a simple span, as
shown in Fig. 5-3.

All transducers which are calibrated by company are placed on
the girders at the same distance from the abutment. MDOT purchased
10 strain transducers. The University of Michigan purchased
additional eight transducers. One was stolen during the
measurements and another one broke. So currently the project team
has 16 strain transducers.
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Fig. 5-2. Schematic of Strain Transducer Used in the WIM System.

"C" clamp —_—

Fig. 5-3. Demountable Strain Transducer Mounted to the Lower Flange.

Tape switches consist of two metallic strips that are held out of
contact in the normal condition. As a vehicle wheel passes over the

© tape it forces the metallic strips into contact and grounds a switch. If
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a voltage is impressed across the switch, a signal is obtained at the
instant the vehicle crosses the tape. This signal is fed to a computer
whereby the speed, axle spacing and number of axles are determined.
The tape switches are placed perpendicular to the traffic flow and
used to trigger the strain data collection. All cables used to connect
tape switches and strain transducer to the AFE are five pin wire
cables.

The major problem with tape switches is their vulnerability to
damage by moving traffic, in particular if the pavement is wet. Various
alternative devices were considered. Infrared sensors were purchased
by the project team to replace the tape switches. The infrared system
consists of a source of infrared light beam and a reflector. Source of
light is installed on the side of the road. Reflector is installed in the
center of the traffic lane. However, the problem of their vulnerability
to damage by moving traffic has not been resolved. The infrared
system is more difficult to install and truck can easily move the
reflector and interrupt the operation (light beam must be aligned).

5.3 Data Acquisition Systems by Krenz Electronics

The data acquisition unit by Krenz Electronics, transient
recorder - model No.TRC 6410, is designed for a maximum of six
Analog/Digital modules, each with 4 channels. The unit used in this
project is operating with 8 channels with range 100mV to 20V. The
sampling rate is controlled externally. The output signal can be
received in several ways: analog display of the signals on an
oscilloscope (serial or parallel), analog output on a x/y or y/t plotter
(serial or parallel), or digital data output to computer. The unit is
connected to a dedicated: portable computer which serves as the
means of communication. Structural response is measured by
recording the accelerations (acceleratorometers are placed on lower
flanges of bridge girders). The AC power is provided by a portable
generator. The main components of the system are shown in Fig. 5-4.
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5.4 Data Acquisition System by the SoMat Corporation

The SoMat Corporation system for Strain Gage Module is shown
in Fig. 5-5. It includes a power/processor/ communication module, 1
Meg CMOS extended memory unit, and 8 strain gage signal
conditioning modules. The system is designed to collect strains
through 8 channels in both attended and unattended modes with
range 2.1 mV to 12.5 mV. A second notebook computer is used to
communicate with the SoMat system for command regarding data
acquisition mode, calibration, initialization, data display, and
downloading of data. The SoMat system has been configured
specifically for the purpose of collecting stress/strain histories and
statistical analysis for highway bridges. This is possible due to the
modular component arrangement of the system.

The data acquisition system consists of five major components
totaling 12 modules - eight strain transducer signal conditioning
modules and four for Battery pack, Power/Communications, 1MB
CMOS Extended Memory. and Model 2100 NSC 80180 Processor (see
Fig. 5-5). Regulated power is supplied by a rechargeable 11.3 - 13.4
volt electrically isolated DC - DC converter. This unit powers all
modules as well as providing excitation for strain transducers. Serial
communications via RS 232C connector and battery backup for
memory protection is provided by the Power/ Communications
module. An Extended Memory Module of 1 megabyte high speed low
power CMOS RAM with backup battery for data protection is included
for data storage. 8 strain gage conditioning modules each provide 5
volt strain transducer excitation, intermal shunt calibration resistors,
and an 8 bit analog to digital converter.

Strain measurement range is + 2.1 mV minimum and £ 12.5 mV
maximum. The Processor module consists of 32 kilobytes of
programmable memory and an NSC 80180 high speed processor
capable of sampling data in simultaneous mode resulting in a
maximum sampling rate of 3000 Hz. Communication to the PC is via
RS 232C at 57600 baud. Data acquisition modes include time history,
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burst time history, sequential peak valley, time at level matrix,
rainflow matrix, and peak valley matrix. Following collection, data is
reviewed and downloaded to the PC hard drive for storage, processing
analysis and plotting.

5. 5 Other Equipment

Bridge Weighing System, Krenz Electronics system and SoMat
system are transported in the commercial van, dedicated to bridge
testing.

Three other available data acquisition systems were considered
in this study. Two of the reviewed systems were developed by
TestConsult-CEBTP (Centre Experimentale de Recherches et d'Etudes
du Batiment et des Travaux Publics, France) and the Main Roads
Department in Australia. The objective of the investigation was to
evaluate the efficiency of the available systems in measurement of
truck loads. Because of excessive cost, these systems were not
purchased for the project.

5.5.1 Electronic Theodolite

The bridge monitoring system was originally developed in
France by the CEBTP. The system measured deflections of the bridge
structures and uses a video camera and a target to measure deflection
optically. The camera is focused on the a reflective target which is
fixed to the bridge. The target is a rectangular board. The upper half of
the target is white and reflective, and the lower half is black.
Theodolite measures the ratio of black to white by counting the
number of pixels in each half. Any vertical movement results in a
change in this ratio, and it is converted into a change in output
voltage. The system has no inertia, and it can respond to dynamic and
static deflections. Static component can be separated from the
dynamic oscillation.
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An example of the results of measurements are shown in
Chapter 7. The major problem with using this equipment is a high
cost. One unit costs over $10,000 and it can take measurements only
at one point at the time.

5.5.2 Fleximeter

The fleximeter used in this study was also provided by the
CEBTP. Fleximeter is in effect a rotary potentiometer with a spring
loaded return. An invar wire is wound around the shaft and attached
to the bridge by a kevlar cord. A heavy steel base holds the unit down,
and vertical movement of the bridge deck thus causes rotation of the
shaft, varying output voltage. The use of kevlar and invar for the
connection minimizes drift caused by temperature and elasticity in the
system. Since this is a mechanical system, it has inertia and will thus
filter out most dynamic components, following only static or quasi-
static deflections.

The output from this device is recorded on a portable computer
equipped with a data acquisition card. Triggering of the acquisition
was taken from the tape switches used by the WIM system.

The system was not used in further work because:
- result were not more accurate than strain transducer readings
- each girder required a separate device, which would be prohibitively
expensive
- operation would require one operator per girder

5.5.3 Culway

The Culway system was developed by the Main Roads
Department, Western Australia, in conjunction with the Australian
Road Research Board. The system uses existing road culverts as
dynamic scales to measure the weight of axles as they pass over the
culvert.. soil The system needs a culvert with high strata above to filter
dynamic effects. It has a distinct advantage that on a relatively smooth
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road, the soil will dump out most of the dynamic responses which
were evident in the bridge weighing system.

Culway weighs an axle of a vehicle as it crosses a culvert, by
measuring the bending strain caused by the axle load on the culvert.
The basic elements of a Culway, apart from a suitably sized culvert, are
data acquisition system, portable computer, strain gages and axle
sensors. Four strain transducers, which are attached to the culvert
roof, are constantly monitored by the data acquisition system, which
responds to signals from the axle sensors. The mechanical strain
amplifiers must be positioned to obtain the maximum strain reading in
the culvert for any vehicle traveling in the lane being monitored. The
strain measurements in the concrete culverts due to axle loading are
small, in the order of 1 to 50 microstrain (1 microstrain = 0.000001
in/in). In order to produce a more powerful signal, mechanical and
electronic amplification is used.

The axle sensors detect the presence of a vehicle and are
located at a fixed spacing of about 30 ft, so that axle presence and
number can be detected and vehicle speed computed. Those sensors
are made of galvanized or stainless steel strip separated by neoprene
foam tap pads, all enclosed in a waterproof cloth tape.

The micro-computer based data acquisition system is specially
set up to perform the tasks required in the Culway operation. A
portable computer is used to retrieve and process the results. The
accuracy of system is estimated at about 10% for GVW.

The Culway system was not used in further study because:
- concrete culvert with the required parameters is difficult to find
- accuracy is not better than using strain transducer

- dynamic effects are filtered out and can not be considered.

The results of these pilot studies were supposed to be published
by the Ontario Ministry of Transportation but they not done it yet.
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6. SELECTED BRIDGE SITES

Bridges were selected by the Project Team in cooperation with
the Michigan DOT staff. Culway system was tried on a culvert located
in Ontario, Canada, with the assistance provided by the Ontario
Ministry of Transportation. Important factors considered in the
selection process included accessibility from the ground, availability of
space to work, low dynamic effects and placement of tape switches or
infrared sensors.

Seven structures were selected as are listed below together with
data describing the traffic condition. There is even the annual average
24-hour traffic volumes (ADTT) and annual average 24-hour
commercial traffic volumes (CADT). The data is for both directions of
traffic and has been provided by MDOT-Transportation Planing
Department. The location of the bridges is shown in Fig. 6-1, 6-2, 6-
3, and 6-4.

1. 23/HR - US-23 over the Huron River in Ann Arbor, Michigan.
Michigan State Bridge ID: R01-81074 |
ADTT: 59,000
CADT: 4,200 - 7.1 percent

2. 14/NY - M14/US-23 over the New York City Railroad in Ann
Arbor, Michigan.
Michigan State Bridge ID: R01-81103
ADTT: 65,000 |
CADT: 4,300 - 6.6 percent

3. 94/JR -1-94 over Jackson Road in Ann Arbor, Michigan.
Michigan State Bridge ID: S01-81062
ADTT: 30,000
CADT: 4,700 - 15,7 percent
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4. 94/PR - 1-94 over Pierce Road in Grass Lake, Michigan.
Michigan State Bridge ID: S03-81104
ADTT: 37,000
CADT: 8,400 - 22,7 percent

5. 23/SR - US-23 over the Saline River in Milan, Michigan.
Michigan State Bridge ID: B05-58033
ADTT: 31,000
CADT: 4,400 - 14,2 percent

6. 75/BC - 1-75 Northbound over Bay Creek Road in Luna Pier,
Michigan.
Michigan State Bridge ID: S14-58151
ADTT: 40,000
CADT: 11,000 - 27.5 percent
On this bridge only measurement for fatigue study was done.

7. WY/94 - Wyoming Road over 1-94 in Detroit, Michigan.
Michigan State Bridge ID: S36-82022
ADTT: 122,000
CADT: 410 - 0.3 percent

On this bridge only WIM was done.
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6. 1 Bridge 1 (23/HR)
Bridge 1 (23/HR) carries Northbound traffic on US-23 over the

Huron River, as shown in Fig. 6-5 and 6-6. The cross section and
other details are shown in Fig. 6-7. Measurements were taken in the

entrance span (in the direction of traffic). The selected span is 78'-6"
long and the width is 35'-11" with a skew of 14° and consists of 6
steel girders spaced at 6'-3".

Fig. 6-6. View of Bridge 23/HR, US-23 over Huron River.
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6.2 Bridge 2 (14/NY)

Bridge 2 (14/NY), carries Southbound traffic on US-23 and
Eastbound traffic on M-14 over the NYC railroad, as shown in Fig. 6-8
and 6-9. The cross section and other details are shown in Fig. 6-10.
Measurements were taken in the entrance span (in the direction of
traffic). The entrance span is 52'-6" long and the width is 42', with a
skew of 25° and consists of 8 steel girders spaced at 6' which are

composite with the concrete slab.

y

52 - 6" 77" - 8" 52'- 6"

Fig 6-8. Bridge 14/NY, M14/US-23 over the NYC Railroad.
Side Elevation.

Fig. 6- 9 V1ew of Bndge 14/NY, M14/US 23 over NYC Ra_llroad
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6.3 Bridge 3 (94/JR)

Bridge 3 (94/JR) carries Westbound traffic on 1-94 over Jackson
Road in Ann Arbor as shown in Fig. 6-11 and 6-12. The cross section
and other details are shown in Fig. 6-13. Measurements were taken in
the entrance span (in the direction of traffic). The selected span is
52'-6" and the width is 47"-8" with a skew of 33° and consists of 9
girders with spacings as shown in Fig. 6-13.

]

51’ - 8"

!
l
|

L Fig 6-11. Bridge 94/JR, 1-94 over Jackson Road, Side Elevation.

75' - 6" 1 51'- 8"
|

~v—

s

Fig. 6-12. View of Bridge 94/JR, 1-94 Westbound over Jackson Road
in Ann Arbor.
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6.4 Bridge 4 (94/PR)

Bridge 4 (94/PR) carries Eastbound traffic on I-94 over Pierce
Road near Grass Lake, as shown in Fig. 6-14 and 6-15. The cross
section and other details are shown in Fig. 6-16. Measurements were
taken in the entrance span (in the direction of traffic). The selected
span is 34'-6" and the width is 45’ with a skew of 299 consists of 10
girders spaced at 5'.

34' - 6" . | 34' -

Fig 6-14. Bridge 94/PR, [-94 over Pierce Road, Side Elevation.

At S A G O R R e
Flg 6 lo. Vlew ot Bndge 94/ PR) 1-94 Eastbound over Pierce Road
near Grass Lake.
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6.5 Bridge 5 (23/SR)

Bridge 5 (23/SR) carries Southbound traffic on US-23 over the
Saline River in Milan as shown in Fig. 6-17 and 6-18. The cross
section and other details are shown in Fig. 6-19. Measurements were
taken in the entrance span (in the direction of traffic). The selected
span is 32'-6" and the width is 45', with a skew of 0° and consists of
10 girders spaced at 5'.

32'-6" 50'-0" 32'-6"

|
|

‘ .

CW OI-b

Tg. St

in Milan.
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6.6 Bridge 6 (75/BC)

Bridge (75/BC) carries Northbound traffic on I-75 over Bay
Creek Road in Luna Pier as shown in Fig. 6-20 and 6-21. The cross
section and other details are shown in Fig. 6-22 Measurements were
taken in the entrance span (in the direction of traffic). The selected
span is 35'-6" and the width is 54' with a skew of 00 and consists of
10 girders spaced at 6'-0".

|
38'- 6" ! 39'-0"

O s g e 3 7 % 2~ XUEn 7Y ; BAIACS
Fig. 6-21. View of Bridge 75/BC, I-75 Northbound over Bay Creek
Road in Luna Pier. '
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6.7 Bridge 7 (WY/94)

Bridge (WY/94) carries Southbound traffic on Wyoming Road
over 1-94 in Detroit as shown in Fig. 6-23 and 6-24. The cross section
and other details are shown in Fig. 6-25. Measurements were taken in
the entrance span (in the direction of traffic). The selected span is
39' and the width is 41' with a skew of 18° and consists of 9 girders
spaced at 5'-1 1/2".

33'-9" 33-9"

54'_9" _J: 54v-9n

Fig 6-23. Bridge WY/94, Wyoming Road over I-94, Side Elevation.

Fig. 6-24. View of Bridge WY/94, Wyoming Road Southbound over 1-94
in Detroit.
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7. CALIBRATION AND PILOT STUDY

The pilot study was conducted to evaluate the available

equipment. Bridges were selected by the Project Team in cooperation
with the Michigan DOT staff.

7. 1 Weigh-in-Motion using Bridge Weighing System Equipment

The objective of the pilot study was to evaluate and calibrate the
equipment. A detailed description of installation procedure and
operation of the WIM is described in the BWS Weigh-in-Motion (WIM)
manual.

The installation procedure is summarized in steps 1 through 6:

Step 1.

Step 2.

Step 3.

Installation of lane sensors.

Lane sensors(tape switches or infrared detectors) are attached
to the pavement, two in each lane and perpendicular to the
direction of traffic. After the sensors are installed the exact
distance between sensors is measured and recorded in the
system in order to calculate the speed and axle spacing. The
traffic must be stopped for about 15 minutes in each lane
during installation.

InstaHation of demountable strain transducers.

Demountable strain transducers are attached to the lower
flanges of girders using C-clamps. Access to girders is an
important consideration in selecting a bridge for WIM testing.
Strain transducers must be located in the middle 1/3 of the

span.

Installation of cables.

The strain transducers are connected to the main unit using 5



Step 4.

Step 5.

Step 6.
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shielded cables. Cables also connect the main unit with lane
Sensors.

Initiation of the BWS Computer

AC power was provided by a portable gasoline powered
generator. Communication with the BWS system is through a
separate portable computer. All data concerning influence
lines, girders, and other physical parameters are entered into
the BWS computer and the system is instructed to begin
weighing operation.

Calibration.

The WIM equipment was calibrated using scale calibration
trucks provided by MDOT or University of Michigan
Transportation Research Institute (UMTRI) described in
Section 7.1.1. The readings are verified and calibration
constants are determined by running a truck with known axle
loads over the bridge several times in each lane. The
calibration is performed once for each tested structure. The
examples of the obtained data are shown in Section 7.1.2.

Operation.

The system is triggered when the first tire triggers the lane
sensor. Strain measurements are taken at the rate of 62.5 Hz.
Vehicle speed is calculated from the time delay between the
first and second tape signal. Number of axles and axle
distances are computed by the system and recorded. The
dynamic strains sampled from each of the channels is then
decomposed using preprogrammed influence lines into axle
weights. A smoothing technique is used to determine the
static weights from the dynamic records. Results of axle
spacing and weight calculations are stored in memory for later
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processing and summarization. The weighing operation results
may be displayed in real time.

7.1.1 Calibration Trucks

The axle configuration of the various scale calibration trucks
used for investigated bridges (see Chapter 6) are shown in Fig. 7-1 to
Fig. 7-4.

The axle configuration of the Michigan DOT three axle
calibration truck used for Bridge 1 on US-23 over Huron River
(23/HR) is shown in Fig. 7-1.

? 41_ 6" ? 141_ 5||

[ I
1796k 1632k

Fig. 7-1. Michigan DOT Three Axle Calibration Truck.

Calibration vehicle axle weights and spacing used at Bridge 2 on
1-94 over the New York City Railroad (14/NY) are shown in Fig. 7-2.
The truck used for calibration on Bridge 3 on 1-94 over Jackson Road
(94/JR) in Ann Arbor is shown in Fig. 7-3. The configuration of
UMTRI truck used for the calibration of Bridge 5 on US-23 over the
Saline River (25/SR) in Milan is shown in Fig. 7-4.
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17.74k 1830k 11.82k

Fig. 7-2. Calibration Truck Used for Bridge 2 (14/NY).

t 15'- 7"

i
2848k 10.52 k

Fig. 7-3. Calibration Truck Used for Bridge 3 (94/JR).
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Fig. 7-4. University of Michigan Transportation Research Institute
Calibration Truck.

7.1.2 Calibration Results

The results of calibration for Bridge 1 (23/HR) are presented in
Table 7-1. An example of the stress vs. time results for a calibration
pass on the US23 bridge over the Huron River is shown in Fig. 7-5.
The sampling rate is 62.5 Hz and it is fixed by the BWS equipment.
Fig. 7-5 can be used to verify the adequacy of 62.5 Hz sampling rate.
The plot appears somewhat ragged and incomplete, therefore the
dynamic stress/strain data, fatigue data sampled with Somat was
conducted at a higher rate of 200 Hz.

The results of calibration for Bridge 3 (94/JR) are summarized
in Table7-2. The calibration was verified using different calibration
factors. The calibration factor for the right lane is denoted by R and
for the left lane by L. The results for two different sets of calibration
factors are presented in Table 7-3 and 7-4. The error in estimation of
the gross vehicle weight varies from -1.8 to 5.0%, for passage of the
calibration truck without any other truck on the bridge.

Results of calibration for Bridge 5 (23/SR) are shown in Table 7-
5. The statistics for lane one are as follows: mean gross vehicle weight
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equal to 59.9 kips, standard deviation equal to 1.21 kips, and the
coefficient of variation equal to 2.0%.

Table 7-1. Calibration Results for Bridge 23/HR.

Truck|| Left Right Rear |Middle | Front
Lane | Lane Lane Axle, Axle, | Axle, G.V.W. | Notes

=Posit. Factor | Factor | kips kips kips kips
Calibr. - - 17.96|16.32 |1 13.80| 48.08 -
Truck|
Right || 0.165 | O. 185 14.2 14.2 9.5 38 -

Right || 0.165 | 0.185 15.5 15.5 12.1 43.1 -

Right | 0.165 | 0.185 14.7 14.7 10.5 39.8 Good

Right | 0.165 | 0.185 17.6 17.6 13.5 48.5 Good

Right | 0.165 | 0.185 18.9 18.9 14.2 52 -

Right || 0.165 | 0.185 19.2 19.2 14.3 52.7 N.Good

Right || 0.165 | 0.185 10.9 10.9 9.3 31 Cars

Right || 0.165 | 0.185 15.6 15.6 12.2 43.5 Cars

Right || 0.165 | 0.185 18.6 18.6 14 51.1 Good

Right || 0.165 [ 0.185 19.7 | 19.7 14.6 54.1 Good

Right || 0.165 { 0.185 16.7 16.7 12.8 46.1 Good

Left 0.165 0.185 11.5 11.5 9.7 32.8 one car

Left 0.165 0.185 16.9 16.9 13 46.9 one car

Left || 0.165 | 0.185 17 17 13 47 Good

Left || 0.165 | 0.185 18.2 18.2 13.7 50.1 Goaod

Left || 0.165 | 0.185 17.6 17.6 13.4 48.6 Good

Left || 0.165 | 0.185 17.2 17.2 13.1 47.6 one car

Left 0.165 0.185 16.9 16.9 13 46.8 one car
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Table 7-2. Calibration Results for Bridge 94/JR.

Truck

Left Right Rear Front Gross | Notes
Lane Lane Lane Axle, Axle, Weight,
Position]| Factor | Factor kips kips kips
Calibr. - - 24.48 | 10.52 35.0 -
Truck
Right 0.165 0.185 24.8 13 37.9 Good
Right 0.165 0.185 24.4 13.4 37.9 Good
Right 0.165 0.185 26.2 13.6 39.8 Good
Right 0.165 0.185 23.3 13.4 36.7 Good
Right 0.165 0.185 25.5 13.5 39 Good
Right 0.165 0.185 23.7 13.7 37.4 Good
Right 0.165 0.185 25.5 13.5 39 Good
Left 0.165 0.185 24.9 14.6 39.5 Good
Left | 0.165 | 0.185 22.9 14.2 37.1 Good
Left 0.165 0.185 24.2 14.3 38.5 Good
Left 0.165 0.185 27.9 11.6 39.5 Good
Left 0.165 0.185 25.1 14.6 39.9 Good
Left 0.165 0.185 25.6 13.1 38.7 Good
Left 0.165 0.185 27.3 12 39.3 Good
Left 0.165 0.185 25.2 14.8 40.1 Good
Left 0.165 0.185 24.6 14.1 38.8 Good
Truck | Static | Weight 28.28 10.56 39.04
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Tab. 7-3. Calibration Results on Bridge 94/JR.
UMTRI Truck, 08/13/91, Calibration Factors R=0.178, L=0.166 .

Truck Gross | Gross Axle Weight
Lane || Lane | Weight,| Weight kips Comments
Positior}l Factor | kips | Error
%

_ 14 2 3 4

Calibr. “ 59.6 - 14.56{15.80115.80 ] 13.44 -
Truck

9

Right J| 0.178 60.9 1.0 .6 19.5 19.5 12.2 No Trucks

Right || 0.178 63.7 5.6 9.7 20.2 20.2 13.5 One Truck

Right || 0178 | 603 | 00 | 96 | 192 | 192 | 123 No Cars
Left || 0166 | 613 | 1.7 | 97 | 203 | 203 | 110 No Cars
Left || 0066 | 601 | 00 | 96 | 107 | 197 | 110 No Cars
Left | 0166 | 596 | 00 | 96 | 193 | 193 | 114 No Cars

Tab. 7-4. Calibration Results on Bridge 94 /JR.
UMTRI Truck, 08/13/91, Calibration Factors R=0.167, L=0.181 .

Truck Gross | Gross Axle Weight
Lane || Lane | Weight| Weight kips Comments

Positior] Factor kips | Error

%

Right || 0.181 63.3 5.0 9.7 20.4 20.4 12.7 No Trucks

Right | 0.181 66.2 9.8 9.8 21.2 21.2 14.1 One Truck

Right || 0.181 | 62.7 3.9 9.7 | 20.1 | 20.1 12.8 No Cars
Left || 0.167 | 60.9 1.0 12.3 | 189 [ 189 10.9 No Cars
Left | 0167 | 59.7 | -1.0 9.6 19.6 | 19.6 10.9 No Cars

Left || 0.167 | 592 | -1.8 9.6 19.1 19.1 11.4 No Cars
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Fig. 7-5. Stress History of Girder 1, 23/HR, BWIM @ 62.5 Hz.

Table 7-5. Calibration Data for Bridge 23/SR in Milan.

Truck Axle Weight Gross
Lane kips Weight | Lane
Position kips Factor
1 2 3 4

Calibr.|14.56|15.80115.80| 13.44 | 59.6 -
Truck

Right 9.2 15.7 15.7 8.8 49.4 0.1500

Right 7.7 20.9 20.9 10.2 59.7 0.1810

Right 8.1 19.3 19.3 9.9 56.8 0.1810

Right 8.2 19.9 19.9 10.4 58.5 0.1810

Left 8.4 21.1 21.1 13.2 63.7 0.1849

Left 8.4 19.9 19.9 11.8 59.9 0.1849

Left 8.5 20.3 20.3 12.0 61.2 0.1849

" Left 8.8 20.1 20.1 12.2 61.1 0.1849
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For lane two the calibration statistics are: mean gross vehicle weight
equal to 59.6 kips, standard deviation equal to 1.35 kips, and the
coefficient of variation of equal to 2.3%.

The calibration performed on Bridge 4 (94/PR) was verified
using different 24 trucks. The proximity of the Truck Weigh Station
in Grass Lake was used to measure vehicles which went through the
stationary scales. The information from the Weigh Station was passed
to the bridge site using the Michigan State Police radio. The data
included axle loads and vehicle identification (type, color, plates). The
calibration factors, actual GVW (from the Weigh Station) and WIM
measured GVW are given in Table 7-6. Out of 24 trucks, 12 provided
usable results, other data cannot be considered (because of multiple
presence of other trucks or due to other errors). For the recorded 12
trucks, the axle loads obtained from the Weigh Station are listed in
Table 7-7. The corresponding axle loads measured on the bridge
using WIM system are shown in Fig. 7-8.

The comparison of the results indicates that the accuracy of
measurements is within 13 percent for 11 axle trucks. The accuracy
for 5 axle trucks varries from0.23 to 6.76 and the average is within 2.5

| percent. However, the accuracy is higher for GVW than for axle loads.

7. 2 Accelerations using Krenz Electronics Data Acquisition System

The equipment was installed and used on the same bridges as
the BWS system. Accelerometers were installed on top of lower
flanges of the bridge girders. The results are in chapter 9.

7. 3 Strains using SoMat Data Acquisition System

The strain transducers were installed as for the BWS. The data
acquisition unit is small and can be placed in a metal box on the lower
flange of the girder. The system was left for one full week, with an
upper limit of 3 weeks due to battery power constraints. The results
of the pilot study are in chapter 11. |
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Tab. 7-6. Calibration Results for Bridge 94/PR.

Truck || Left Right | Truck | No. of | SCALE | BWIM Notes
Lane || Lane Lane No. Axles | GVW | GVW.| GVW.
Posit. || Factor | Factor kips kips % error
Right { 0.1234 | 0.1253 1 10 49.40 - Missed
Right [ 0.1234 | 0.1253 2 6 88.90 - Missed
Right [} 0.1234 | 0.1253 3 - - - Missed
Right |1 0.1234 | 0.1253 4 5 74.37 79.40 6.76
Right || 0.1234 | 0.1253 5 5 43.00 43.10 0.23
Right || 0.1234 | 0.1253 6 5 33.94 35.80 5.48
Right || 0.1234 | 0.1253 7 11 128.33 - Missed
Right || 0.1234 | 0.1253 8 11 136.58 | 154.00 12.75
Right |1 0.1234 | 0.1253 9 8 132.71 | 127.00 -4.30
Right || 0.1234 | 0.1253 10 5 52.22 51.00 -2.00
Right {{ O. 1234. 0.1253 11 6 82.00 - Missed
Right || 0.1234 | 0.1253 12 5 46.01 43.80 -4.80
Right [ 0.1234 | 0.1253 13 5 78.96 78.80 -0.08
Right [ 0.1234 | 0.1253 14 9 132.90 | 132.80 -0.08
Right || 0.1234 | 0.1253 15 5 43.05 43.00 -0.12
Right || 0.1234 | 0.1253 16 5 64.58 - Exited
Right || 0.1234 | 0.1253 17 5 76.20 - Missed
Right || 0.1234 | 0.1253 18 5 70.25 - Missed
Right |{ 0.1234 | 0.1253 19 11 | 119.02 - Missed
Right |{ 0.1234 | 0.1253 20 5 62.30 - Missed
Right || 0.1234 | 0.1253 21 7 95.20 87.60 -7.98
Left | 0.1234 | 0.1253 22 5 74.27 74.50 0.31
Right || 0.1234 | 0.1253 23 6 107.00 | 105.40 -1.50
Left |1 0.1234 | 0.1253 24 11 153.68 | 136.00 | -11.50
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Table 7-7. Axle Loads of Truck Measured at Weigh Station.

H 9.62 16.65 16,82 15.33 36.28 13,8 4.2 281 4.2

4
L I ] 9.54 10.66 9.82 9.2 9.0€ 11.4 4.3 13:7 &2

€ S 10.45 €.79 €.84 4.58 $.33 18,6 4.4 02,9 6.1 .
$ 10  u9.88 19,12 18,76 10.32 13.82 14.2¢4 13. 12.56 11.44 22.74 3.8 4.5 11.7 3.8 3.7 3,7 3.6 3.8
s 8 12.31 16.18 18.69 15,66 18.¢ 19,68 37,31 15.5 5.3 13.2 9.1 5.1 11.2 9.1

10§ 9.6 20.78 10.44 9.2 12.21 13.8 4.4 34.6 4.0

12 0§ 16.79 9.07 9.6 1.76 7.99 17.3 § 33 4.2

34 9 13.49 16.63 16,63 24,08 12.24 12.3 11.32 13.37 17,28 14.1 4.4 30,9 12 3.7 3.8 3.8 3.9
18 5 10.47 8.8 8.56 €.2 9,02 18.7 4.4 3s.2 4.1

23 7 $.9 18.5 18.6 9.5 10.4 11.5 16.9 13 ¢.4 20.6 4.2 4.0 4.3

22 5 11.64 18.34 15.19 15.7 16.4 11.8 (.3 33.9 4.0

23 € 11.6 22.5 21.7 16.4 17.33 17.8 20 4.6 32.9 4.2 4.2

Table 7-8. Axle Loads of Truck Measured on the Bridge using WIM.

H 13.4 19.0 19.8 16.2 16.2 13.8 4.2 28.1 4.1
H $.0 10 10 8.2 6.2 11.4 4.3 13.7 4.1

4

H

| 2] 8.2 9.5 8.0 ¢.9 4.9 19.6 4.4 33,9 6.1

s 10 5.4 23,4 23.4 12.5 12.5 12,5 12,5 12,8 12.5 12.3 3.3 €.5 11.7 3.4 3.7 3.7 3.6 3.8 3.8 3.¢
9

14,2 18,4 18.4 13.3 23,7 15.2 20,9 14.3 15.8 5.1 11.1 9.1 9.1 11.2 9,1

10 8 11.3 11 23 1€.2 30.2 18.8 4.6 34.8 4.0

12 5 10.9 10,4 20.4 7.2 7.2 17.5 § 33 4.1

14 9 12.8 19 19 21.6€ 13,5 13.5 13.5 13.5 13.3 14.1 4.4 30.9 12 3.7 3.8 3.8 3.9
1808 8.1 31 11 7.1 7.1 18,7 4.4 33.2 4.1

21 07 9.1 1919 11.2 11.2 $1.2 11.2 13 4.4 20,6 4.2 4.0 4.}

22 8 .1 37.9 17.9 16.1 16.3 11.8 4.3 33.9 4.0

213 6 12.6 24.2 24.2 36.6 16.€ 1€.6 20 4.6 32.9 4.3 4.2

7. 4 Equipment Provided by TestConsult-CEBTP (France)

The equipment was installed on Bridge 1 (23/HR). The
measurements were taken using the electronic theodolite and
fleximeter. The results are shown in Fig. 7-6, 7-7 and 7-8.
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Fig. 7-6. Dynamic Response Recorded by Theodolite in Time Domain.
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Fig. 7-7. Dynamic Response Recorded by Theodolite in Frequency
Domain.
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Fig. 7-8. Comparison of the Response Recorded by Theodolite and
Fleximeter.

Theodolite provided very accurate results. Fleximeter filtered
the dynamic portions of the response but, in general agreed with the
results obtained by theodolite. However, the cost of theodolite is very
high (over $10,000). Separate theodolites would be required for each
point of measurement (channel).

7.5 Culway

The system was demonstrated on a culvert selected by the
Ontario Ministry of Transportation. The structure is located on
Highway 402 in Sarnia, Canada, near a truck weighing station
equipped with static scales. All trucks that crossed the culvert were
weighed at the weighing station. Also recorded were truck type, axle
configuration and time of passage. Data was collected daily for a week,
averaging 50-70 trucks a day. The axle weights and gross vehicle
weights (GVW) were recorded and compared with the actual weights
from the weighing station. Results showed a good accuracy rahging
between 3 and 5 percent of GVW.
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8. WEIGH-IN-MOTION MEASUREMENTS

8.1 Introduction

Truck measurements provided data for the calculation of
statistical parameters including vehicle weight, truck class, and
maximum, mean, median, standard deviation, coefficient of variation
(COV), skewness (degree of asymmetry about the mean), and Kkurtosis
(relative peakedness or flatness of a distribution compared to the
normal distribution) of gross vehicle weights, axle weights, and
moments. The considered parameters include distributions of gross
vehicle weight (GVW), daily GVW distributions, distributions of GVW
for five and eleven axle vehicles, axle weight distributions, front axle
weight distributions, following axle weight distributions, and lane
moments of all vehicles, five axle vehicles, and eleven axle vehicles for
20, 30, 60, 90, 120, and 200 foot spans. This data characterizes each
site by the specific load observed at the site. A comparison between
sites of the critical WIM load characteristics is also presented.

8. 2 Background

The literature was surveyed to determine the available data
important for study of effect of truck loads on highway bridges.

8.2.1 Live Load

Truck data collection is important in determining both the
maximum load effects and frequency distribution of heavy traffic. The
data was collected for many years using several truck survey methods.
Originally, the information was acquired by static weigh scales in fixed
locations. The usefulness of such data was limited, because some
drivers of overloaded trucks would purposefully avoid the weigh scales.
The results were considered as biased, in particular, this applies to
the upper tail of the gross vehicle weight histograms. However, over
the past 10 years, weigh-in-motion (WIM) techniques have been
developed to measure weights of moving vehicles. Trucks can now be
weighed at the normal highway speed. Most importantly, weighing
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operation can be conducted in a discreet manner without drivers’
knowle'dge. During the past decade, there have been dramatic
developments in the in-motion weighing technology (Bosch 1985;
Cunagin 1986; Daniels et al. 1986). The WIM data provided
information about various factors influencing the bridge load. This
information primarily concerns vehicle weight and configuration,
traffic frequency, headway distance and transverse position.

Imbsen (1987) gathered a large volume of truck weight data
from the following sources:

« FHWA - 33 sites with a total of 26,613 trucks weighed;
¢ Wisconsin - 23 sites with a total of 72,848 trucks weighed between
1983 to 1986; '
e Florida - 18 sites with a total of 71,010 trucks weighed in 1986;
¢ Illinois - A four-lane site was selected with a total of 49,969 trucks
weighed in 1987.

The analysis was performed for the Wisconsin and Florida data.
It was reported that, depending on location, 5 axle semi-trailers
constitute from 54% to 89% of the truck traffic on Interstate sites,
and less than 50% at urban sites. A computer program was developed
to calculate the histograms and cumulative distributions of axle
spacing, axle weight, gross vehicle weight and normalized moments.
The analysis was carried out for each truck configuration and for a
combination of various truck configurations. Table 8-1 and 8-2
summarize the results with the weight and axle spacing of a 5 axle
semi-trailer configuration from two Wisconsin sites, including 2,503
and 918 trucks, respectively. Both tables summarize the mean and
coefficient of variation of axle weights and spacings at two bridge sites.
It is obvious that the spacing between axles can be modeled with a
small variation but the axle weights involve a large variation.

Moses and Ghosn (1983) installed WIM system on 5 sites in the
Cleveland area, Ohio, in 1982. A total of 1,489 trucks were weighed.
Based on these field measurements, they developed a live load model.
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Moses (1985) further suggested three vehicle configurations, a single
body truck with 45 kips, a 5-axle semi-trailer with 67 kips and a 6-
axle tractor semi-trailer with 75 kips, as representative trucks on the
highway.

Nassif (1993) has reported on the analysis of the
statistical data on axle weights and spacings from 1985
Michigan citation data. The results are shown in Fig. 8-3
which summarizes the mean and coefficient of variation of axle
weights and spacings of Michigan Citation Data (Nassif 1993),

Table 8-1. The Statistical Parameters of Axle Weight (Imbsen 1987)

Axle Weight Axle 1 | Axle 2 | Axle 3 | Axle 4 | Axle 5

Mean | 10.2 k 9.4 k 9.4k 20 k 20 k
Site 1®

Cov 15% 56% 56% 53% 53%

Site Mean 8.8k 11k 11 k 8.9k 8.9k
2(**)

COV 18% 43% 43% 64% 64%

Table 8-2. The Statistical Parameters of Axle Spacing (Imbsen 1987)

Axle Spacing Spacing 1 | Spacing 2 | Spacing 3 | Spacing 4
Mean 12.3 ft 43 ft 29.9 ft 4.1 ft
site 1)
cov 17% 3% 13% 5%
Site Mean 12.1 ft 4.3 ft 29.5 ft 4.1 ft
2(**)
COV 16% 3% 15% 4%

(*) Site 1' includes 2,503 semi-trailers
(#*) Site 2 includes 918 semi-trailers
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Table 8-3. The Statistical Data of Axle weights and Spacings
from 1985 Michigan Citation Data

Truck Percentage First First | Tandem| Spacing| Tandem
Type of Truck Axle Axle | Weight Weight
Population | Weight | Spacing
1 | ¥ 2™ 2 3

2 Axleff 4% | Mean | 95k 15.1ft | 232k — -
Truck

Ccov 30% 23.5% 13% - ---
3 Axle|| 3% Mean | 13.5k | 15.8k 41k --- ---
Truck

COV | 25.8% | 26.8% | 11.5% - ---
4 Axle}] 4% | Mean | 104k | 102ft | 21.7k | 16.7ft | 30.4k
Truck

COV | 40.2% | 283% | 183% 34 % 53.3 %
5 Axlef| 40% | Mean | 10k 12.7 355k | 298 ft 35.1k
szuizk

L2

COV | 139%| 16% 15.7 % 18 % 18.2 %
6 Axleff 20% { Mean | 10.8k | 12.8ft | 36.2k | 23.2ft 51k
Truck '

COV | 16.8% | 17.8% | 18.4% | 28.7% 18.3 %

(*)

weight.
ﬂ %) 5. axle type includes not only semi-trailers but all 5-axle
truck configurations

Tandem axle is considered as one axle having total tandem




91
8.2.2 Available Live Load Models

Three live load models are considered: the first developed for
the Ontario Highway Bridge Design Code (OHBDC) 1979 edition by
Nowak and Lind (1979), the second proposed by Ghosn and Moses
(1984), and the third recently developed by Nowak and Hong (1991)
and Nowak (1993) for the new LRFD AASHTO Code (1994).

Nowak and Lind's Model

This model was based on the 1975 Ontario truck survey data. To
predict the maximum 50 year moment, the distributions of moment
due to the surveyed trucks are extrapolated (Nowak and Lind, 1979).
It was assumed that the upper tail of the distribution of the maximum
50 year live load, L50, is exponential (Grouni, 1978),

Frso (X) = 1 - exp(-x) (8-1)

This corresponds to a straight line on the exponential scale.
Therefore, a straight line was fitted to the upper tail of the survey data.
To determine the upper tail of the moment distribution, six heaviest
trucks in the survey were selected. The maximum mid span bending
moments were calculated for each truck, for various simple spans and
continuous multiple spans.

Ghosn and Moses Model

In 1984 Ghosn and Moses developed a live load model based on
the data collected from weigh-in-motion measurements (Ohio WIM
data). They used a multi-dimensional stochastic process approach that
utilizes bridge measurement data to obtain the maximum lifetime (50
year) distribution of live loads on multi-lane bridges. The model
includes the possibility of side-by-side traffic occurrence along with
sequences of trucks in each lane. The maximum 50 year live load, Mso,
is given in the form of the following equation;

Mso=am W*gs H ' . (8-2)
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where: a = the maximum moment effect of the standard simulation
truck with a unit gross weight (a deterministic value which depends
on truck configuration and span length), m = factor to account for
the randomness in the axle configuration of random truck traffic,
W* g5 = truck weigh value corresponding to the upper 5% of the gross
weight histogram (i.e. 95th percentile of weight for the dominating
truck type at the site), H = headway distance factor.

Nowak and Hong's Model

Nowak and Hong (1991) and Nowak (1993) developed a live load
model which is based on the WIM truck data. Several assumptions
 were made regarding the occurrence of multiple presence in lane and
side-by-side. The headway distance between trucks in the same lane
was considered as speed-dependent. Three cases of correlation
between the heavy trucks were considered: no correlation, partial
correlation and full correlation. The actual value of the correlation
coefficient depends on the location of the bridge and can be evaluated
by a local truck survey. For the case of no correlation, Turkstra's rule
was used to find the maximum 75 year effect of the live load. It was
determined that the mean maximum 75 year moment for a two lane
bridge is equal to the effect of two mean maximum 2 month trucks
side-by-side. The model served as a basis for the design live load in
LRFD AASHTO Code (1994). The new live load provides for a uniform
bias factor for a wide range of span lengths. The results of the present
study can be used in verification of the assumption about the actual
truck weights, axle loads and multiple presence.

8.3 Weigh-in-Motion Statistics

WIM statistics are presented for six bridge sites in the following
tables. The bridge on I-94 over Pierce Road was subjected to study in
both 1991 and 1993 for comparison of the effects of the closing of a
nearby weigh station in 1993. WIM data was collected at the bridge on
US-23 over the Huron River in 1991 and 1993 to study year to year
differences in the data. |
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For brevity, the following designations have been adopted
throughout the chapter: '

23/HR - US-23 over the Huron River in Ann Arbor, Michigan.
Michigan State Bridge ID: R01-81074.

14/NY - M-14/US-23 over the New York City Railroad in Ann
Arbor, Michigan.
Michigan State Bridge ID: RO1-81103.

94/JR - 1-94 over Jackson Road in Ann Arbor, Michigan.
Michigan State Bridge ID: S01-81062.

94 /PR - 1-94 over Pierce Road in Grass Lake, Michigan.
Michigan State Bridge ID: S03-81104.

23/SR - US-23 over the Saline River in Milan, Michigan.
Michigan State Bridge ID: BO5-58033.

WY/94 - Wyoming Road over 1-94 in Detroit Michigan.
Michigan State Bridge ID: S36-82022.

Table 8-4 summarizes the WIM data collection efforts by date
and total number of vehicles weighed. This data includes all trucks
with 2.5 kip and greater axle weights. Table 8-5 summarizes filtered
WIM data of vehicles with a GVW of 15 Kips and greater, regardless of
axle weight. Trucks with a GVW less than 15 kips do not have a
significant affect on considerations such as fatigue. This filtered WIM
data has been used for all subsequent analysis of GVW and lane
moment calculations.

Federal Highway Administration (FHWA) truck class frequency
vs. lane is presented in Table 8-6 through 8-8 for the sites where this
information is available. Table 8-9 compares each of the four bridge
sites by truck class observed. Federal Highway Administration (FHWA)
axle configuration class are in the Appendix B. It can be seen from
Table 8-9 that each bridge experiences a somewhat different mix of
truck traffic by truck class. '

GVW statistics of maximum, mean, median, standard deviation,
coefficient of variation, and distribution skewness and kurtosis of all
vehicles, five axle vehicles, and eleven axle vehicles at each bridge site



are presented in Tables 8-10, 8-11, and 8-12 respectively. There are
distinct differences as well as similarities between bridge sites in the

statistics of GVW.

Axle weight statistics of maximum, mean, median, standard
deviation, coefficient of variation, and distribution skewness and
kurtosis of all axles, front axles, and following axles at each bridge site
are presented in Tables 8-13 to 8-15. Again, distinct differences and
similarities between bridge sites can be observed. As a basis for

comparison,
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Table 8-4. Number of Trucks Weighed by Date and Bridge.

Bridge Date and Number of Trucks Weighed with Axles > 2.5 kips
23/HR | 7/2/91 8/28/91 | 6/22/92 | 6/23/92 Total
876 513 698 737 2824
23/SR |t 6/30/92 | 7/1/92 7/2/92 | 7/22/92 | 10/13/92 | 10/21/92 | 10/22/92 Total
825 1313 1377 1075 716 797 997 7101
94/PR || 8/10/91 | 8/11/91 | 6/30/93 | 7/1/93 Total
625 416 1381 1570 3992
14/NY || 8/21/91 Total
1023 1023
WY/94 || 8/19/93 | 9/8/93 Total
181 341 522
94/TR || 4/26/91 | 5/22/91 | 5/23/91 | 6/19/91 | 6/20/91 | 8/14/91 Total
594 2252 1456 687 1758 625 7372
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Table 8-5. Trucks Weighed > 15 Kips by Date and Number.

Bridge Date and Number of Vehicles Weighed > 15 Kips
23/HR || 7/2/91 8/28/91 | 6/22/92 | 6/23/92 Total
658 393 382 484 | 1917
23/SR || 6/30/92 | 7/1/92 7/2/92 | 7/22/92 | 10/13/92 | 10/21/92 | 10/22/92 Total
588 854 805 651 3Bi 483 635 | 4347
94/PR || 8/10/91 | 8/11/91 | 6/30/93 | 7/1/93 Total
312 161 1075 1264 2812
14/NY || 8/21/91 Total
769 769
WY/94 || 8/19/93 | 9/8/93 Total
131 163 294
o4/IR || 4/26/91 | 5r22/91 | 5/23/91 | 6/19/91 | 6/20/91 | 8/14/91 Total
344 1352 932 457 1051 419 4555

Table 8-6. Bridge (23/HR). Truck Class vs Lane Statistics.

Truck Class Right Lane (1) Left Lane (2) Total (%)

(FHWA) (%) | (%)
4 3.1 1.0 4.1
5 28.6 7.1 35.7
6 3.4 0.3 3.6
7 1.7 0.3 2.0
8 10.5 1.0 11.6
9 25.3 5.7 31.0
10 1.8 0.5 2.3
11 0.1 0.1 0.1
12 0.0 0.0 0.0
13 0.1 0.0 0.1
14 7.2 2.3 9.5

Total % 81.8 18.2 100.0
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Table 8-7. Bridge (23/SR). Truck Class vs Lane Statistics.

Truck Class Right Lane (1) Left Lane (2) Total (%)

(FHWA) (%) (%)
4 1.2 0.4 1.6
5 32.6 4.6 37.2
6 3.1 0.7 3.8
7 0.1 0.0 0.1
8 6.0 0.9 6.9
9 34.3 3.3 37.6
10 1.5 0.1 1.6
11 0.4 0.0 0.5
12 0.2 0.0 0.2
13 0.0 0.0 0.0
14 7.9 2.6 10.5

Total % 87.3 12.7 100.0

Table 8-8. Bridge (WY/94). Truck Class vs Lane Statistics.

Truck Class Right Lane (1) Left Lane (2) Total (%)
(FHWA) (%) (%)

4 2.9 1.2 4.1
5 19.6 32.0 51.6
6 1.8 1.8 3.6
7 0.6 0 0.6
8 0.9 2.3 3.2
9 8.8 10.3 19.1
10 2.1 1.2 3.2
11 0.0 0.0 0.0
12 0.0 0.0 0.0
13 0.0 0.0 0.0
14 6.2 8.5 14.7

Total Lane % 42.8 57.2 100.0
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Table 8-9, Truck Class vs Bridge Location.

Class 23/HR | 23/SR% | 94/PR | WY/94 % |

(FHWA) || (92) % (93) %
4 4.1 1.6 2.2 4.1
5 35.7 37.2 23.2 51.6
6 3.6 3.8 2.7 3.6
7 2.0 0.1 0.2 0.6
8 11.6 6.9 5.8 3.2
9 31.0 37.6 55.7 19.1
10 2.3 1.6 2.6 3.2
11 0.1 0.5 0.8 0.0
12 0.0 0.2 0.3 0.0
13 0.1 0.0 0.0 0.0
14 9.5 10.5 6.5 14.7

Lane 1 81.8 87.3 42.8

Lane 2 18.2 12.7 57.2
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Table 8-10, Gross Vehicle Weight Statistics for All Vehicles > 15 Kips.

Location Maxi Mean | Median | Std. Dev.| c.0.v. | Skewnes | Kurtosis
23/HR (92) || 170.6 | 46.6 40.0 27.4 | 0588 | 1.760 | 4.095
6/22/92 170.6 | 45.7 38.4 27.0 | 0.591 | 1.961 | 5.145
6/23/92 159.1 | 47.3 40.8 27.0 | 0571 | 1.641 | 3.680
23/HR Q1) || 177.7 | 52.1 45.6 209 | 0574 | 1.710 | 3.645
7/2/91 161.6 | 51.8 46.8 25.2 | 0.486 | 1.533 | 4.037
8/28/91 177.7 | 52.6 42.8 36.5 | 0.694 | 1.656 | 2.300

23/SR 2485 | 57.9 47.5 34.1 | o589 | 1.628 | 3.520
6/30/92 185.5 | 52.1 42.9 28.9 | 0.555 | 1.439 | 2.714
7/1/92 190.1 | 57.2 47.2 33.7 | o589 | 1.586 | 3.151
7/2/92 214.5 | 56.2 45.2 335 | 0.596 | 1.785 | 4.137
7722792 || 206.6 | 585 47.0 35.6 | 0.609 | 1.709 | 3.452
10/13/92 || 225.8 | 615 48.6 38.6 | o0.626 | 1.432 | 2.666
10/21/92 || 201.5 | 63.1 56.4 32.4 | 0.513 | 1.070 | 1.762
10/22/92 || 2485 | 59.4 49.1 35.6 | 0.599 | 1.824 | 4.494
94/PR (93) | 181.5 | 52.4 48.1 248 | 0473 | 1.343 | 3.446
6/30/93 1701 | 513 | 47.2 232 | 0.452 | 1.375 | 3.902
7/1/93 181.5 | 53.7 48.8 26.0 | 0.484 | 1.312 | 3.064
94/PR(91) | 133.3 | 51.4 49.2 20.3 | 0.395 | 0.209 | -.488
8/10/91 133.3 | 50.2 46.5 20.1 | 0.400 | 0.463 | 0.0960
8/11/91 87.0 53.6 55.9 20.4 | 0.381 | -0.265 | -1.215

14/NY 267.9 | 54.1 45.6 358 | 0.662 | 2.366 | 8.411
WY/94 177.3 | 42.9 35.6 270 | o620 | 1.983 | 4.855
8/19/93 131.0 | 38.1 29.2 24.0 | 0.630 | 1.877 | 3.826
9/8/93 177.3 | 46.0 38.2 28.4 | 0.617 | 1.992 | 4.836

94/JR 235.7 | 53.7 41.0 35.3 | 0657 | 2.165 | 5.722
4/26/91 212.5 | 54.9 42.1 40.9 | 0.745 | 2.081 | 4.435
5/22/91 235.7 | 54.5 42.4 337 | 0.618 | 2.026 | 5.628
5/23/91 2237 | 56.0 40.8 39.2 | 0.700 | 2.006 | 4.363
6/19/91 218.7 | 53.1 41.2 325 | o612 | 2.101 | s5.651
6/20/91 232.8 | 5l1.4 39.3 33.0 | 0.642 | 2.344 | 6.991
8/14/91 228.9 | 52.0 416 34.3 | 0.660 | 2.507 | 7.340
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Table 8-11. Gross Vehicle Weight (Kips) Statistics for 5 Axle Vehicles.

Location Max Mean Median | Std. Dev.| C.O.V. ’ Skewncsli Kurtosis
23/HR (92) 90.0 49.5 47.9 16.1 0.325 0.232 -0.926
6/22/92 82.5 47.0 44.5 15.1 0.321 0.273 -0.899
6/23/92 90.0 50.5 48.9 16.4 0.325 0.171 ' -0.981
23/HR (91) 137.7 52.6 50.3 17.3 0.329 0.357 ! -0.305
7/2/91 87.9 53.7 51.2 16.2 0.302 0.149 ’ -1.222
8/28/91 137.7 50.1 48.2 19.4 0.387. 0.755 1 0.864
23/SR 131.5 59.2 52.2 23.1 0.380 0.619 -0.785
6/30/92 99.3 52.6 45.4 20.8 0.395 0.455 -1.190
7/1/92 108.9 57.9 49.2 22.4 0.387 0.576 | -1.068
7/2/92 118.2 57.4 48.8 22.5 0.392 0.771 -0.570
7/22/92 118.5 57.6 50.8 22.2 0.385 0.658 -0.834
10/13/92 131.5 66.1 58.9 26.7 0.404 0.496 -1.075
10/21/92 124.1 67.2 62.5 24.2 0.360 0.298 -1.191
10/22/92 117.0 61.4 54.8 21.8 0.355 0.698 -0.698
94 /PR (93) 117.0 54.6 '51.9 17.0 0.311 0.291 -0.874
6/30/93 105.8 53.1 50.2 16.3 0.307 0.279 -1.036
7/1/93 117.0 55.8 52.7 18.0 0.323 0.255 -0.992
94 /PR (91) 89.3 56.5 55.7 16.8 0.297 -0.0226 -1.270
8/10/91 89.3 54.1 52.2 16.7 0.309 0.183 -1.149
8/11/91 87.0 61.1 65‘.8 16.0 0.262 -0.417 -1.147
14/NY 131.6 55.2 50.2 22.8 0.413 0.773 0.151
WY/94 89.5 42.8 37.4 16.6 0.388 0.833 -0.0730
8/19/93 88.8 42.7 31;6 20.1 0.471 0.713 -0.838
9/8/93 89.5 42.9 38.3 14.2 .0.331 1.092 0.727
94 /JR 115.4 51.4 42.9 20.8 0.405 0.808 -0.501
4/26/91 92.3 51.9 46.1 19.7 0.380 0.417 -1.147
5/22/91 113.3 53.6 46.1 21.7 0.405 0.648 -0.786
5/23/91 115.4 52.2 42.5 21.8 0.418 0.854 -0.434
6/19/91 106.6 50.7 42.5 20.4 0.402 0.825 -0.505
6/20/91 110.6 49.4 40.3 20.0 0.405 1.008 -0.114
8/14/91 92.7 47.4 41.2 17.7 0.373 0.846 -0.438
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Table 8-12. Gross Vehicle Weight (Kips) Statistics for 11 AxleVehicles.

Location Max l Mean Median | Std. Dev. C.0.V. |Skewnes| Kurtosis

e

23/HR (92) 170.6 137.5 142.7 31.0 0.225 -2.300 4.502
6/22/92 170.6 140.7 146.5 33.2 0.236 -2.593 5.682
6/23/92 1569.1 129.4 141.3 37.3 0.288 -1.621 1.215
23/HR (91) 177.7 148.3 154.1 21.7 0.146 -2.744 ’ 8.976
7/2/91 161.6 142.7 153.7 30.1 0.211 -2.360 l 4.382
8/28/91 177.7 151.3 156.1 15.7 0.104 -1.572 ’ 4.400
23/SR 248.5 103.2 60.3 62.4 0.605 0.514 -1.495
6/30/92 185.5 83.0 49.3 54.2 0.653 0.710 -1.369
7/1/92 199.1 92.2 56.1 57.6 0.625 0.781 -1.271
7/2/92 214.5 93.3 60.9 56.2 0.602 0.961 -0.826
7/22/92 206.6 120.7 151.2 65.2 0.540 -0.0325 | -1.902
10/13/92 225.8 154.8 190.0 70.8 0.457 -0.643 -1.444
10/21/92 201.5 113.2 121.1 61.1 0.540 0.0942 -1.680

10/22/92 248.5 129.3 139.3 66.6 0.515 0.0562 -1.546

94/PR (93) | 181.5 | 136.1 150.2 39.0 0.284 | -1.396 | 0.482
6/30/93 170.1 121.1 141.0 45.8 0.378 | -0.657 | -1.313
7/1/93 181.5 | 150.3 | 155.0 24.8 0.165 | -2.812 | 9.262
14/NY 267.9 | 171.3 | 173.1 74.0 0.432 | -0.316 | -0.984
WY/94 177.3 83.5 61.5 44.2 0.529 | 0.672 | -0.944
8/19/93 131.0 73.5 45.5 43.9 0.597 | 0.448 | -1.595
9/8/93 177.3 88.9 62.9 45.2 | 0508 | 0.772 | -0.955
94/JR 235.7 | 149.7 | 172.4 59.3 0.396 | -0.594 | -1.243
4/26/91 212.5 | 185.1 182.3 18.5 0.100 | -0.323 | -0.744
5/22/91 235.7 | 150.4 | 173.6 59.6 0.396 | -0.465 | -1.390
5/23/91 223.7 | 160.8 | 173.8 58.1 0.361 | -0.928 | -0.686
6/19/91 218.7 | 144.4 | 164.0 53.8 0.373 | -0.733 | -0.831
6/20/91 232.8 | 136.2 | 159.8 63.2 0.464 | -0.180 | -0.655

8/14/91 228.9 121.6 74.1 69.4 0.571 0.210 -1.774
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Table 8-13. Axle Weight (Kips) Statistics for All Axles.

' Median

Std. Dev.i C.0.V. ‘Skewnes Kurtosis

Location Max Mean
23/HR (92) 44.9 10.84 9.7 4.49 0.414 1.450 3.348
23/HR (91) 58.7 11.30 10.5 4.33 0.383 1.442 5.787

23/SR 40.8 12.31 10.8 5.58 0.453 1.016 0.707
94/PR (93) 54.3 11.38 10.5 4.13 0.363 1.066 3.313
94/PR (91) 27.3 11.30 10.65 3.89 0.344 | 0.528 | -0.257

14/NY 44.6 12.24 10.80 5.68 0.464 1.387 2.548

WY/94 31.8 10.22 9.6 3.88 0.380 1.141 2.315

94/JR 52.5 11.73 10.1 5.15 0.439 1.440 3.840

Table 8-14 Front Axle Weight (Kips) Statistics.

Location Max Mean Median | Std. Dev. C.0.V. | Skewnes | Kurtosis
23/HR (92) 19.6 8.80 8.7 2.14 0.243 1.070 | 3.152
23/HR (91) 19.1 9.50 9.4 2.08 0.219 | 0.465 1.248

23/SR 19.9 9.30 9.2 2.04 0.219 | 0.504 1.080
94/PR (93) || 20.8° 9.71 9.7 1.68 0.173 | 0.0978 | 1.747
94 /PR (91) 13.2 9.71 9.9 1.58 0.163 | -0.725 | 0.677

14/NY 23.5 9.48 9.4 2.10 0.222 | 0.999 3.888

WY/94 18.8 9.18 9.0 2.09 0.228 | 0.513 1.258

94/JR 23.0 9.28 8.90 2.11 0.227 | 0.812 1.999

Table 8-15. Following Axle Weight (kips) Statistics.

Location Max Mean | Median | Std. Dev.| C.0.V. | Skewnes | Kurtosis
23/HR (92) 44.9 11.57 10.9 4.87 0.421 1.171 2.281
23/HR (91) 58.7 11.86 11.4 4.68 0.395 1.211 4.670

23/SR 40.8 13.24 12.2 5.98 0.452 0.698 | 0.0173
94/PR (93) 54.3 11.87 11.4 4.50 0.379 | 0.802 2.346
94/PR (91) 27.3 11.76 11.55 4.23 0.360 | 0.276 | -0.726

14/NY 44.6 13.16 12.4 6.17 0.469 1.055 1.458

WY/94 31.8 10.63 10.4 4.32 0.406 | 0.915 1.315

94/JR 52.5 12.55 11.3 5.60 0.446 1.136 2.707
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8. 4 US-23 over the Huron River (23/HR) in Ann Arbor, Michigan

Fig. 8-1 and 8-2 are the histograms of gross vehicle weight
(GVW) for all trucks measured on 23/HR in 1991 and 1992
respectively. Vehicles weighing less than 15 kips are excluded from
the histograms. The distribution shapes of Fig. 8-1 and 8-2 are
essentially the same with some minor differences at specific range
levels, indicating that there is little change in the traffic over a one
year period. The cumulative distribution functions (CDFs) - see more
in Appendix A - of 1991 and 1992 GVW in Fig. 8-5 can be readily
compared and similarity in shape observed, supporting the same
conclusion. Results of the individual day measurements are presented
in Fig. 8-7 for 6/22/92 and 6/23/92. The day to day CDFs are very
similar in shape and average GVW with only a slight difference at the
upper tail of the distribution. Fig. 8-8 presents day to day CDFs for
7/2/91 and 8/28/91 indicating a more pronounced difference
between the two days of data. Due to the data not being collected on
consecutive days, the CDFs will exhibit a slightly different distribution.
From the Table 8-10 the heaviest vehicle observed in 1991 weighed
177.7 kips and 170.6 kips in 1992 with a mean GVW of 52.1 and 46.6
kips respectively.

Fig. 8-3 and 8-4 are the ‘histograms of 5 and 11 axle vehicle
GVW. Differences between 1991 and 1992 data are more pronounced
for a given vehicle type, however a similar trend in the distributions is
evident. Also apparent is the much higher GVW for 11 axle vehicles as
compared to the 5 axle vehicles. CDFs for 5 and 11 axle trucks are
plotted in Fig. 8-6. Each circle or square represents one truck in the
data file. The CDFs exhibit a consistent shape between 1991 and 1992
except for one very heavy 5 axle vehicle weighed in 1991. It is
apparent from the distribution of Fig. 8-6 that the northbound 23/HR
is predominantly carrying loaded 11 axle trucks, resulting in a very
high mean GVW for 11 axle vehicles. The 1992 and 1991 mean 5 axle
vehicle GVWs are 49.5 kips and 52.6 kips. The 1992 and 1991 mean
11 axle vehicle GVW's are 137.5 kips and 148.3 kips (Tables 8-11 and
8-12). For comparison of the daily distributions of 5 and 11 axle
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vehicles, the CDFs for both days are plotted in Fig. 8-9 and 8-10.
There is little day to day variation in the distributions for 5 and 11 axle
vehicles.

Potentially more important for fatigue cycles and the distribution
of moments for a given bridge are the axle weights and spacing for the
trucks passing over the bridge. Fig. 8-11 through 8-19 present the
axle weight distributions of the vehicles discussed above. All
distributions include axles with weights greater than 5000 pounds.

Fig. 8-11 to 8-16 are the 1992 and 1991 axle weight histograms
of all vehicles axles for 23/HR. The corresponding CDFs are
presented in Fig. 8-17, 8-18, and 8-19. Front and following axle
weight histograms of Fig. 8-13 through 8-16 indicate a significant
difference in both variation and magnitudes. Front axle weight has a
much smaller variation than the following axle weight as observed in
the graphs and from Table 8-13 through 8-15. As observed from the
CDFs of Fig. 8-18 and 8-19 the 1992 and 1991 mean front axle
weights are 8.80 kips and 9.50 kips with a maximum of 19.6 kips and
19.1 kips. The 1992 and 1991 following axle means are 11.57 kips
and 11.86 kips with a maximum of 44.9 kips and 58.7 kips. The
higher variation in the following axle weights is readily apparent from
the CDF comparison. The 1992 and 1991 maximum axle weight
observed at 23/HR is 44.9 kips and 58.7 kips with means of 10.84
kips and 11.30 kips respectively. As is the case with GVW, there is
very little daily variation in the vehicle axle weights.

Of greater interest is the effect of the GVW, axle weight and axle
spacing. The effect of these parameters can be determined by the
lane moment caused by the truck. Fig. 8-20 through 8-35 present
lane moments for various simply supported spans. Each truck in the
data base is analytically driven across the bridge to determine the
maximum static bending moment per lane for various simple span
lengths. The CDFs of the lane moments for spans of 20, 30, 60, 90,
120, and 200 feet are then determined. As a point of reference the
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lane moments are presented in terms of the truck lane moment to
HS20 moment.

Fig. 8-20 through 8-23 plot the CDF's for moment effect of all
trucks with GVW greater than 15 kips for 1992 and 1991. The mean
of lane moment to HS20 moment is approximately 0.5 to 0.6 for all
spans for both 1992 and 1991. The maximum 1992 lane moment to
HS20 moment varies from 1.862 for a 200 ft. span to 2.385 for a 30 ft.
span. For 1991 the maximum lane moment to HS20 moment varies
from 1.872 for a 20 ft. span to 2.267 for a 120 ft. span. As or the GVW
data, a comparison is made between 5 and 11 vehicles for both 1992
and 1991. Fig. 8-24 through 8-27 present 5 and 11 axle vehicle
CDF's for simple spans of 20, 30, 60, 90, 120, and 200 ft. As a
comparison of vehicle type for a given span, 5, 11, and all vehicle
moment CDF's are plotted in Fig. 8-28 and 8-29 for a 60 ft simple
span. The significant observation to be made from these graphs is that
11 axle vehicles induce the largest moments in the bridge

Fig. 8-30 through 8-35 compare the lane moment ratios for
1992 and 1991 by span. It can be observed that there is little
practical yearly difference in moment effect caused by the heavier
(>15 kip) vehicles, with some minor differences at the upper tail of
the distributions.

Also important for fatigue is correlation of GVW to moment
effect. This is again highly dependent on axle weight and axle spacing,
and span length. Fig. 8-36 through 8-47 present scatter plots of lane
moment vs. GVW for 20, 30, 60, 90, 120, and 200 foot spans. It can
be observed from these figures that correlation between lane moment
and GVW is not good for the shorter spans, but by 200 feet becomes
nearly directly correlated. Fig. 8-36 through 8-47 consider only the
static effect of the vehicles, however, there are many factors which
affect the impact factor to be applied to the moment.
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8. 5 M-14 over N.Y.C. Railroad (14/NY) in Ann Arbor, Michigan

Fig. 8-48 is the histogram of gross vehicle weight (GVW) for all
trucks measured on 14/NY. Vehicles weighing less than 15 kips are
excluded from the histogram. The corresponding cumulative distribution
function (CDF) of GVW for all trucks is shown in Fig. 8-49. Each circle
represents one truck in the data file. From the Table 8-10 the heaviest
vehicle observed weighed 267.9 kips and the mean GVW for all trucks is
54.1 kips.

Fig. 8-50 is the histogram of all 5-axle vehicles and Fig. 8-51 is the
histogram of all 11-axle vehicles. The corresponding CDFs of the five and
11-axle vehicles are shown in Fig. 8-52. The CDFs of Fig. 8-52 again
clearly ‘indicate that the heaviest vehicles are 1l-axle trucks. It is
apparent from the distributions of Fig. 8-52, with each square and circle
indicating a truck, that eastbound 14/NY is carrying an approximately
log normal distribution of five-axle vehicles. The database contains just
15 passing 11l-axle vehicles, which was not a sufficient number to
observe a general trend. The mean five-axle vehicle GVW is 55.2 kips
with a maximum GVW of 131.6 kips. The mean 11-axle vehicle GVW is
171.3 kips with a maximum GVW of 267.9 kips (Tables 8-11 and 8-12).

Potentially more important for fatigue cycles and the distribution of
moments for a given bridge are the axle weights and spacing for the
trucks passing over the bridge. Figs 8-53 through 8-56 present the
distributions of the axle weights of the vehicles discussed above. All
distributions include axles with weights greater than 5,000 pounds.

Fig. 8-53 is the axle weight histogram of all vehicle axles observed
and the corresponding CDF is presented in Fig. 8-54. The maximum
axle weight observed at 14/NY was 48,6 kips with a mean of 12.24 Kips.
As is the case with GVW, there is very little daily variation in the vehicle
axle weights with some differences at the upper tail of the distribution.
The front and following axle weight histograms of Fig. 8-55 indicate a
significant difference in both variation and magnitudes. As observed
from the CDFs of Fig. 8-56 the mean front axle weight is 9.48 kips with a
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maximum of 23.5 kips while the following axle mean is 13.16 kips with a
maximum of 48.6 kips. The higher variation in the following axle weights
is readily apparent from the CDF comparison.

Of greater interest is the effect of the GVW, axle weight and axle
spacing on the bridge structure and components. The effect of these
parameters can be determined in part by the lane moment caused by the
vehicles crossing the bridge. Each truck in the data base is analytically
driven across the bridge to determine the maximum bending moment per
lane for various simple span lengths. The CDFs of the lane moments for
simple spans of 20, 30, 60, 90, 120, and 200 feet are then determined.
As a point of reference the lane moments are presented in terms of the
truck lane moment to HS20 moment.

Fig. 8-57 and 8-58 plot the CDFs for lane moment effect of all
trucks with GVW greater than 15 kips for 14/NY. The mean of lane
moment to HS20 moment is approximately 0.5 to 0.6 for the spans. The
maximum ratio of lane moment to HS20 moment varies from 2.3 for a 20
ft. span to 3.3 for a 120 ft. span. Similar to the GVW data, a comparison
is made between 5 and 11 axle moments. Fig. 8-59 and 8-60 present 5
and 11 axle vehicle CDFs for simple spans of 20, 30, 60, 90, 120, and
200 ft. As a comparison of vehicle type for a given span, 5, 11, and all
vehicle moment CDFs are plotted for a 60 ft simple span in Fig. 8-61.

Also important for fatigue is correlation of GVW to moment effect.
This again is highly dependent on axle weight and axle spacing, and span
length. Fig. 8-62 through 8-67 present scatter plots of lane moment vs.
GVW for 20, 30, 60, 90, 120, and 200 foot simple spans. It can be
observed from the Fig.s that correlation between lane moment and GVW
is not good for the shorter spans, but by 200 feet becomes nearly directly
correlated. It must be noted that Fig. 8-62 through 8-67 consider only
the static effect of the vehicles, however, there are many factors which
affect the impact factor to be applied to the moment.
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8. 6 1-94 over Jackson Road (94/JR) in Ann Arbor, Michigan

Fig. 8-68 is the histogram of gross vehicle weight (GVW) for all
trucks measured on 94/JR. Vehicles weighing less than 15 kips are
excluded from the histogram. The cdrresponding cumulative distribution
function (CDF) of GVW for all trucks is shown in Fig. 8-69. Each circle
represents one truck in the data file. From Table 8-10 the heaviest
vehicle observed weighed 235.7 kips and the mean GVW for all trucks is
53.7 kips. Results of the individual day measurements are presented in
Fig. 8-70 for 4/26/91, 5/22/91, 5/23/91, 6/19/91, 6/20/91, and
8/14/91. The day to day CDFs demonstrate a similar trend and average
GVW with minor differences at the upper tails of the distributions.

Fig. 8-71 is the histogram of all 5 axle vehicles and Fig. 8-72 is the
histogram of all 11 axle vehicles. The coressponding CDFs of the 5 and
11 axle vehicles are shown in Fig. 8-73. The CDFs of Fig. 8-73 clearly
indicate that the much heavier vehicles are 11 axle trucks. It is apparent
from the distributions of Fig. 8-73, with each square and circle indicating
a truck, that westbound 94/JR is carrying an approximately equal
number of loaded and empty 5 axle vehicles and a higher percentage of
loaded than unloaded 11 axle vehicles. The mean 5 axle vehicle GVW is
51.4 kips with a maximum GVW of 115.4 kips. The mean 11 axle vehicle
GVW is 149.7 kips with a maximum GVW of 235.7 kips. (Tables 8-11
and 8-12). For comparison of the daily distribution of 5 and 11 axle
vehicles, the CDFs for all days are plotted in Fig. 8-74 and 8-75
respectively.

Fig. 8-76 is the axle weight histogram of all vehicle axles observed
and the corresponding CDF is presented in Fig. 8-77. The maximum
axle weight observed at 94/JR is 52.5 kips with a mean of 11.73 Kkips.
As is the case with GVW, there is very little daily variation in the vehicle
axle weights with some differences at the upper tail of the distribution.
The front and following axle weight histograms of Fig. 8-78 indicate a
significant difference in both variation and magnitudes. As observed
from the CDF's of Fig. 8-79, the mean front axle weight is 9.28 kips with
a maximum of 23.0 kips while the following axle mean is 12.55 kips with
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a maximum of 52.5 kips. The higher variation in the following axle
weights is readily apparent from the CDF comparison.

Fig. 8-80 and 8-81 plot the CDF's for lane moment effect of all
trucks with GVW greater than 15 kips for 94/JR. The mean of lane
moment to HS20 moment is approximately 0.4 tro 0.6 for each of the
spans. The maximum ratio of lane moment to HS20 moment varies from
2.5 for a 20 ft. span to 3.0 for a 120 ft. span. Similar to the GVW data, a
comparison is made between 5 and 11 axle moments. Fig. 8-82 and 8-83
present 5 and 11 axle vehicle CDFs for simple spans of 20, 30, 60, 90,
120, and 200 ft. As a comparison of vehicle type for a given span, 5, 11,
and all vehicle moment CDFs are plotted for a 60 ft simple span in Fig. 8-
84.
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8.7 US-23 over the Saline River (23/SR) in Milan, Michigan

The histogram of gross vehicle weight (GVW) for all trucks
measured on 23/SR in presented in Fig. 8-85. Vehicles weighing less
than 15 kips are excluded from the histogram. The cumulative
distribution function (CDF) of GVW for all trucks observed and measured
on 23/SR is shown in Fig. 8-86. Each circle represents one truck in the
data file. From the Table 8-10 the heaviest vehicle observed weighed
248.5 kips with a mean GVW of 57.9 kips. Results of the individual day
measurements are presented in Fig. 8-87 for 6/30/92, 7/1/92, 7/2/92,
7/22/92, 10/13/92, 10/21/92, and 10/22/92. The day to day CDFs
demonstrate a similar trend and average GVW with the largest difference
at the upper tail of the distribution.

Fig. 8-88 is the histogram of all 23/SR 5 axle vehicles; Fig. 8-89 is
the histogram of all 11 axle vehicles. The histogram of 11 axle vehicles
exhibits a bimodal distribution, indicating loaded and unloaded vehicles.
This distinction is not apparent in Fig. 8-88 for the 5 axle vehicles. The
CDFs of the 5 and 11 axle vehicles are shown in Fig. 8-90 which clearly
shows that the much heavier vehicles are the 11 axle trucks. It can also
be observed from the distributions of Fig. 8-90, with each square and
circle indicating a truck, that southbound 23/SR is carrying an
approximately equél number of loaded and empty 5 and 11 axle trucks.
The mean 5 axle vehicle GVW is 59.2 kips and for 11 axle vehicles 103.2
kips (Tables 8-11 and 8-12). For comparison of the daily distribution of
5 and 11 axle vehicles, the CDFs for all days are plotted in Fig. 8-91 and
8-92 respectively.

Potentially more important for fatigue cycles and the distribution of
moments for a given bridge will be the axle weights and spacing for the
trucks passing over the bridge. Fig. 8-93 through 8-96 present the
distributions of the axle weights of the vehicles discussed above. All
distributions include axles with Weights greater than 5,000 pounds.

Fig. 8-93 is the axle weight histogram of all vehicles axles observed
on 23/SR and the corresponding CDF is presented in Fig. 8-94. The
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maximum axle weight observed at 23/SR is 40.8 kips with a mean of
12.31 kips. As is the case with GVW, there is very little daily variation in
the vehicle axle weights with some differences at the upper tail of the
distribution. The front and following axle weight histograms of Fig. 8-96
indicate a significant difference in both variation and magnitudes of the
two axle types. As observed from the Table 8-14, the mean front axle
weight is 9.3 kips with a maximum of 19.9 kips while the mean following
axle weight is 13.24 kips with a maximum of 40.8 kips. The higher
variation in the following axle weights is readily apparent from the CDF
comparison.

Of even greater interest is the effect of the GVW, axle weight and
axle spacing on the bridge structure and components. The effect of these
parameters can be determined in part by the lane moment caused by the
truck. Each truck in the data base is analytically driven across the
bridge to determine the maximum bending moment per lane for various
simple span lengths. The CDFs of the lane moments for spans of 20, 30,.
60, 90, 120, and 200 feet are then determined. As a point of reference
the lane moments are presented in terms of the truck lane moment to
HS20 moment.

Fig. 8-97 and 8-98 present the CDFs for lane moment effect of all
trucks with GVW greater than 15 kips for 23/SR. The mean of lane
moment to HS20 moment ranges from 0.6 to 0.70 for each of the spans.
The maximum ratio of lane moment to HS20 moment varies from 2.043
for a 20 ft. span to 3.104 for a 120 ft. span. Similar to the GVW data, a
comparison is made between lane moments produced by 5 and 11 axle
vehicles. Fig. 8-99 and 8-100 present lane moment CDF's for 5 and 11
axle vehicles. The simple spans considered are 20, 30, 60, 90, 120, and
200 ft. As a comparison of vehicle type for a given span, 5, 11, and all
vehicle lane moment CDF's are plotted for a 60 ft simple span in Fig. 8-
101.
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8.8 I-94 over Pierce Road (94/PR) in Grass Lake, Michigan

Truck weight data was collected on 1-94 at the Pierce Road
bridge during two different conditions which affected the results
significantly. Data collection in 1991 took place while the Michigan
State Police weigh station was in operation. Data colection in 1993
took place while the weigh station was closed for renovation. Fig. 8-
102 and 8-103 are the histograms of gross vehicle weight (GVW) for
all trucks measured on 94/PR in 1993 and 1991 respectively.
Vehicles weighing less than 15 kips are excluded from the histograms.
The distribution shapes of Fig. 8-102 and 8-103 are similar, however,
subtle differences can be observed at specific range levels, indicating
that there are differences in the traffic. The cumulative distribution
functions (CDFs) of 1993 and 1991 GVW in Fig. 8-104 can be readily
compared and differences in shape observed, particularly at the upper
tail, supporting the observation.

Results of the individual day measurements are presented in Fig.
8-107 for 6/30/93 and 7/1/93. The day to day CDF's are very similar
in shape and average GVW with only a slight difference at the upper
tail of the distribution. Fig. 8-108 presents day to day CDF's for
8/10/91 and 8/11/91 indicating a more pronounced difference
. between the two days of data. From the graphs and from table 8-8, the
heaviest vehicle observed in 1993 weighed 181.5 kips and 133.3 kips
in 1991 with a mean GVW of 52.4 and 51.4 kips respectively.

Fig. 8-105 is the histogram of 5 axle vehicle GVW. Differences
between 1993 and 1991 data are small and a similar trend in the
distributions is evident. Apparent is the much higher percentage
(24.9%) of 5 axle vehicles at the 70 to 80 kip range in 1991 over the
percentage (16.7%) in 1993. It is apparent from the distribution of
Fig. 8-105 that the eastbound 94/PR is carrying a population of loaded
and unloaded 5 axle trucks, resulting in a slightly bimodal distribution,
especially for the 1991 data. The 1993 and 1991 mean 5 axle vehicle
GVW's are 54.6 kips and 56.5 kips (Tables 8-11).
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Potentially more important for fatigue cycles and the distribution
of moments for a given bridge are the axle weights and spacing for the
trucks passing over the bridge. Fig. 8-109 through 8-117 present the
axle weight distributions of the vehicles discussed above. All
distributions include axles with weights greater than 5000 pounds.

Fig. 8-109 to 8-114 are 1993 and 1991 axle weight histograms
of all vehicles axles for 94/PR. The corresponding CDF's are
presented in Fig. 8-115, 8-116, and 8-117. Front and following axle
weight histograms of Fig. 8-111 through 8-114 indicate a significant
difference in both variation and magnitudes. Front axle weight has a
much smaller variation than the following axle weight as observed in
the graphs and from Table 8-13 through 8-15. As observed from the
CDF's of Fig. 8-116 and 8-117 the 1993 and 1991 mean front axle
weights are 9.71 kips and 9.71 kips with a maximum of 20.8 kips and
13.2 kips. The 1993 and 1991 following axle means are 11.87 kips
and 11.76 kips with a maximum of 54.3 kips and 27.3 kips for 1993
and 1991.. Maximum axle weight observed was 54.3 kips and 27.3
kips for 1993 and 1991. Mean axle weights were 11.38 kips and
11.30 respectively. As is the case with GVW, there is very little daily
variation in the vehicle axle weights.

- Of greater interest is the effect of the GVW, axle weight and axle
spacing. The effect of these parameters can be determined by the
lane moment caused by the truck. Fig. 8-118 through 8-133 present
lane moments for various simply supported spans. Each truck in the
data base is analytically driven across the bridge to determine the
maximum bending moment per lane for various simple span lengths.
The CDF's of the lane moments for spans of 20, 30, 60, 90, 120, and
200 feet are then determined. As a point of reference the lane
moments are presented in terms of the truck lane moment to HS20
moment.

Fig. 8-118 through 8-127 plot the CDF's for moment effect of all
trucks with GVW greater than 15 kips for 1993 and 1991. The mean
of lane moment to HS20 moment is approximately 0.5 to 0.6 for each
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of the spans for both 1993 and 1991 as seen in Fig. 8-118, 8-119, 8-
120, and 8-121. The maximum 1993 lane moment to HS20 moment
varies from 1.680 for a 20 ft. span to 2.169 for a 120 ft. span. For the
1991 data the maximum lane moment to HS20 moment varies from
1.12 for a 20 ft. span to 1.65 for a 120 ft. span. A comparison is made
between 5 and 11 vehicles for both 1993 and 1991. Fig. 8-122
through 8-125 present 5 and 11 axle vehicle CDF's for simple spans
of 20, 30, 60, 90, 120, and 200 ft. As a comparison of vehicle type for
a given span, 5, 11, and all vehicle moment CDF's are plotted in Fig. 8-
126 and 8-127 for a 60 ft simple span. The significant observation to
be made from these graphs is that 11 axle vehicles induce the largest
lane moments in the bridge.

Fig. 8-128 through 8-133 compare the lane moment ratio CDF's
for 1993 and 1991 by span. It can be observed that there are
pronounced differences in moment effect at the upper tail of the
distribution between the data collected while the nearby weigh station
was in operation in 1991 and when the station was closed during
1993 data collection. The lane moments produced while the weigh
station was open are considerably larger.
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8.9 Wyoming Road over I-94 (WY/94), Detroit Michigan

Fig. 8-134 is the histogram of gross vehicle weight (GVW) for all
trucks measured on WY/94. Vehicles weighing less than 15 kips are
excluded from the histogram. The corresponding cumulative distribution
function (CDF) of GVW for all trucks observed and measured on WY/94
is shown in Fig. 8-135. Each circle fepresents one truck in the data file.
From THE Table 8-10 the heaviest vehicle observed weighed 177.3 kips
with a mean GVW of 42.9 kips. Results of the individual day
measurements are presented in Fig. 8-136 for 8/19/93 and 9/8/93. The
day to day CDFs demonstrate a similar trend and average GVW with the
largest difference at the upper tail of the distribution. Some of the
difference may be attributed to the fact that the data was not collected on
consecutive days. '

Fig. 8-137 a histogram of all 5 axle vehicles; Fig. 8-138 is a
histogram of all WY/94 11 axle vehicles. The corresponding CDFs of the
5 and 11 axle vehicles are shown in Fig. 8-139. The CDFs of Fig. 8-139
clearly show that the heaviest vehicles are the 11 axle trucks. The 5 axle
vehicle mean GVW was 42.8 kips and for 11 axle vehicles 83.5 kips.
Maximum 5 and 11 axle GVW was 89.5 kips and 177.3 kips respectively
(Tables 8-11 and 8-12). For comparison of the daily distributions of 5
and 11 axle vehicles, the CDFs for both days are plotted in Fig. 8-140.

Potentially more important for fatigue cycles and the statistical
distribution of lane moments for a given bridge will be the axle weights
and spacing for the trucks passing over the bridge. Fig. 8-141 through
8-145 present the distributions of the axle weights of the vehicles
discussed above. All distributions include axles with weights greater
than 5000 pounds.

Fig. 8-141 is the axle weight histogram of all vehicles axles on
WY/94. The corresponding CDF is presented in Fig. 8-142 and the daily
CDFs are shown in Fig. 8-143. The maximum axle weight observed at
WY/94 was 31.8 kips with a mean of 10.22 kips. As in the case with
GVW, there is very little daily variation in the vehicle axle weights with
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some differences at the upper tail of the distribution. The front and
following axle weight histograms of Fig. 8-144 indicate a significant
difference in both variation and magnitudes. As observed from the CDFs
of Fig. 8-145 the mean front axle weight is 9.18 kips with a maximum of
18.8 kips while the following axle mean was 10.63 kips with a maximum
of 31.8 kips. The higher variation in the following axle weights is readily
apparent from the CDF comparison in Fig. 8-145.

Of greater interest is the effect of the GVW, axle weight and axle
spacing. The effect of these parameters can be determined by the lane
moment caused by the truck. Each truck in the data base is analytically
driven across the bridge to determine the maximum bending moment per
lane for various simple span lengths. The CDFs of the lane moments for
spans of 20, 30, 60, 90, 120, and 200 feet are then determined. As a
point of reference the lane moments are presented in terms of the truck
lane moment to HS20 moment.

Fig. 8-146 and 8-147 plot the CDFs for moment effect of all trucks
with GVW greater than 15 kips for WY/94. The mean of lane moment to
HS20 moment is approximately 0.3 to 0.5 for the spans shown. The
maximum ratio of lane moment to HS20 moment varies from 1.35 for a
20 ft. span to 2.2 for a 120 ft. span. Similar to the GVW data, a
comparison is made between 5 and 11 axle moments. Fig. 8-148 and 8-
149 present 5 and 11 axle vehicle lane moment CDFs for simple spans of
20, 30, 60, 90, 120, and 200 ft. As a comparison of vehicle type for a
given span, 5, 11, and all vehicle moment CDFs are plotted for a 60 ft
simple span in Fig. 8-150.
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8.10 Summary and Conclusions

Truck data collection is important in determining both the
maximum load effects and frequency distribution of heavy traffic. The
results of weight-in-motion measurements carried out during this project
provided data for the calculation of statistical parameters. They include
vehicle weight, truck class, and maximum, mean, median, standard
deviation, coefficient of variation, skewness, and kurtosis of gross vehicle
weights, axle weights, and moments. The considered parameters include
distributions of gross vehicle weight (GVW), daily GVW distributions,
distributions of GVW for five and eleven axle vehicles, and lane moments
of all vehicles, five axle vehicles, and eleven axle vehicles for 20, 30, 60,
90, 120, and 200 foot spans.

The heaviest vehicles (GVW) are 11 axle trucks with coils of steel,
gravel, or asphalt. ‘

The measurements taken nearby of Truck Weigh Station indicate
that truck wei'ghts are within the legal limits. However, on bridges
further away from Weigh Stations, truck weights often exceed the legal
limits. The observation was also confirmed by measurements on 1-94
over Pierce Road when the Weigh Station was open and closed. This
observation confirms that overloaded trucks avoid the scales.

The effect of heavy trucks is larger for longer spans. Moments and
shear forces are calculated for the measured trucks.

Live load varies depending on location.- The difference is not only
in ADTT, but also in magnitude (truck weights). The heaviest traffic
" occurs on bridges that are not located close to the Truck Weigh Station.
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9. DYNAMIC LOAD MODEL

9.1 Introduction

The dynamic load is an important component of bridge loads. It
is time-variant, random in nature and it depends on the vehicle type,
vehicle weight, axle configuration, bridge span length, road roughness
and transverse position of truck on the bridge. An example of the
actual bridge response for a vehicle traveling at a highway speed is
shown in Fig. 9-1. For comparison, also shown is an equivalent static
response, which represents the same vehicle traveling at crawling
speed.
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Fig. 1. Bridge Dynamic and Static Response Under Truck Load.

The dynamic load is usually considered as an equivalent static
live load and it is expressed in terms of a dynamic load factor (DLF).
There are different definitions for DLF as summarized by Bakht and
Pinjarkar (1989) in their state-of-the-art report on dynamic testing of
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bridges. In this study, DLF is taken as the ratio of dynamic and static
responses (Billing 1982),

DLF = Ddyn / Dstat (9-1)

where: Ddyn = the maximum dynamic response (e.g. stress, strain or

deflection) measured from the test data, Ddyn = Dtotal - Dstat:
Dtotal = total response; and Dgtat = the maximum static response
obtained from the filtered dynamic response.

The measurement of static load spectra is described in Chapter
8. An accurate dynamic load model is required for the development of
rational criteria for the design and evaluation of bridges. Yet, the
available data is insufficient and unclear. - Analytical simulation
procedures provided a basis for calculation of design provisions
(Hwang and Nowak 1991). However, there is a need for field
verification of the results. Therefore, the objective of this study is to
determine the dynamic load factor based on the field measurement
data. The work is carried out on selected steel girder bridges. The
obtained results are compared with DLF's calculated on the basis of the
analytically simulated model (Hwang and Nowak 1991).

9.2 Dynamic Load in Design Codes

In bridge design codes, the dynamic load is specified as an
equivalent static live load. The actual values vary from one document
to another. Code provisions are compared for AASHTO (1992), LRFD
AASHTO (1998), Ontario Highway Bridge Design Code (OHBDC 1979,
1983 and 1993) and Swiss Code (SIA 1988).

In the current AASHTO (1992), DLF is specified as function of
span length only,

= 125+ L (9-2)
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where L = span length in feet (1 ft = 0.305 m). However, the
maximum value of DLF is 0.30.

In the new LRFD AASHTO Code (1994), live load is specified as a
combination of HS20 truck (AASHTO 1992) and uniformly distributed
load of 640 1b/ft (9.8 kN/m). DLF is equal to 0.33 of the truck effect,
with no dynamic load applied to the uniform loading.

In the first two editions of the Ontario code (OHBDC 1979 and
1983), and in the Swiss Code (SIA 1988), DLF was specified as a
function of the natural frequency of vibration for the bridge. The
maximum DLF of 0.4 (0.45 in OHBDC 1979) corresponded to the
frequencies between about 2 and 4 Hz. In the new edition of Swiss
Code (Cantieni 1992) the maximum value DLF of 0.4 to 0.8
corresponded to the frequences between two and four Hz. The design
provisions reflect the results of tests performed by Billing (1984) and
Cantieni (1992). In the third edition of the Ontario code (OHBDC
1993), DLF is equal to 0.25 for all spans, except those governed by a
single axle or a tandem, based on the simulations performed by Hwang
and Nowak (1991).

9.3 Previous Studies

The available data on dynamic load in bridges is rather limited
(Paultre et al. 1992). Some measurements were taken by the Ontario
Ministry of Transportation (Billing 1984). A total of 27 bridges were
tested. The structural types included prestressed concrete (girders
and slabs), steel girders (rolled sections, plate girders and box
girders), steel trusses and rigid frames. Data were recorded for test
vehicles and actual traffic. The mean values of DFL are about 0.05 to
0.10 for prestressed concrete AASHTO type girders and 0.08-0.20 for
steel girders. The maximum observed values exceed 0.5 and some of
the coefficients of variation are over 1.0. However, the correlation
between DLF and truck weight is not available. On the other hand, it is
expected that the largest DLF's correspond to lighter trucks.
Comnsiderable differences in DLF are observed for otherwise very
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similar structures which indicates the importance of factors such as
surface condition.

Cantieni (1983) tested 226 bridges in Switzerland, mostly
prestressed concrete. With the exception of 11 bridges, all were
loaded with the same vehicle, under the same load, and with the same
tire pressure, thus minimizing the variability due to truck dynamics.
The effect of local unevenness in the pavement on the dynamic load
was also investigated. The study showed that the dynamic fraction of
the load was as high as 0.7 for bridges with fundamental natural
frequency between two and four Hz. However, as in the Ontario data
(Billing 1984), the static and dynamic loads were recorded separately,
so that it is not possible now to determine the degree of correlation.
It is also expected that the high values of DLF are associated with
lighter vehicles.

Ghosn and Moses (1984) considered the dynamic load as an
integral part of the live load model. To account for the dynamic load
effect they multiplied the live load by a factor 1.11. This value falls in
the middle range of the data obtained by Billing (1984).

O'Connor and Pritchard (1985) found that the dynamic load is
vehicle dependent and it varies with the suspension geometry. They
carried their tests on a short span composite steel and concrete
bridge in Australia. The results indicate that as the weight of the
vehicle increases, the dynamic load decreases. Also, O'Connor and
Chan (1988) collected strain data and, using those records, they
determined DLF's ranging from -0.08 to +1.32. As in the previous
studies, the extreme values are associated with light trucks. Negative
values of DLF indicate a strong domination of dynamic response over
the static response (large vibrations with extreme values with opposite
sign than static deflection).

Most of the theoretical studies on vibration of beams under
moving loads concentrated on modeling only one of the parameters,
either the vehicle, bridge, or surface roughness. The vehicle was
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modeled as a constant force (Wu and Dai 1987), one degree-of-
freedom system (Blejwas et al. 1979), two degrees-of-freedom system
(Genin and Chung 1979), or more realistic complex systems (Gupta
1980). The bridge was modeled as either a continuous or discrete
system. Honda, Kobori and Yamada (1986) treated the bridge as a
simple beam with only bending moments in the longitudinal direction.
Discrete models can be in the form of simple beams, simple beams
with torsional degree-of-freedom, and orthotropic plates. The surface
roughness was modeled using the so-called artificial bump on the
approach method (Gupta 1980), the simple sinusoidal bridge surface '
model (Blejwas et al. 1979), and random processes together with
Fourier series (Honda, Kobori and Yamada 1980). Further, multiple
truck presence and eccentric loading were studied by Hikosalga et al.
(1978) and Gupta (1980), respectively.

More recently, Huang et. al (1992) studied the variation of the
DLF for six multigirder continuous bridges under moving loads. Their
analysis used a grillage beam system model for the bridge, road
roughness model, and a nonlinear vehicle model.

The development of a new LRFD (load and resistance factor
design) code required a verification of the load model. In particular,
there was a need for confirmation of the observation that the dynamic
load factor decreases for heavier trucks and for multiple truck
occurrence. Therefore, a computer procedure was developed by
Hwang and Nowak (1991) for simulation of the dynamic bridge
behavior. The dynamic load was determined as a function of three
major parameters: road surface roughness, bridge dynamics (frequency
of vibration) and vehicle dynamics (suspension system). Bridge was
modeled as a prismatic beam. Dynamic parameters of trucks were
based on the available data. Road roughness was generated using the
actual measurement records. The DLF was calculated in terms of
deflections. It was found that the dynamic deflection is almost a
constant, while static deflection is proportional to truck weight.
Therefore, DLF decreases for heavier trucks. For example, for 3 axle
trucks with gross vehicle weight (GVW) approaching 300 kN (70
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concrete girder bridge. The simulations were carried out for single
trucks and two trucks side-by-side. For two trucks, the DLF was
smaller by about 50 percent compared to DLF for single trucks, as
shown in Fig. 9-5.
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Fig. 9-2. Simulated DLF vs. 3 Axle Truck GVW on Steel Girder Bridge.
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9.4 Experimental Program

The purpose of the experimental program is to measure the
dynamic load amplification in steel girder bridges. Corresponding
truck weights, in particular axle loads and axle spacings, are also
recorded. The measurements are taken simultaneously by two
systems: the WIM System (truck information and girder strains) and
the Dynamic System (accelerations) described in Chapter 5. The
purpose of the WIM system by BWS is to measure and record all
relevant truck information in addition to the strain response in each
girder. The strain gages are placed on lower flanges close to the
position of the maximum moment. The Dynamic System, developed
by Krenz Electronics, is set up to measure accelerations
simultaneously, and at the same location, as the strain gages. Both
systems are triggered by special tape switches, pasted to the
pavement. The same tape switches are used to determine the truck
speed, number of axles and axle spacings.

Four out of seven bridges listed in Chapter 6 are selected for
tests. The span lengths vary from 9 to 24 m (30-80 ft). The same
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procedure is used for all bridges, however, with a different equipmént
setup. The location of the accelerometers is dictated by the bridge
geometry, number of girders, width of shoulder, span length, and the
transverse position of truck traffic.

All selected structures are multi-simple-span bridges with steel
girders and concrete slabs. The basic design parameters include span
length, girder spacing, slab thickness, and skewness. The basic
parameters of the selected bridges are given in Table 9-1.

Table 9-1. Parameters of the Tested Bridges.

Bridge Location Span No. of Girder Slab Bridge Skew
No. Girders Spacing Thickness Width
(m) () (mm) (m)
[Ft] [Ft] [Ft) (Ft]
1 US-23/ 24.5 6 1.90 190 11.0 14°
Huron River [80.38] [6.23] [0.62] [36.09]
2 M-14/ 16.0 8 1.85 200 12.8 25°
N.Y.C. Rail Road [52.50] [6.07] [0.66] [42.00]
3 1-94/ 16.0 9 1.70 190 14.5 25°
Jackson Road [52.50] [5.58] [0.62] [47.57]
4 1-94/ 10.5 10 1.70 175 13.7 29°
Pierce Road [34.45] [5.58] [0.57] [44.95]

The strain gages are attached to bottom flanges of girders. The
equipment is calibrated using trucks with known axle weights and
spacings. The measurements are carried out for several days at each
location.

A computer program is developed for the automated data
processing. Each data file contained data from 6 or 8 channels. Every
two channels represent the time and acceleration records collected
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from each girder. Each record represents the passage of a truck over
the bridge, in either right or left lane. The data capturing starts when
the truck is about 20 ft (6 m) from the first tape switch in either lane.
The data capture mode is on until the time elapsed is equal to the
preset time interval. The preset time interval depends on the span
length, average truck speed and the distance of the first tape switch
from the beginning of the bridge.

The tape switch signal is used to trigger the system, and start
collecting data from the accelerometers and strain transducers.
However, this synchronization works for bridges with traffic intensity
not higher than normal. On bridges with trucks of certain
characteristics (e.g. heavy, 11 axles), the manual trigger permits a
better control of the data acquisition system.

The deflections are calculated by integrating the acceleration
records using the Fast Fourier Transform (FFT) technique (Paz 1985;
Press et al. 1988). The FFT procedure is utilized assuming that the
measured acceleration-time (or strain-time data) can be represented
as the sum of all contributions from all mode shapes. FFT is also used
to determine the dominant frequencies as well as the cutoff frequency
in the frequency domain. The cutoff frequency is best estimated, for
each individual bridge, by minimizing the error in estimating the
energy under the power spectrum plot in frequency domain. The
equivalent static response is determined by eliminating the
contribution of all modes above the cutoff frequency. The dynamic and
equivalent static response are then plotted and compared to
determine the DLF. The same procedure was applied for both
deflection and strain measurements.

The measurements provided data on truck weights, axle loads,
axle configurations and vehicle speeds. The histograms of GVW are
shown in Fig. 9-6 through 9-9 for bridges 1 through 4, respectively.
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Fig. 9-9. Histogram of GVW for Bridge 4, 94/PR.
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Most of the trucks traveled at about 60 mph (90 km/h). The truck
traffic was a mixture of mostly 5 axle vehicles with few very heavy 11
axle trucks.

9.5 Measured Dynamic Load

The measurements are carried out on four bridges listed in
Table 9-1. Static and dynamic stress is determined for each girder.
The resulting dynamic load factors (DLF) are plotted vs. GVW of the
corresponding vehicles in Fig. 9-10 through 9-13. The results ‘are
shown for the third girder (most loaded girder in the considered
bridges).

In general, DLF decreases with GVW. However, the DLF is the
ratio of dynamic and static deflection or stress, and static response
varies from girder to girder, depending on positions of the girder and
truck.

The statistical cumulative distribution function (CDF) of the
static response (deflection or stress) are developed from the
measurements. It is convenient to plot the CDF's on the normal
probability paper (Appendix A). In this study the normal probability
scale is replaced with the inverse normal scale, ®-! (p), where ®-1is
the inverse normal probability function and p is probability. For any xj,
equal to the measured value of stress or deflection, the corresponding
inverse normal value (on the vertical scale) is equal to ®-1(p;), where
pi is the probability of x; being exceeded.

The static stress values are determined for each girder. The
CDF's for static stress are plotted on the normal probability paper. For
each bridge, the results are presented for the first (exterior) and third
(most loaded) girders. For each value of static stress, the
corresponding dynamic stress is also plotted. The results are shown
in Fig. 9-14 through 9-21, for bridges 1 to 4, respectively. For each
bridge, the results are shown for girders 1 and 3.
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Fig. 9-14. CDF of Static Stress and Corresponding Dynamic Stress
for Girder 1, Bridge 1.
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Static and dynamic stress is determined for each girder. The
resulting dynamic load factors (DLF) are plotted vs. the static stress in
each girder in Fig. 8-22 through 9-25. The results are shown for a
maximum of eight girders limited by the number of available data
acquisition channels.

In general, DLF decreases as the static stress in each girder
jncreases. However, the DLF is the ratio of dynamic and static stress,
and static response varies from girder to girder, depending on the
positions of the girder and truck. The variation in DLF with respect to
static stress in each girder is shown in Fig. 9-22 through 9-25. It is
shown that the exterior girders exhibit very small static stress (almost
negligible), while the interior girders have much larger static stresses.

In general, the static stress is proportional to truck weight.
However, the dynamic stress is practically independent of truck
weight. Therefore, the dynamic load factor, DLF, decreases with static
stress or truck weight. The variation of DLF with truck parameters is
shown in Fig. 9-26 through 9-27. Results for each bridge are shown
corresponding to the most loaded interior girder. It is observed that
the DLF decreases as the GVW increases. It is also observed that
among all types of vehicles (excluding light weight 2 axle vehicles), 5.
axle trucks cause the largest DLF values as shown in Fig. 9-26.
Additionally, the DLF decreases with an increase in truck speed as
shown in Fig. 9-27.

In general, the static stress is proportional to truck weight.
However, the dynamic stress is practically independent of truck
weight. Therefore, the dynamic load factor, DLF, decreases with truck
weight.
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9.6 Summary and Conclusions

The dynamic load is defined as the ratio of dynamic and static
responses. Field measurements are performed to determine the
actual truck load effects and to verify the available analytical models.
The objective of this study is to present the results of these studies.

The tests are carried out on four steel girder bridges.
Measurements are taken using accelerometers and a weigh-in-motion
(WIM) system with strain transducers. For each truck passage, the
dynamic response is monitored by recording accelerations and strain
data. The truck weight, speed, axle configuration, and lane occupancy
are also determined and recorded. A numerical procedure is
developed to filter and process collected data. The dynamic load
factor (DLF) is determined under normal truck traffic of Varioué load
ranges and axle configurations.

The dynamic loads under a normal highway traffic are measured
for selected steel girder bridges. For each truck, the measured
parameters include: axle loads, axle spacings, speed, strain record and
acceleration record. A numerical procedure is developed for data
processing, filtering and smoothing. The dynamic load factor (DLF) is
calculated using strain records.

The field measurements confirm the results of the analytical
study. It is observed that the dynamic component of stress is
practically independent on GVW. Therefore, DLF decreases with
increased GVW. For very heavy trucks, DLF does not exceed the
theoretical results obtained by Hwang and Nowak (1991).

Larger values of DLF are observed in exterior girders, however,
this is due to relatively smaller static load effect. Values of DLF should
be based on those obtained from interior girders.
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10. EVALUATION OF BRIDGES WITH REGARD TO CORROSION

Bridge evaluation requires the knowledge of load and resistance.
Therefore, there is a need for information about two groups of
parameters:

e Loads; actual loads, extreme expected loads, fatigue load spectra,
load distribution, component loads, load combinations.

e Resistance; actual load carrying capacity, degree of deterioration,
rate of deterioration, remaining life.

The measurement of truck loads and component-specific stress
spectra provides a important data base for evalution. It also serves as a
means for verification of the theoretical design models. However, the
load carrying capacity has an equal and sometimes even more
important effect on bridge perforrnance. Therefore, it should be
evaluated as accurately as possible.

Resistance (load carrying capacity) varies from structure to
structure due to quality of material and workmanship, level of
maintenance, and traffic parameters (volume and magnitude of truck
loads). Furthermore, the resistance is a time-dependent variable due
to deterioration. The accumulated damage can be estimated by
inspection and measurements. However, the prediction of future
performance usually involves more uncertainty. The important forms
of deterioration which affect bridge resistance are corrosion and
fatigue.

Corrosion is one of the most important causes of deterioration in
steel bridges. Rational criteria are needed to determine the actual
strength and remaining life of existing corroded structures. This
Chapter, deals with the deterioration models for corroded steel girder
bridges.

The primary cause of corrosion is the accumulation of water and
salt (marine environment or deicing media) on bridge steel. The
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source of water and salt is either from deck leakage or from the
accumulation of road spray and condensation. The source of the
moisture often determines the pattern of corrosion on a bridge. The
rate of corrosion will depend upon the contaminants in the moisture
and the ambient temperature. By combining information on the
location and rate of corrosion with the structural analysis of corroded
members, a model of deteriorating capacity is developed (Kayser and
Nowak 1989).

10.1 Forms of Corrosion

There are six main forms of corrosion damage which can affect a
steel girder bridge:

¢ uniform corrosion,

* pitting corrosion,

¢ galvanic corrosion,

* crevice corrosion,

* stress corrosion cracking,
e corrosion fatigue.

The most prevalent form is the uniform corrosion which is a
general loss of surface material. This condition will lead to the gradual
thinning of members. Uniform corrosion accounts for the largest
percentage of corrosion damage.

Pitting corrosion also involves loss of material at the surface.
However, it is restricted to a very small area. Pits can be dangerous
because they extend into the metal, showing little evidence of their
existance. Pit occurrence is serious in high stress regions because it
can cause local stress concentrations.

Galvanic corrosion occurs when two dissimilar metals are
electrochemically coupled. Such situations may occur at bolted or
welded connections. Galvanic corrosion can be local, leading to pit
formation.
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Crevice corrosion occurs in small confined‘areas‘, such as
beneath peeling paint or between faying surfaces. It is usally caused by
a low concentration of dissolved oxygen in the moisture held within a
crevice. Deep pits can provide locations for crevice corrosion to
occur.

Stress corrosion cracking occurs when metal is subjected to
tensile stress in a corrosive environment. For mild carbon steel in
ordinary bridge environment, stress corrosion cracking is usually not
a problem. In general, the lower the fracture resistance of a metal,
the higher its susceptibility to stress corrosion cracking.

Fatigue corrosion has been identified as a corrosion
phenomenon. It is actually a combination of pitting, crevice, and
stress corrosion cracking. The effect of fatigue corrosion is a
reduction in the fatigue life of the metal. This can result when pits
cause stress concentration or when crevice or stress corrosion causes
the advancement of cracks.

The rate of corrosion in different environments has been
evaluated in several ongoing studies. It has been observed that
corrosion loss follows an exponential function [Komp 1987];

C=AtB (10-1)

where C represents the average corrosion penetration, in microns, t is
the number of years, and A and B are the parameters determined from
the regression analysis of experimental data. Test results for the
parameters A and B for carbon and weathering steel were summarized
by Albrecht and Naeemi [1984]. Average values for parameters A and B
are listed in Table 10-1.
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Table 10-1. Average Values for Corrosion Parameters A and B for
Carbon Steel and Weathering Steel.

Carbon Steel ~ Weathering Steel

Environment A B A B
Rural 34.0 0.65  33.3 0.50
Urban 80.2 0.59  50.7 0.57
Marine 706 079 402  0.56

There are two basic changes which can occur in a steel bridge
due to corrosion:

¢ loss of material and reduction of section parameters,
¢ buildup of corrosion products.

"Loss of material will cause smaller net sections. This may
increase the stress level for a given load or the stress range due to
cyclic loading. When corrosion is localized, as in pitting, stress
concentrations can occur, further increasing the stress level.

A reduction in section area will decrease the geometric
properties, such as moment of intertia and/or radius of gyration. This
change may occur in a nonlinear manner because the geometric
properties are related to the square or cube of the dimensions.
Buckling capacity of members can be critically affected by the
reduction in metal thickness. :

The buildup of corrosion products can also adversely affect steel
bridges. Rust formation may exert pressure on adjacent elements.
Brockenbrough [1983] found that the resulting stress can exceed
1,200 psi. This pressure can pry apart plates, causing stresses and
eccentricities in the connected parts. The formation of “pack” rust
around a bearing or hinge can lock the mechanism in place. A
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nonfunctional hinge may cause unintended stresses in the structure
[Bellenoit et al. 1985].

10. 2 Corrosion Patterns ‘

Corrosion can occur wherever electrolytes (water and
contaminants) can collect on the structure. On a simple span bridge,
corrosion occurs usually as the result of deck joint leakage or the
accurnulation of road spray and dust on flat undrained surfaces. The
pattern developed will be the corrosion of the webs at the ends of the
girders, and the corrosion of the bottom portion of the girder, along
the entire length. Fig. 10-1 illustrates the typical locations where
corrosion is likely to occur assuming both joint leakage and traffic
spray. The components of a bridge can be affected by more than one
form of corrosion damage. In addition, the corrosion of a component
can result in more than one type of deterioration. The forms of
corrosion that are possible, the bridge components affected, and the
types of structural damage were summarized by Kayser and Nowak
[1987; 1989]. The present discussion is based on their findings.

Surface Corrosion

Fig. 10-1. Corrosion Pattern on a Typical Steel Bridge.

10. 3 Behavior of Corroded Bridges

To evaluate the effects of corrosion on structural performance,
the various regions where corrosion will occur must be evaluated in
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terms of net remaining area, structural behavior, and structural
loading. In this study, the corrosion model is developed for simple
span steel girder bridges.

The loss of section in a component will cause a reduction in the
carrying capacity of that component. The amount of capacity
reduction will depend on whether the component is in tension or
compression. Tension capacity is computed as the net remaining area
times the tensile strength. Compressive capacity depends upon the
net area, geometry, and boundary conditions of the element.

In a steel girder, corrosion may affect the capacity in bending,
shear, and bearing. Bending will be considered mainly at the midspan
of a girder or above an intermediate support. At these regions, the
type of corrosion most likely to occur will be section loss on the top
surface of the bottom flange and on the lower portion of the web, as
shown in Fig. 10-1.

10.3.1 Bending Behavior

The performance of a simply supported composite steel bridge
girder in bending depends upon three basic failure modes. Failure
may take place either due to excessive yielding in the steel, crushing
of the concrete, or slippage in the composite connectors. The type of
failure which is preferred at ultimate capacity is steel yielding. A
yielding failure is ductile in nature, providing prior wamming to the
users. The crushing failure of concrete occurs at strain levels in the
range of 0.0025-0.0040 (in ACI Code and LRFD AASHTO Code it is
assumed as 0.003). For composite girders of standard design, steel
reaches the yielding level before the concrete begins to crush. Also,
the slippage of the composite connectors is minor and can be ignored.

For continuous girders, there is the additional possiblity of the
lower flange buckling in the negative moment region. The actual
capacity of the section in negative bending will depend upon the
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amount of slab reinforcement above the support and the slenderness
of the bottom flange.

Autostress design is a relatively new approach to designing
continuous steel girders [Haaijer et al. 1983]. This method has the
advantage of eliminating cover plates from the bottom flange. The
method relies on the plastic rotational capacity of the girder. If
corrosion were to occur on the bottom flange, either due to deck
leakage or contaminant accumulation, the slenderness ratio would
increase. Under such conditions, buckling could occur in the bottom
flange before plastic strain levels are reached.

To evaluate the bending behavior of a composite section, an
analytical model was developed. In this model, a section is treated as

a collection of composite segments, Fig. 10-2. Each segment can
represent a different material, and is made up of several layers. The
effective width of the deck segment must be calculated, since girder
spacing may be quite large. In this study the AASHTO [1983] effective
width formmulas are used.

=

e 1 | = 4 ;
Section Model Strain Stress

bl

Fig. 10-2. Analytical Model of a Composite Section.

A basic assumption is made that plane sections before bending
remain plane after bending. Using the linear strain distribution and
the stress strain relationship for each material, the stress level can be
calculated at each layer, Fig. 10-2. By iteratively finding the correct
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stress distribution for each level of moment, the moment curvature
relationship can be established.

The stress level for each layer depends upon the stress strain
characteristics of the material, Fig. 10-3. For concrete, the stress
strain distribution is modeled as a Hognestad parabola [Hognestad et
al. 1955] with a linear descending portion. For steel, a tri-linear
distribution is used. The elastic modulus of the strain hardening
region is approximated as the initial tangent modulus at strain
hardening. An example of the resulting bending moment-curvature
plot is shown in Fig. 10-4.

N
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Fig. 10-3. Stress-Strain Curves for Concrete and Steel.

The effect of corrosion on the bending behavior will depend on
whether the section is positive or negative moment region. For a
continuous span, a reduced lower flange thickness may cause local
buckling above an interior support. For the positive moment regions,
corrosion loss will cause a reduction in the tensile capacity of the
lower flange. There will also be a reduction in the geometric bending
properties of the section. A capacity loss analysis was carried out for
both composite and noncomposite wide flange girders, in positive
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bending. The results are shown in Fig. 10-5. The reduction in
bending capacity and stiffness is shown to be linearly proportional to
the section loss.
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Fig. 10-4. Moment Curvature Plot for a Composite Section.

100 -«
Percent 90 <
Remaining
Bending ' W36x300
Stiffness N
80 4 “
W21x68 ... W33x141 w/plate
70 4 K
 Composic . W34l
"""" Noncomposte
. W30x99
60 ! { { {
0 .01 .02 .03 .04

Flange Loss, inches
Fig. 10-5. Reduction in Bending Stiffness Due to Corrosion.
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10.3.2 Shear Behavior

Corrosion may affect the resistance of shear forces, which are
mainly carried by the web. Usually, the web is designed to operate at
elastic nonbuckling stress levels. In order to investigate the possiblity
of a thin slender web, plate buckling theory must be considered. The
web panel adjacent to a support can be modeled as a rectangular plate
with hinged edges all around [Johnston 1976]. The critical shear
stress depends on the slenderness ratio, as shown in Fig. 10-6. The
critical stress depends also on the relative dimensions of the plate and
the spacing of the web stiffners.

10 - Inelastic
| Buckling

Ratioof ¢s8 .
Critical
Shear lastic
Stress 06 1 - Buckling
-to-
Plastic
Buckling 04 ¢
Stress

02 &

0.0 e e ——f

60 80 100 120 140 160 180 200
Slenderness Ratio

Fig. 10-6. Critical Shear Stress in Web Panel.

The maximum shear occurs near the supports. For simple span
girders, this is also where the greatest amount of web corrosion will
occur, Fig. 10-1. Shear load is carried by the web. The loss in web
material will reduce shear capacity due to both section loss and
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geometric buckling. Examples of the effect of corrosion on the shear
capacity is shown in Fig. 10-7, for four types of wide flange girders.
The loss of shear capacity is linear up to the point where buckling
occurs. After the buckling stage is reached, shear capacity diminishes
rapidly.
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Fig. 10-7. Reduction in Shear Capacity Due to Corrosion.
10.3.3 Bearing Behavior.

The bearing capacity can also be affected by corrosion. Bearing
forces are primarily resisted by the web, immediately above the
supports. The strength of the web depends on the presence of
stiffeners. The installation of stiffeners is mandatory for plate girders
and rolled girders above intermediate supports. For rolled simple
span steel girders, installation is necessary only if the nominal shear
load exceeds 75 percent of the design shear capacity [AASHTO 1983a].
Although a girder may not require a stiffener at the time it is
constructed, after serious corrosion a stiffener may be necessary to
maintain the original design capacity.



228

The capacity of a stiffened web in bearing can be evaluated by
treating the stiffener web combination as a column [AISC 1986]. The
effective area of the column is illustrated in Fig. 10-8. The effective
width of the web is approximately 12 times the web thickness [AISC
1986]. However, AASHTO [1992] allows up to 18 times the web
thickness to be considered as part of the column.
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Fig. 10-8. Net Area of Bearing Stiffener Column.

The calculation of the ultimate bearing stresé, Fuit, follows the
method oulined by the Structural Stability Research Council [Johnston
1976]. The slenderness ratio is Kh/r; where K is the effective length
factor, h is the height of the web, and r is the minimum radius of
gyration. Then Fy;t is: .

(Kh/r)2 ]

Fy [ 1- 2C2 for Kh/r < C¢
Fuit = { (10-2)
n2E
®h/02 for Kh/r 2 C¢

where:
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Co = 7 /2n2E
c = Fy

If no stiffener is present, the standard procedure [AASHTO
1992] is to allow the bearing stress in the web to be 80 percent of the
yield stress. This criteria is adequate for new sections. However, if a
web becomes thin, crippling may take place at lower stress levels.

There are three analysis methods available for evaluating web
bearing strength. These three methods are;

o effective width approach,
« plastic hinge failure mechanism,
¢ plate theory.

Using the effective width approach, the post buckled strength of
a thin member is calculated based on the effective width of the
member resisting compression. This method, however, relies on the
presence of a stiffener and therefore is not adequate for evaluating an
unstiffened web.

The plastic hinge mechanism approach is used in the most
recent edition of the steel design code [AISC 1986] for determining
the bearing strength of a girder. This criteria, however, was
developed on the basis of web crippling in a midspan section of a
stiffened girder [Roberts 1981]. The application of the plastic hinge
mechanism approach to end web panels may be inaccurate if no
stiffeners are present. ‘

The approach used in this study is based on plate theory. The
end panel of the girder web resists the bearing stresses at the support.
This panel can be idealized as a rectangular plate, supported on three
sides and subjected to edge loading. The length of the web subjected
to bearing stress will depend on the length of the bearing plate. In
most cases, the length of the bearing plate is approximately equal to
the width of the girder flange. In this study, the length of the web in
bearing is assumed equal to the width of the flange plus the thickness
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of the flange and the web fillet. The ultimate bearing stress, Fult. is
calculated using the plate equation [Johnston 1976];

Fur = k n? E < F (10-3)
uwt = = o Wb/wE T

where k is the plate coefficient, v is Poisson's ratio, b is the length of
the web in bearing, and ty is the thickness of the web. The value of k
depends on the boundary conditions and the stress distribution. If the
supported edges of the plate are fixed and the bearing stress is
uniformly distributed then k = 1.28.

Corrosion may cause a considerable reduction in bearing
capacity. At the ends of a girder, section loss may take place over the
entire web area, as shown in Fig. 10-1. The section loss that affects
shear performance will also affect bearing performance. In order to
illustrate the effect of corrosion on bearing capacity, three wide flange
girders are evaluated for bearing capacity at different corrosion levels.
The results are shown in Fig. 10-9. The girders are examined with
and without bearing stiffeners. The stiffener sizes are; 4x1 in for the
W36x230, 4x3/4 in for the W30x116, and 3x3/4 in for the W24x76.

Two observations can be made from the bearing capacity results.
The first is that the reduction in bearing capacity is linear with the
initial section loss, then becomes nonlinear. This is the same type of
behavior exhibited by the shear capacity. The second observation is
that bearing stiffeners improve the capacity at high corrosion levels.
This observation also applies to cases with the same rate corrosion in
the web and stiffeners.

'10.3.4 Connections and Secondary Members
Connections are comprised of welded or bolted components.

The capacity of a connection is directly related to the net area of the
connectors, the bolt area, weld throat, or base metal dimensions.
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Material loss, due to corrosion, will directly decrease the available net

areas.
100 ]
80 +
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60 T Bearing
Capacity
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——— Vith stiffener . . S W30x116
_____ Without ‘s' ‘o. .‘. W24X76
20 4 W36x230
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0 . ; , oo W24x76
0 .04 .08 12 .16 2

Loss per Surface, inches
Fig. 10-9. Reduction in Bearing Capacity Due to Corrosion.

Pin-hanger supports can also be considered as connections.
Because of their large size, general surface corrosion is a relatively
minor problem. However, pitting corrosion can be serious because of
the possibility of local stress concentrations and the difficulty of
linspection. Pin-hangers are also susceptible to lockup due to rust
formation. A "frozen" pin connection can induce unintended stresses
by inhibiting superstructure movement.

Secondary members are typically the transverse bracing
members spaced at intervals along the length of a bridge. These
members serve the purpose of providing lateral support to the main
elements and distributing loads transversely across the deck. The
primary effect of corrosion on secondary members is the loss of
section. This loss will reduce tensile and buckling capacities. The
connection of transverse bracing members into the webs of
longitudinal girders, is a fatigue prone area. With the additional effect
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of corrosion, the brace connection will also suffer a reduction in
fatigue life.

10.4 Examples of Evaluation

The effect of corrosion on load carrying capacity was evaluated
for typical steel girder bridges. Two simple spans are considered, 40
ft and 60 ft. The bridges were designed using the Load Factor Design
approach [AASHTO 1992}. For each span length the calculations were
performed for two cases; with and without bearing stiffeners. A cross
sectional view, common to both structures, is shown in Figure 10-10.
The 40 ft bridge, uses composite W24x76 steel girders, with 3x4/4 in
bearing stiffeners. The 60 ft bridge uses composite W30x116 girders,
with 4x3/4 in bearing stiffeners. The A36 steel girders are spaced at
8 ft centers, supporting a 7.5 in thick concrete deck. The installation
of bearing stiffeners is not required for either of the bridges.
However, for the case of the 40 ft bridge, the web design is within 5
pércent of the allowable above which a stiffener is required.

Fig. 10-10. Cross Section of a Steel Girder Bridge.

The bridges were examined for their HS rating factor in an
unprotected marine environment. The evaluation is based on' the
AASHTO [1983b] operating rating formula, using an HS 20-44 truck as
the live load vehicle;

. Capacity - 1.3 Dead Load
HS Rating Factor = T 37Tjve Load + Impacy (10-4)
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The capacity is calculated on the basis of the previously
developed behavior models. The live load per girder is determined
using the wheel load distribution factors for bending moment, and the
assumption that the deck acts as a simple beam between girders for
shear [AASHTO 1992]. The results of the calculations are illustrated in
Figures 10-11 and 10-12. The HS rating factor is plotted against the
number of years of exposure. The rated capacity is shown for bending,
shear, and bearing modes. The bearing mode is considered with and
without stiffeners.

Fig. 10-11 illustrates the rating of the 40 ft bridge. Actual rate of
corrosion varies in time. In the considered example, a constant rate
of corrosion of marine environment is assumed. The most notable
item is the decline in shear and bearing capacity. The shear and
bearing modes depend on the buckling strength of the web, which is
sensitive to corrosion. For this bridge, the unstiffened bearing
capacity is low and governs during the entire life of the structure.
Ultimately, such a bridge would probably fail due to buckling of the
web at the support. The installation of a stiffener can cause a
significant increase in bearing capacity for both new and old bridges.
With a stiffener present, the bending mode governs for the new
bridge. Then, after several years of corrosion, the shear mode
becomes critical.

The 60 ft bridge is illustrated in Fig. 10-12. As with the 40 ft
span, the performance of the bridge depends greatly on whether
bearing stiffeners are installed. If no bearing stiffener is present, the
initial controlling mode of failure is bending. However, because the
decline in bending strength is less than that for bearing, the bearing
mode will dominate after approximately 15 years. The installation of a
web stiffener significantly increases the bearing capacity. Under such
conditions, the bending capacity would govern for the life of the
structure.
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The deteriorated capacity of steel bridges can be modeled by
combining information about the location and rate of corrosion with
the structural analysis methods. Corrosion has a detrimental effect on
bridge capacity. The effect of corrosion varies though, depending on
the mode of resistance. Reduction of capacity occurs faster for modes
which depend on thin elements, particularly those in compression.
Therefore, the modes of resistance that govern the design of a new
bridge may not be the same as those which govern when the bridge is
old.

In order to evaluate the bearing capacity of an unstiffened web,
plate theory was used. This bearing model accounted for the
possibility of web buckling. It was shown that buckling of the web is
the critical mode of failure for the 40 ft bridge; whereas bearing is not
as important for the 60 ft bridge, because of a larger web thickness. If
a steel bridge will not receive proper maintenance and painting, it
should be constructed with bearing stiffeners. These stiffeners will
provide for a more corrosion tolerant structure. The benefit from
bearing stiffeners will be greater for shorter bridges, with lighter
sections, than for longer bridges.

10. 5 Evaluation Procedure for Corroded Bridges

The evaluation procedure is based on the past experience,
structural analysis and engineering judgement.

Step 1 Preparation for Field Inspection
Review of the available information: drawings, inspection
reports, and calculations. Identification of corrosion-prone
components and details. |

Step 2 Field Inspection

Cursory inspection of structural components and details to
observe corrosion patterns. Identification of visually critical
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components and details. Special attention must be paid to
pitting corrosion.

Thorough inspection of corrosion-prone and/or corroded
components and details including in particular web at the
support, stiffeners at the support, lower flange at midspan, and
metal bearings. '

Measurement of corrosion loss. Removal of debris may be
necessary to obtain accurate results. Most accuracy is needed
in the critical parts of components and details (web thickness
at the support, stiffners, and flanges).

Step 3 Cursory Structural Analysis

The effect of corrosion loss on the actual strength is evaluated
analytiéally. For given percentage of loss of thickness, the
percentage loss of capacity is evaluated. The analysis is
performed for the web, flanges and stiffeners. Evaluate the
The results are then evaluated and it is determined whether
the reduced capacity is less than the minimum acceptable
level. If this is the case, then go to Step 4.

Step 4 Full Structural Analysis

Carry out structural analysis of the critical components and
details. There are several levels possible depending on the
required accuracy and computational capabilities. Hand
calculations can be performmed to verify the conformance with
the current AASHTO Specifications. Linear elastic analysis
(FEM) may reveal the reserves in the actual load distribution.
Nonlinear analysis (FEM) can be used to estimate the actual
ultimate load carrying capacity.
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Step 5 Evaluation of the Actual Strength

The actual load carrying capacity is determined on the basis of
the critical component and/or detail. The capacity reduction (if
any) can be expressed in terms of the rating factor, RF.

Step 6 Prediction of Rate of Corrosion

Rate of corrosion depends on many factors (aggressive
environment, exposure to moisture, type of material, detailing,
age). Rate of corrosion observed on similar bridges in the area
can be a good indication. Because of uncertainties involved in
this prediction, it is convenient to give the rates with
estimated probabilities, e.g. the corrosion rate is 0.002
inch/year with the probability 60%, 0.004 with the probability
30%, and 0.006 with the probability 10%.

Step 7 Prediction of the Remaining Life

Prediction of the remaining life is based on the estimated
actual strength and rate of corrosion. Therefore, the prediction
involves a considerable degree of uncertainty.

The uncertainty involved in calculation of the strength depends
on the accuracy of input data (dimensions and material
properties) and method of analysis (simple girder distribution
factors from AASHTO, linear FEM and nonlinear FEM).

The calculation can be carried out for various rates of
corrosion. For each corrosion rate, the loss of capacity can be
calculated gradually on the annual basis. For each rate, the
remaining life is obtained as the number of years to failure. The
remaining life for the bridge is then given with probabilitieé
associated with corrosion rate predictions (e.g. remaining life
is 5 years with probability 10%, 8 years with probability 30%
and 12 years with probability 60%).
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The proposed probability-based evaluation procedure for
corroded steel bridges is currently being developed at the University
of Michigan. The final product will be an interactive Knowledge-Based
Expert System (KBES) for use by the state bridge engineer for
inspection and evalution.

10. 6 Summary

Corrosion is one of the most serious causes of deterioration in
steel grider bridges. The corrosion rate varies depending on use of
salt, air polution, maintenance (painting), presence of leaking joints,
and other ‘factors. Corrosion is observed mostly in the immediate
vicinity of the joints and on lower flanges of the griders. The critical
part of the girder is the web area close of the joint (at the abutment).
Web stiffeners can considerably increase the life of the structure.
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11 EVALUATION OF BRIDGES WITH REGARD TO FATIGUE
11.1 Introduétion

In order to make the Bridge Weigh-in-Motion (BWIM) data and
the dynamic strain data useful for fatigue analysis, load models must be
developed. Development of fatigue load models is necessary for the
effective application of fatigue resistance models to the problem of
fatigue in steel girder highway bridges. An understanding of fatigue
resistance models and fatigue load data analysis is required for the
formulation of accurate reliability based fatigue load models. Following
is development of each of these important aspects of a probabilistic
approach to fatigue analysis in steel girder highway bridges.

11.2 Available Bridge Fatigue Analysis Models

Various fatigue models are available for the analysis of girder
bridges. Some are deterministic and some are based on probabilistic
methods. Probabilistic methods consider the uncertainties in the
analysis, while a deterministic analysis assumes that the variables are
known and relies on a factor of safety to ensure safe performance of
the structure. United States code provisions for fatigue are specified
"in the American Association for State Highway and Transportation
Officials (AASHTO) Standard Specifications for Highway Bridges and in
Canada, the Ontario Highway Bridge Design Code (OHBDC). Design of
members by both North American codes subject to repetitive loading
is based on a calculated stress range and a fatigue stress range which
is not to be exceeded. The allowable stresses are dependent upon
material type and detail location described in the codes. Schilling
(1977, 1982, 1984), Nyman and Moses (1985), and Raju, Moses, and
Schilling (1990) have developed fatigue load models for the analysis of
girder bridges, on which the AASHTO model is largely based.
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Schilling Fatigue Model

Schilling (1977) developed the idea of a single fatigue truck with
weight equivalent to the actual truck traffic. The equivalent weight,
Wegq »is calculated by equation 11.1:

n 173
Weq=(2 aiW?) (11.1)

i=1

where ¢; is the fraction of vehicles at the GVW of W; and W; is the
GVW range. Schilling (1982) proposed the a fatigue design vehicle
with gross vehicle weight based on equation 11.1 and axle weights
proportioned as the AASHTO HS20 truck. Schilling (1984) also
studied the number of stress cycles, Ne, induced by a truck crossing
various types of spans of highway bridges. Schilling asserts that 92%
to 98% of the fatigue damage caused is due to 4 and 5 axle vehicles.
By analyzing the moments caused by a fatigue truck in several simple
and continuous spans Schilling concludes:

1. Ne = 2.0 for simple spans < 40 feet and Ne = 1.0 for simple
spans > 40 feet.

2. Ne = 2.0 near supports for continuous spans < 40 feet and Ne =
1.5 near supports for continuous spans > 40 feet.

3. Ne = 2.0 between supports for continuous spans < 40 feet and
N. = 1.0 between supports for continuous spans > 40 feet.

4. N, = 10 for all cantilever spans.

5. Ne = 1.0 for all spans of trusses.

Due to dynamic effects Schilling recommends that the primary
¢ycle be increased by an impact factor. Schilling further concludes
that the effect of additional cycles caused by the dynamics of bridge -
truck interaction are small and may be ignored. Multiple presence of

vehicles may also be ignored as the effect on the fatigue life is very
small.
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Raju, Moses and Schilling Model

- Nyman and Moses (1985) developed a bridge fatigue design model
based on the WIM data collected in seven states by Snyder et al.
(1985). The model utilizes a reliability format with a limit state
function g=Ds- D(t) where D(t) is the accumulated damage at time t
and Dy is the damage to cause failure.

Vit
p=L3 s (11.2)
i=1 .

where c is the S-N intercept, V is truck volume per day or ADTT, tis
the life in days, and S; is the stress range due to the ith truck. The

failure function becomes:

3G33H3
g= Dy YLULTLH 1, | 11.3)

where M, G, I, H, and S are the ratios of variable mean to the variable
design value and Np is the number of design cycles for the component.
It is assumed for this model that each truck induces a single cycle and
that a linear relationship exists between the truck gross vehicle
weight and the magnitude of the stress cycle.

Raju, Moses and Schilling (1990) refined the model proposed by
Nyman and Moses (1985) in three ways. A factor of safety, g, a stress
cycle per truck factor, C, and a random variable Z, were included in

the model (equation 11.4).

yo_ XN7 [ )3-)'
365(ADTT)C \WGIMH s

(11.4)

W is the effective truck weight factor with a mean of 1.0 and a
coefficient of variation equal to 10 percent to account for variation
from site to site in Weq (Moses, Schilling, and Raju (1988)). All other
variables are as defined above for equation 11.3. Raju et al (1990)
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recommended a GVW of 54.0 kips for the fatigue design truck as
calculated by equation 11.1 and based on WIM measurements.

AASHTO Fatigue Design Specification

AASHTO LRFD Specifications for Highway Bridges, Section 3.6.1.4
specifies the design loads and load factors for bridge fatigue design. A
fatigue truck is specified, with dynamic load allowance for fatigue
equal to 1.15. Frequency of occurrence of the AASHTO fatigue design
truck is to be taken as the single lane ADTT, or ADTTg, and is to be
applied separately to each lane. AASHTO LRFD Specifications for
Highway Bridges, Section 6.6 specifies design requirements for fatigue
considerations. AASHTO considers only live load stress range since
the level of total applied stress has been shown to be negligible. The
fatigue stress range is considered where a net tensile stress is
induced, or where the permanent compressive stress is less than
twice the maximum tensile live load stress. The design criteria for
fatigue is specified in equation 11.5:

Y (Af) < (AF), | (11.5)

where 7 is the load factor equal to 0.75, (4f) is the force effect, and
(AF), is the nominal fatigue resistance. Fatigue resistance is a function
of the detail category and is specified in AASHTO by equation 11.6.

(4F), = (4)" 2 L(aF)ry (11.6)

where N = (365)(75) n (ADTTs), A is a constant based on detail
category (Table 11.1), n is the number of stress range cycles per truck
based on the span length (Table 11.3), and (AF),, is the constant-

amplitude fatigue threshold as a function of detail category (Table
11.2).
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Table 11.1. AASHTO Constant, A.

Table 11.2. AASHTO Fatigue

Threshold.
" Detail Ax 108 Detail Threshold
Category Category (ksi)
A 250 A 24.0
B 120 B 16.0
B’ 61.0 B’ 12.0
C 44.0 C 10.0
C’ 44.0 C’ 12.0
D 22.0 D 7.0
E 11.0 E 4.5
E’ 3.9 . E’ 2.6
A325 Bolts 17.1 A325 Bolts 31.0
A490 Bolts 31.5 A490 Bolts 38.0
Table 11.3. AASHTO Cycles per Truck, n.
Longitudinal Span Length
| Members > 40 feet | < 40 feet
Simple Span Girders 1.0 2.0
Continuous Girders
1. Near interior 1.5 2.0
support
2. elsewhere 1.0 2.0
Cantilever Girders 5.0
Trusses 1.0
Spacing
Transverse Members | > 20 feet | < 20 feet
1.0 2.0
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Summary

In each of the above fatigue load models the same vehicle is used
for strength design and fatigue design. In reality, fatigue damage is
accumulated from the passage of many types of vehicles, where
vehicles may induce more than one strain cycle which will cause
incremental damage. Criteria for strength is based on the single
largest expected event in a given time period, however, fatigue is an
accumnulation of damage due to a wide range of loading over generally
‘long periods of time. Since bridge live loading is a load spectra, it is
reasonable to expect inaccuracies in the above described methods,
particularly at sites where there may be more than one distinct truck
type in the vehicle population. This effect was demonstrated by Tallin
and Petreshock (1990) in their analysis of the WIM data (Snyder et al,
1985) utilized by Nyman and Moses (1985) and Raju, Moses, and
Schilling (1990). Two bimodal distributions of gross vehicle weights
were developed based on pairs of lognormal distributions and a
lognormal and an extreme type III distribution. Tallin and Petreshock
then assumed that the stress range experienced by a bridge detail is a
linear function of the GVW of the truck causing the stress. Based on
the developed models, Miner's rule, and ADTT of 1000, equation 11.7
was derived.

[ JAFSEW"]

(11.7)
ADTT X365

Where A and m are material constants, ADTT is the average daily
truck traffic, L is the detail life in years, Fp is the fatigue design stress,
and HW™) is the mth expected moment of the GVW distribution.
Using this deterministic analysis the fatigue lifetimes are calculated
for several AASHTO fatigue categories. Tallin and Petreshock
conclude that a bimodal distribution of GVW results in a shorter detail
life than a single mode distribution and that the type of bimodal
distribution used causes a only a small variation in the resulting
predicted life of the detail.
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11.3 Fatigue Analysis

There are available three distinct theories for the evaluation and
design of components to resist fatigue loadings. These are commonly
known as stress-life approach, strain-life approach, and the fracture
mechanics method. Stress-life was the first method developed to
understand fatigue and is primarily used when stresses are within the
elastic range. The strain-life approach considers the effect of
component response in the plastic range and is therefore strain
dependent. This is often the case at stress concentrations or notches.
The fracture mechanics method makes a distinction between crack
initiation and propagation, recognizing that at low strain amplitudes
initiation dominates, and at high strain amplitudes propagation
dominates. The fracture mechanics method is normally used to
estimate the propagation life of the component.

The stress-life approach is the most suitable to this study due to
the fact that the bridge components remain in the elastic range, and it
is also the more flexible and analytically simple approach. Fatigue
stress-life resistance test data has been shown to fit a curve of the
form:

NSm = K (11-8)

Where N = the number of cycles to failure, S = the stress, K = a
material constant, and m = the negative reciprocal of the slope of the
S-N curve. A log-log plot of Eq. 11-8 produces a straight line which
may be interpreted as the line indicating the median of failures.

K and m in Eq. 11-8 are random variables as shown by the
distributions in Fig. 11-1. Researchers have found that generally there
is little variation in m over the range of cycles, N, and the variability of
the material resistance is generally accounted for by K.
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Fig. 11-1. General P-S-N Curve of Material
Resistance, (Haugen, 1980).

Eq. 11-8 must also be modified to account for such factors as
mean stress, size effects, type of loading, surface finish and
treatments, and other factors. Effects of mean stress are plotted on a
Haigh diagram (see texts for fundamental fatigue analysis such as
Bannatine, et al 1990), but this is often not available. Other empirical
relationships are available which estimate infinite life design region.
These include the Soderberg, Goodman, Gerber, and Morrow
equations (see Bannatine, et al 1990). For components subject to
conditions which deviate from the standard R.R. Moore fatigue
material test (see Bannatine, et al 1990), other factors which modify
the endurance limit are available. For bridge structures, size effect
factors may be difficult to estimate. Effects of loading type may be
determined by the stresses and the volume of highly stressed material
in proportion to the component. Bridge structures and components
are rarely finished or surface treated, however effects of corrosion on
fatigue must be considered and can be significant as shown in Fig. 11-
2 (Juvinal, 1967).
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Development of material fatigue resistance data of bridge details
and typical bridge steels is required for the application of the stress-
life approach. Albrecht (1986) found that the distribution of test data
points is log normal with an approximately constant standard deviation
at all stress levels. Further, Albrecht found that this held true within
all AASHTO categories of details. Albrecht proposes that for any stress
value the fatigue resistance of a component within a category will
exhibit the same log normal distribution, mean, and standard
deviation. Statistics for the six AASHTO categories have been
summarized by Albrecht and are shown in Table 11-4:



248

Table 11-4. Resistance Statistics for AASHTO Component Categories.

Category Type of Detail Regression Coeff Standard Deviation
Intercept Slope
A Rolled Beam 11.121 3.178 0.2210
B Welded Beam 10.870  3.372 0.1470
C Stiffeners 10.085  3.097 0.1580
C 2" Attachments 10.0384 3.250 0.0628
D 4" Attachments 9.603 3.071 0.1080
E Cover Plate End 9.2916 3.095 0.1006
E Cover Plate End 9.1664 3.200 0.1943
Mean - 10.025  3.180 0.1420

'11.4 Statistical Models for Fatigue Loading

Development of a probabilistic fatigue load model requires
collection of actual dynamic strain time histories of various members
and components. Following the collection of time histories, data must
be processed into a usable form. This section presents the
characteristics of the dynamic strain time history commonly found in
steel girder highway bridges as a random process, fatigue damage
accumulation, and methods of counting fatigue damage.

Commonly occurring load histories in fatigue analysis often are
categorized as either narrow band or wide band processes. Narrow
band processes are characterized by an approximately constant period
such as that shown in Fig. 11-3a. Wide band processes are
characterized by higher frequently small excursions superimposed on
a lower, variable frequency process such as that shown in Fig. 11-3b.
- For steel girder highway bridges, where the loading is both random
and dynamic, the strain histories are wide band in nature.
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Fig. 11.3. Example of Narrow and Wide Band Stress Histories.
11.4.1 Fatigue Damage Accumulation

Wide band random fatigue load effect is generally accounted for
by utilizing a cumulative damage formula. The most common and
widely accepted of the cumulative damage theories is the Palmgren-
Miner’s hypothesis, or Miner's Rule. Miner's Rule, as does others,
assumes a relationship between variable amplitude loading and results
of constant amplitude fatigue testing. The damage of each cycle in the
complex stress history adds incrementally to the total fatigue damage
based on the assumption that the accumulation of fatigue damage
proceeds linearly over time. Lutes, et al (1984) has demonstrated that
the expected value of the damage function at failure is approximately
1.0 for sufficiently large sample sizes. The linear damage rule, also
known as Miners's rule, for fatigue damage accumulation is as follows:

=X D= Y=L sm= L HS (11-9)

i=1 i=1

where D = accumulated damage factor, D; = incremental damage due
to the ith stress cycle, n = total number of stress cycles in the stress
history, K = a material constant, N;= total number of cycles to failure
for constant amplitude stress level S;, and E{S™] is the expected value
of the random Vai'iable, S™M.  Failure is assumed to occur at D > 1.0 for a
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deterministic analysis. The random variable D has a mean value of 1.0
and a coefficient of variation equal to 0.3 (Wirsching, 1980)

It is useful to express Eq. 11-9 in terms of time rather than
cycles. Substituting for the cycles, n = ft, where fis a frequency of
cycles and t is time, Eq. 11-9 becomes:

= Tp= DK 1-10
t=Tr fﬂsm] (1 )

Miner also developed the concept of an equivalent stress. An
equivalent stress, for the same number of cycles, will cause the same
damage as a variable amplitude loading. Miner's equivalent stress,
St une 1S given by Eq. 11-117:

k 1
s,b,m:{ Zais;}}” (11-11)
=1 -

where, q; =£—‘- , nj = cycles per bin (or stress range), Ny = total cycles,
T

and n is a coefficient, usually 3. When n = 3 equation 11-11 is the root
mean cube (RMC) of the distribution. The accuracy of this method is
questionable since it is dependent on the selection of the coefficient,
n, and stress ranges included, however this is the state of the art at
this time. The equivalent stress is a convenient concept to be used for
the comparison of stress histograms obtained by the rainflow method.

11.4.2 Rainflow Method of Cycle Counting

Stress histories which are wide band in nature do not allow for
simple cycle counting. The cycles are irregular with variable
frequencies and amplitudes. Several cycle counting methods are
available for the case of wide band and non-stationary processes, each
successful to a degree in predicting the fatigue life of a structure. The
rainflow method is preferred due to the identification of strain ranges
within the variable amplitude and frequency stress histogram which
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are associated with closed hysteresis loops. This is important when
comparing the counted cycles with established fatigue test data
obtained from constant amplitude stress histories.

The rainflow method, proposed by Matsuishi and Endo in 1968,
counts the number, n, of cycles in each predetermined stress range,
Si, for a given stress history. Rules of counting are applied to the
stress history after orienting the trace vertically, positive time axis
pointing downward. This convention facilitates the flow of “rain” due
to gravity along the trace and is merely a device to aid in the
understanding of the method. Following are rules for the rainflow
method:

1. All positive peaks are evenly numbered.

2. A rainflow path is initiated at the inside of each strain peak
and trough.

3. The “rainflow” progresses along a slope and “drips” down
to the next slope.

4. The “rainflow” is permitted to continue unless the flow
was initiated at a minimum more negative than the
minimum opposite the flow and similarly for a rainflow
initiated a maximum. For example path 1-8, 9-10, 2-3, 4-
5, and 6-7.

5. A “rainflow” must stop if it meets another flow which
flows from above. For example path 3-3a, 5-5a, and 7-7a.

6. A “rainflow” is not initiated until the preceding flow has
stopped.
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Fig. 11-4. Rainflow Counting Diagram.

Following the above procedure each segment of the history is
counted only once. Half cycles are counted between the most negative
minimum and positive maximum as well as the half cycles or
interruptions between the maximum and minimum. As shown in Fig.
11-4, all negative trough initiated half cycles will eventually be paired
with a peak initiated cycle of equal magnitude. For a more detailed
explanation and discussion of the rainflow method and others see an
introductory text on fatigue analysis such as Bannantine et al (1992).

11.4.3 Rainflow Load History Distribution

Load histories collected in histogram form using the rainflow
method tend to reflect an irregular process which is described by
stress ranges and frequency of occurrence. The data to establish the
histogram is by necessity collected over a short period of time relative
to the desired service life of the component. It may be assumed,
however, that if extremely large records are collected a more regular
process will be reflected in the histogram and the probability density
function of the process can be analytically formulated. Wirsching and
Light (1990) have proposed the Weibull distribution to model the long
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.term distribution of stress ranges. The Weibull distribution is chosen
not due to an underlying physical mechanism, but because the
distribution is flexible and can model many forms of observed
distributions. The Weibull probability distribution function (PDF), f(x),
cumulative distribution function (CDF), F(x), and the expected value,
E[X], and variance , Var[X] are presented in Equations 11-12 through
11-15 respectively (See Benjamin and Cornell, 1970).

_ B2 x\6rr1 o-(x/6)%2 (11-12)
19 01 (91)
Fx) = 1- e-(w8)* (11-13)
E[X"]=61"1"(—k—+1) | (11-14)
6,

Va:{X]=ef{r(L+1)-[r(—1-+1)r (11-15)

6> 62

where 6; = the true scale parameter, 6; = the shape parameter, and

I' = the gamma function. Estimation of the Weibull distribution
parameters requires solution of nonlinear Equations or can be found
using a simple graphical procedure (Hahn and Shapiro, 1992).

Applying the Weibull distribution to the distribution of stress
ranges for fatigue reliability analysis results in the expected value of §™
as in Eq. 11-9:

E[sm]=ef‘r(_;ﬂ;+ 1) (11-9)

11.5 Reliability Analysis for Fatigue

The purpose of a reliability analysis is to determine the
probability of failure due to fatigue loading of the highway girder
bridge. From the probability of failure the reliability index is easily
calculated. For fatigue reliability this will involve the determination of
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the distance between the average fatigue load and the average material
fatigue resistance. Fatigue resistance is most commonly defined by the
number of constant amplitude cycles required to fail the member
under consideration. The load is defined as the stress history of the
bridge. It has been previously demonstrated in section 11.3 that
bridge structures experience a wide band stress history, which
presents a difficulty for the reliability analysis. This study develops the
load models to enable a reliability analysis and determination of the
probability of failure. |

11.5.1 Structural Reliability Theory

The reliability of a structure can be considered as the probability
that there will not be a structural failure within a prescribed period of
time, or, the probability that the resistance of a structure will exceed
the applied load. Since all variables considered in a structural analysis
are random, this approach is more rational than traditional
deterministic analysis. Analysis based on deterministic methods
assumes that the resistance and load are known and relies on a
prescribed safety factor to ensure that the resistance is sufficiently
greater than the load. Analysis based on Structural Reliability Theory
recognizes that both the resistance and the load, due to fluctuations,
and are represented by a mean and a statistical distribution. The
actual values affecting the analysis cannot be precisely determined.
The reliability analysis evaluates the probability of failure for structural
systems and members.

Failure modes can be represented in a mathematical form, or
limit state function. This formulation represents the limit or boundary
between survival and failure. Limit state functions are categorized by
two types, serviceability limit state, (SLS) and ultimate limit state,
(ULS). Serviceability refers to such concerns as deflection, cracking,
or undesirable dynamic characteristics. Ultimate refers to complete
collapse of a structure, which may develop due to various
considerations such as bending, shear, compression, or buckling. For
the simple case of the limit state equaling the resistance minus the
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load, the probability of failure can be illustrated as shown in Fig. 11-5.
The shaded portion of the graph represents the probability of failure,
or the area where the load exceeds the resistance and the safety
margin is less than zero. The limit state occurs at g =0, g< O
represents failure, and g > O represents the safe region.

/ g = Resistance - Load

Probability of

\.
Bo g

Fig. 11-5. Probability Density Function of the Safety Margin, G.

Numerically, the calculation of the shaded area is often an
extremely complex multivariant integration. Nonlinearities in the
limit state function can further complicate the calculation of the
probability of failure. The following common technique to calculate
the*probability of failure, or the reliability index, 8 which is calculated
using Eq. 11-16 is sufficiéntly accurate for most applications.

B= o (ps) (11-18)

where @-! is the inverse normal distribution function (see appendix A)
and pris the probability of failure. Table 11-5 illustrates some values

of the reliability index and the corresponding probability of failure.
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| Reliability Index, 8 | Probability of Failure, Pr

0 0.5
0.159
0.0228
0.00135
0.0000317
0.000000287
0.000000000987

(o )20 O 1IN B~ SOV N ]

Table 11-5. Reliability Index and Probability of Failure.

Approximate methods of analysis to determine the probability of
failure, or reliability index, B, have been developed by several
researchers. Among these methods are the First-Order Second-
Moment Reliability Index, Hasofer and Lind Reliability Index, Rackwitz
and Fiessler Procedure, and a number of simulation techniques. For

uncorrelated variables the reliability index becomes:

(11-17)

oY
1
S |al

where g is the mean value of the limit state function and o, is the

standard deviation. Substituting the simple limit state where g equals

the resistance minus the load:

B = R-Q (11-18)

Where R = mean resistance, @ = mean load, og = standard deviation of

resistance and og = Standard deviation of load.
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11.6 Limit State Function for Fatigue

The development of the fatigue limit state involves the
mathematical formulation of the boundary between survival and failure
based on fatigue. A service limit state (SLS) function which considers
‘load characteristics developed in this study and utilizes the available
resistance parameters must incorporate the time to failure, Tr and the
desired service time, Ts.

Pr = P{TF 2 Ts) (11-19)

The probability of failure is then the probability that the time to
failure is greater than the time of desired service. Expressing the
limit state function in the form described by equation 11-19, the
fatigue limit state function becomes:

where g must be greater than or equal to zero. Utilizing reliability

methods and a lognormal format of equation 11-17, the reliability
index expression becomes:

(11-21)

and from Eq. 11-9 the mean time to failure, Tr, can be found as shown
in equation 11-22 (See Laman, 1995).

TF:}%@T (11-22)
f= 365 a (ADTT ) (11-23)

for f in units of cycles/year. The truck cycle factor, a, accounts for
shorter spans where there will be more than one cycle per truck. It is
assumed that only truck traffic will cause stress cycles of significance
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to the fatigue damage calculation, therefore the average daily truck
traffic factor, ADTT is used. Note that the truck cycle factor and ADTT
are specific to the site and is considered to have no variation. There
will, however, be variation in these factors from site to site. A
Professional factor, P, is also included in Eq. 11-24 to account for
uncertainty in modeling the actual stress distribution with the Weibull
statistical model, errors in calculating the Weibull parameters, data
collection and equipment errors, and sample errors due to the
necessarily short sample times.

omm= {11 + CB) (1 + cB) (1 + cA™)/* (11-24)

where Cp, Ck, and Cp are coefficients of variation for the variables D, K,
and P respectively, which are defined above.

11.6 Results of Stress Spectra Testing

The following figures 11-6 through 11-101 are histograms and
cummulative distribution functions (CDFs) of strain and stress testing
results. The results are arranged by bridge. Each Girder was tested at
the mid-span and diaphragms were tested at the ends. Each
histogram corresponds to a CDF and consists of one full week of
continuous testing for each component, approximately 150
components in all. The data was collected continuously and reduced
using the rainflow algorithm discussed above, allowing for the
collection over the longer period of time. Strain data was not
collected at Wyoming Road over I-94 due to equipment security
reasons.
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VI W NS S VU W S N IO S0 YN W% TN WA VA SO T S

—

S g

Kouanbaay

00t
S6T
06T
3.1
087
1924
oLt
1324
03T
}314
0sT
1124
o
1314
0€Z
j144
(1144
(314
01z
0T

<61
061
<8l
st
oLt
9l
123

F141

Strain x 10-6

Fig. 11-48. Bridge 94/JR, WB, Girder 4, Rainflow Strain Histogram.



278

(1113
114
wz
KL
Qo
1914
oL
{74
4
{24
34
1473
man v
sit
0ez
stz
o0zz
{14
0z
50t
002
s61
05l
S8l

sLl
oLl
91
(4}
sst
05}

134
ol

st

ot
b4
ozt
i
ot
sol

oot
$6

s8
08
St
oL
[$4

113
oS
144
or

113
0ot

114
I
I SN S— 0z

£ouanbaay

10-6

Strain x

Fig. 11-49. Bridge 94/JR, WB, Girder 5, Rainflow Strain Histogram.

£yuanbaay

th];nnn.nnnn.;;...n.lnann

(L%
114
06T
.14
087
1124
124
1324
(114
§sT
05T
1144
o0t
11x4
(x4
1144
1244
1314
01z
11114
00T
111

061

$81

081

sLl

oLl

134

Strain x 10-6

Fig. 11-50. Bridge 94/JR, WB, Girder 6, Rainflow Strain Histogram.



279

—

-—

m;;--:-.n:

e
1414
06T
.14
(1214
st
oLT
9T
124
1314
05T
1174
ore
St
[1]%4
1144
1724
1114
1114
$0
007
<61
06t
81
08}
sLY
o
91
w1
1311
051
svi
4]
sel
OEt
£14)

ou
S
o1t
s01
oot

$6
06
s8
08
St
oL
59
L]

137
0s
114
oy
117

—

3 g

Kouanbaa g

—

. —
0t
ST
174

2

o

Strain x 10-6

Fig. 11-51. Bridge 94/JR, WB, Girder 7, Rainflow Strain Histogram.

01

PR S R T OV S0 T N S SN S S U S SN S0 S S0 S S U WY WA TR T S A S S G T W §

—

8

Kouanbaag

:

[LV%
S6T
06T
[3.14
(114
SLT
1724
9T
(.24
$$T
0sT
1324
1,44
$ET
0fT
1144
oz
SIT

Strain x 10-6

Fig. 11-52. Bridge 94/JR, WB, Girder 8, Rainflow Strain Histogram.



280

»
ot .01
=
%]
-
g
Z .00l |
0 |||llLlllllll.lllllllllL[xlllllllllllllllllll
N ONOMNOV BV ON S ME SRS O OWNEr ZVRLSNELRSE
SN LSURREBEReCRSBE 2 SRR R RN BERREEREEEE SRR AR RERRERERAR

Strain x 10-6

Fig. 11-53. Bridge 94/JR, WB, Girder 9, Rainflow Strain Histogram.

INVERSE NORMAL DISTRIBUTION

Ll PR . x J L i

——e— Girder 1,
—&— Girder 2,
———— Girder 3,
—&— Girder 4,
- Girder 5,
——e&—— Girder 6,
——— Girder 7,
~—t— Girder 8,
——+—— Girder 9,

11/9/93

11/9/93

10/19/93
10/19/93
10/19/93
10/19/93
10/19/93
10/19/93
10/19/93

H

Fig. 11-54.

STRAIN X 10-¢

50 100 150

200

250

Bridge 94/JR, WB, Rainflow Strain CDF for G1 - 9.




281

2.0

1.5

0.5

EQUIVALENT RMC STRESS (ksl)
/

0.0
1 2 3 4 5 6 7 8 9

GIRDER

Fig. 11-55. 94/JR, Equivalent RMC Stresses for Girders.

5 e peee— T —
r4
g ¢
—-—
= ] ]
=)
=
& 3 F
=
0
-— -
a /
-
=22
= | .
e
g
1
4
@
g | _
] ——o— Diaphragm 2W, 10/26/73
; 0 & Diaphragm 3E. 11/02/93. H
- ——— Diaphragm 3W, 10/26/93
! ——s— Diaphragm 4E, 11/02/93 |
——o— Diaphragm 4W, 10/26/93
1 . . . i . . . = I —
0 50 100 150

STRAIN X 10-6

Fig. 11-56. 94/JR, Rainflow Strain CDF for Diaphragms 2 - 4.



282

/’ //

d 4
——— Diaphragm 4W, 10/26/93
——-&— Diaphragm SE. 1102/93

——+— Diaphragm 5W, 10/26/93
0 ,/ ——+— Diaphragm 6E, 110293 [

INVERSE NORMAL DISTRIBUTION

—=&— Diaphragm 6W, 10226/93
——+— Diaphragm 8E, 1102/93 ||
—— Diaphragm 8W, 10/26/93

T

o T T T T 1w BT
STRAIN X 10°¢

Fig. 11-57. 94/JR, Rainflow Strain CDF for Diaphragms 5 - 8.

2.0 T

1.5

/\/ L

EQUIVALENT RMC STRESS (ksi)

00 &

N"\

3 4 5 6 7 '8 9
DIAPHRAGM LOCATION (girder nos. shown)

Fig. 11-58. 94/JR, Equivalent RMC Stresses for Diaphragmes.



283

11.6.4 Bridge I-94 over Pierce Road in Grass Lake (94/PR).
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11.6.6 Bridge I-75 Over Bay Creek Rd. in Luna Pier (75/BC)
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Fig. 11-91. Bridge 75/BC, NB, Girder 2 Rainflow Strain Histogram.
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Fig. 11-96. Bridge 75/BC, NB, Girder 7, Rainflow Strain Histogram.
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Fig. 11-97. Bridge 75/BC, NB, Girder 8 Rainflow Strain Histogram.
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Fig. 11-99. Bridge 75/BC, NB, Girder 10, Rainflow Strain Histogram.
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11.7 Analysis of Data for Fatigue

Research to develop fatigue load models for highway girder bridges
has focused on obtaining an equivalent fatigue truck as discussed
above. An equivalent vehicle which causes the same cumulative fatigue
damage as the normal traffic distribution is an extremely useful tool for
the practicing engineer. This chapter examines the statistics
required to accurately utilize the available models.

11.7.1 Site Specific Statistics for Current Fatigue Models

Effective utilization of current fatigue load models requires accurate
statistics of the load spectra. WIM data collected for this study has
been analyzed to determine the required statistics of the following:

Gross vehicle weight distribution at each site.
Lane moment effect distribution for each site.
Correlation of GVW to Lane Moment
Moment effect as a function of GVW.

Effective truck weight, Weq, for each WIM site in the study,
headway, impact, and girder distribution are also important
parameters for the current models. Weq is presented in table 11-7 in
addition to the equivalent moment for each of several spans. Other
studies have addressed the issues of headway (Nowak and Nassif,
1991), impact (Nassif, 1992), aﬁd girder distribution and quantified
statistics for these .parameters.

The correlation of GVW to lane moment as a function of span
length is shown in figure 11-102a through 11-102f and in table 11-6.
The correlation between GVW and lane moment approaches 1.0 as the
length of the span increases
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The coefficient of variation (COV) of static lane moment as a
function of span ranges from approximately 5% for 200 foot spans to
as high as 24% for 20 foot spans. The relationship of lane moment
COV to span is presented in figure 11-103a through 11-103f for each
bridge. It can be observed that each site demonstrates a similar trend
of lane moment COV, however this parameter is site and span
dependent.

11.7.2 Fatigue Analysis of WIM Data

Schilling (1984) observed that 4 and 5 axle trucks accounted for
between 92% and 98% of all truck traffic. The data obtained in this
study indicates that between 40% and 80% of the truck population
(table 11-8) are 5 axle vehicles. Vehicles with 3 and 4 axles are often
configured similar to 5 axle vehicles, which when included accounts
for between 55% and 95% of the truck population. Due to the site
specific nature of the distribution of vehicle types by axle a single
model for fatigue loading may not be the most accurate approach.
Table 11-8 shows between 0% and 7.4% of the population is 11 axle
vehicles. In Michigan, and in other states, vehicles with more than 5
axles are permitted. While these vehicles do not account for a
significant portion of the population, the more important
determination is the extent these vehicles contribute to the total
fatigue damage.
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Table 11-6. Correlation Coefficient of GVW to Lane Moment by Span
and Bridge.

Correlation Coefficient - GVW/Max. Lane Moment

Span 14/NY | 23/HR | 23/HR | 23/SR | 94/PR | 94/PR | WY/S94 | 94/JR
Feet 1991 1992 1991 1993

20 0.7880 | 0.9125 | 0.8786 | 0.3534 | 0.4450 | 0.9287 | 0.8793 | 0.9246

30 0.6140 | 0.9424 | 0.9098 | 0.5938 | 0.7186 | 0.9375 | 0.9153 | 0.9516

60 0.7470 | 0.9689 | 0.9516 | 0.7669 | 0.7702 | 0.9546 | 0.9576 | 0.9690

90 0.8720 | 0.9852 | 0.9773 | 0.8410 | 0.8497 | 0.9782 | 0.9790 | 0.9851

120 0.9260 | 0.9934 | 0.9900 | 0.8979 .| 0.9120 | 0.9912 | 0.9900 | 0.9933

200 0.9730 | 0.9981 | 0.9972 | 0.9581 | 0.9679 | 0.9977 | 0.9975 | 0.9981

Table 11-7. Equivalent (RMC) GVW and Moments for 20 - 200 Ft Span.

Bridge || GVWeq Equivalent Moment by RMC for each Span (F‘t-kip)

(Kips) 20 Ft 30 Ft 60 Ft 90 Ft 120 Ft 200 Ft

23/HR(92) 62.4 121.2 213.0 568.1 1004 1467 2711

23/HR(91) 68.9 116.8 205.6 566.4 1046 1561 2931

23/SR 77.2 130.3 226.2 618.2 1153 1730 3270

94/JR 76.7 125.4 227 636.6 1170 1742 3274

94 /PR(93) 63.9 111.1 191.0 506.5 935.9 1413 2693

94 /PR(91) 58.6 | 107.8 183.2 460.6 839.3 1276 2449

14/NY 78.1 128.5 226.2 644.8 1196 1783 3346

WY /94 59.5 98.4 .175.4 494.4 907.8 1354 2531
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Table 11-8. Distribution of Truck Types by No. of Axles and Bridge.

Distribution of Truck Types by Number of Axles (>15 kips GVW)
Bridge
TRUCK ll 23/HR | 23/HR | 23/SR | 94/PR | 94/PR | 94/JR | 14/NY | WY/94
AXLES || (92)% | (81) % % {93)% | (91) % % % %
2 9.5 8.6 9.5 7.7 4.2 80 | 83 20.2
3 11.0 8.7 6.0 5.2 8.4 6.2 7.7 10.3
4 14.5 8.3 6.9 5.6 7.7 5.7 11.6 6.6
5 54.3 62.9 63.5 72.6 78.9 69.1 61.2 39.3
6 3.4 4.5 3.6 3.8 0.0 2.6 4.6 6.2
7 2.0 1.0 0.8 0.9 0.0 0.8 1.3 3.5
8 1.0 1.1 1.0 1.3 0.7 1.4 2.2 5.1
9 0.0 0.1 0.8 0.7 0.0 1.2 0.7 0.3
10 1.1 0.8 1.3 0.4 0.2 0.8 0.5 1.1
11 3.2 4.2 6.6 1.7 0.0 4.1 2.0 7.4

An analysis was performed using the WIM results as a data base
to determine the contribution to the total fatigue damage by each
vehicle type. A FORTRAN program was developed at the University of
Michigan to simulate the truck traffic flow and to calculate the static
stress history of each truck as it passed over theoretical simple span
bridges of 20-200 foot spans. The analytical model was calibrated
using captured strain files of weighed trucks enabling accurate
distribution of load to the girders in the model and accurate
calculation of stresses. Following the stress analysis, a rainflow
analysis was performed and damage was calculated using the stress-life
approach. The damage was then accumulated by Miner's Rule in a
matrix of vehicle types and span lengths.

The results of the damage analysis are presented in table 11-9
and figures 11-104a through 11-104e. The results clearly show that
vehicles with greater than 5 axles account for the majority of
accumulated fatigue damage. Eleven axle vehicles dominate the
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calculation of accumulation of fatigue damage as seen in each of the
figures 11-104 through 11-108 for each bridge site.

Each vehicle type in the WIM data base was filtered and total
stress cycles were calculated for spans of 20 - 200 feet. Figure 11-105
plots the results of this analysis and demonstrates that there is a
relationship between greater numbers of axles and average significant
stress cycles. Also evident from figure 11-105 is the decrease in the
average number of stress cycles per vehicle to 1.0 as the span
increases. Therefore, the parameter of stress cycles becomes less
important as the span of the bridge under consideration exceeds 60 to
70 feet, depending on the distribution of vehicle types in the normal
traffic flow. | '



Table 11-9. % Damage by Span and Vehicle Type for Each Bridge.
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% Damage Due to Vehicle Type (number of axles)

Bridge
| Location | 2 | 3| 4l 5] 6] 71 8l 910l
[ 23/HR (92) 0.0 17| 59} 26.1 6.2 9.1f{ 06| 0.0 12.6‘ 37.7
23/SR 0.0] 19 1.2] 61.2] 6.7/ 13| 39| 25| 20 l 18.9
20" 194/JR 0.3/ 10} 16| 360| 69| 31| 90| 28 5.Ql 33.4
94 /PR {93) 25| 18, 40| 737/ 50/ 07| 15| 18| 13 ; 7.8
14 /NY 0.0| 26| 45| 463} 7.7/ 57| 40| 56 11.27‘; 11.9
23/HR (92) 01| 16| 49| 223| 55| 96| 04| 0.0 11.5| 440
23/SR 02| 16| 07| 499! 58| 1.3] 55/ 32 29[ 289
30" [94/JR 0.1/ oe6| 09| 217 45| 24| 94| 33| 8.0 489
94 /PR (93) 14| 14| 29| 67.2{ 51| 08| 16/ 25| 21| 150
14/NY 03| 2.1| 30| 34.4| 70! 45| 49| 46| 106/ 284
23/HR (92) 0.0 i.l 36| 11.5| 3.1/ 66| 04| 0.0{ 13.3| 604
23/SR 0.1/ 09| 0.3| 188| 56| 17| 6.6| 56| 4.5 559
60' {94/JR oo0| 03| 04| 75| 31| 18| 56{ 4.1| 10.1| 67.1
94/PR (93) 06 1.1 15| 345/ 4.8 12| 33| 45| 3.8| 44.8
14 /NY 0.1/ 07| 09; 9.1 52| 68| 35 58| 14.1| 53.8
23/HR (92) 0.0| 07| 25| 109} 27 5/ 05{ 0.0| 14.1| 63.5
23/SR 0.0, 04| 02| 163; 53| 16| 57 54| 4.8 60.1
80" | 94/JR 00| 02| 03] 73| 28| 17| 5.1 42| 10.5| 67.9
94 /PR (93) 0.3] 0.6 1.2} 29.7{ 49| 13| 42| 63! 42| 474
14/NY 0.0f 04| 07| 82| 4.6| 59| 42| 7.6| 13.3| 55.2
23/HR (92) 00| 06| 20} 119{ 26| 45| 05;{ 0.0] 13.7]| 64.1
23/SR 0.0/ 03| 02! 173| 50| 15| 53| 54! 4.8| 600
120 | 94/JR 0.0| 01| 02| 82 27| 16| 47| 42| 105| 67.5
94 /PR (93) 02| 04 1.0| 30.9| 46 12| 44| 6.6| 4.2 464
14/NY 0.0{ 03| 06| 9.1 43| 57| 45| 8.1] 12.6| 54.8
23/HR (92) 0.0/ 05| 16| 128 26| 39| 06| 0.0} 13.7| 642
23/SR 0.0/ 02| 02| 189 48; 15| 5.1 54| 4.9| 59.0
200 | 94/JR 0.0| 0.1} 02| 92| 27 15| 45| 4.1 10.1| 67.5
94 /PR (93) 0.1f 03| 09| 326] 46| 12| 49| 70| 44| 440
14/NY 00| 02} 05| 99} 42| 52| 5.1 87| 11.9| 54.2




PERCENT ACCUMULATED DAMAGE

313

[ ] ;n r T ;
] -
L ; L : : b
30 ; =5 2 %0 i :
M 10 and 11 anie:vetucles a - H : H H :
L / 4 8 r : T 0 e T e veRieies
0 £ wp-9 R ;
.4 s °r g
- ' : H i
r § 3 H : :
“or g « e i
< i /\5 e vebucley : ‘ ]
S = r \ T
A\ : z / : : ; : .
or : 5 oad veiesr ] § 20 e g
: — S All otber vehuckes : : :
[ : : = | i :
. L Ao g . ; ]
0 30 60 %0 120 150 180 210 [ 0 60 % 120 1% 180 200
SPAN, Feet SPAN, Feet

a) US-23/HR(92) % Damage. b) US-23/SR(92) % Damage.

PERCENT ACCUMULATED DAMAGE

100 @ 10 [ I T T
[ [}
<
r 0 a0d 1E axle vebicies E % [ 1
80 " : P L ]
r / k| = R
0 7 < & :
L 5 4 \ i {10 and 1) axe véhicles
» / 2 \[’ g ]
- : :
40 -4 o 40 ! B
F Q\‘ axle vebicles (2) I / > 5 axle velucles 4
+ = - / H i : 1
z / Aot YRS g
0 X AN Al other vebickes 8 » L 67 ? : J
B = o :
I B = i i : H H
0= R . : - L 0 — i ! 1
0 30 & 90 120 150 180 210 0 30 0 90 120 150 180 210
SPAN, Feet SPAN, Feet
c) 1-94/JR % Damage. d) I-94/JR % Damage.
@ 100 [ =T T T
]
<
5 L
g wor ;
a 0 and 11iaxle vehucles
: LT ’
< &
S L /
‘g
2 LA/
Q@ 40 \
=} L
< o, :
L 1 o 1
(E J\ All omo:r vehicles
g 2 :
g 1 S axle vebicles
= N : 'l : :
- 0 2 i 1

0 30 60 90 120 150 180 210
SPAN, Feet

e) M-14/NYCRR % Damage.

Fig. 11-104. % Damage by Vehicle. Type vs. Span Length.



314

é gge \\\\

W

AN

\ i)

IR\

AN\
NN

N,
\\
0 20 40 60 80 100
SPAN, Feet

Fig. 11-105. Average Cycles/Vehicle. Type (by No. of Axles) vs. Span.



315

11-8 Summary

The above analysis of the WIM and strain history data provides
information required to complete a fatigue lifetime analysis of the
tested bridges and other bridges along the routes surveyed. More
detailed strain measurements may be taken in components of
concern, however the bridges tested do not appear to have fatigue
susceptable details and it is not anticipated that fatigue will be a
governing concern during the normal life of these bridges.

The most damaging vehicles for bridges are the eight to eleven
axle vehicles, and in particular the eleven axle vehicles. This is true
even when considering the relatively low percentage of eleven axle
vehicles in the total truck population. Bridges with suspected fatigue
prone details should be analyzed with methods other than the
AASHTO fatigue truck model. The AASHTO model and others were
developed based on WIM measurements which did not include the
typical vehicles encountered in the State of Michigan, that is vehicles
with more than 5 axles.
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Note:

Intentionally left blank
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12. CONCLUSIONS AND RECOMMENDATIONS

The conclusions refer to the evaluation of the actual live load on

bridges, evaluation of corroded bridges and fatigue evaluation of steel
bridges.

1.

WIM measurements provide unbiased information about the actual
live load on bridges. Truck drivers are not aware that their vehicles
are being measured and, therefore, they do not make any special
effort to avoid the WIM system. In the results, there is a
considerable difference between the results of truck survey using
weigh stations and WIM.

The heaviest vehicles (GVW) are 11 axle trucks with coils of steel,
gravel, or asphalt.

The measurements taken in the vicinity of Truck Weigh Station
indicate that truck weights are within the legal limits. However, on
bridges further away from Weigh Stations, truck weights often
exceed the legal limits. This applies to GVW and axle loads. The
observation was also confirmed by measurements on 1-94 over
Pierce Road when the Weigh Station was open and closed. This
observation confirms that overloaded trucks avoid the scales.

The effect of heavy trucks is larger for longer spans. Moments and
shear forces are calculated for the measured trucks. The largest
moments and shears are for 11 axle vehicles, in particular for spans
120-200 ft.

Live load varies depending on location. The difference is not only
in ADTT, but also in magnitude (truck weights). The heaviest
traffic occurs on bridges that are not located close to the Truck
Weigh Station.

The major problem with the currently used WIM equipment is tape
switches and infrared sensors. Both are sensitive to damage by
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truck tires, both require traffic control, and depend on the
weather. Therefore, effort will be made in the future to find an
alternative solution.

7. The system used for fatigue load spectra performed very well. It is
convenient, small size, reliable, operates using a battery, and it can
be left in an unattended mode for up to 3 weeks time. Therefore,
effort will be made to develop the software for this system to
measure truck weights.

8. Dynamic load on bridges is a function of three parameters: bridge
dynamics (natural frequency of vibration), surface roughness and
truck dynamics. The field tests confirmed earlier theoretical
results obtained at the University of Michigan (Hwang and Nowak
1991). Dynamic load as a percentage of live load decreases with
increasing truck weight.

9. Load carrying capacity of corroded steel girder bridges depends
mostly on the condition of parameters such as web thickness at the
support and flange thickness at the mid-portion of the span.
Excessive loss of material may lead to local buckling in the
compressed part of the web. Presence of web stiffeners (bearing
stiffeners) can extend the life of the structure.

10. Prediction of the remaining life of corroded steel girder bridges
involves the prediction of future rate of corrosion. For given rates,
material loss and corresponding reduction of the load carrying
capacity can be evaluated. Remaining life is the maximum number
of years until the capacity is reduced below a critical level..

11. Fatigue evaluation involves calculation of the accumulated damage
and prediction of the remaining life. An important part of fatigue
analysis is the evaluation of load spectra. Accumulated damage is a
function of the past load cycles, ADTT's and truck weights.
Prediction of remaining life involves prediction of the future loads
(ADTT's and truck weights). The analysis can be based on the
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available WIM results. The extrapolation of moments and shears
can be performed using the normal probability paper (Nowak and
Hong 1991; Nowak 1993).

12. Stress values due to traffic load recorded in the girders are rather
low. The maximum observed values are about 10 ksi. However, in
most cases the maximum values do not exceed 5 ksi, for the most
loaded girder, with most readings being about 1 ksi.

13. Stress spectra considerably vary from girder to girder
(component-specific). Therefore, the expected fatigue life is
different depending on girder location. Exterior girders
experience the lowest load spectra.

14. It is recommended to continue WIM studies on Michigan
highways. The results will be used to establish different classes of
highways with regard to ADTT (low, medium and high) and truck
weights (low, medium and high). A combination of ADTT and
weight class can serve as a basis for fatigue evaluation of bridges.

15. There is a need for a practical application of the corrosion
evaluation procedure. The procedure will be further developed in a
form of an interactive knowledge-based expert system (KBES).

16. Fatigue live load spectra can be determined by WIM
measurements. Fatigue evaluation procedure will be further
developed in a form of an expert system (KBES).
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APPENDIX A - PROBABILITY PAPER
1. Introduction

WIM measurements provided a large amount of data. From the
bridge evaluation point of view, it is important to calculate the
maximum moments and shears. Therefore, for each measured truck,
moments and shears were calculated for various spans. Random
variation of moments and shears can be studied by the analysis of their
cumulative distribution functions (CDF's). The most important is the
upper tail which represents the largest values of moments and shears.
However, because of the scale, it is not possible to examine their
shapes. Therefore, the cumulative distribution function is plotted on
the so called normal probability paper.

Normal probability paper is a special scale such that any normal
distribution function is represented by a straight line and any straight
line represents a normal distribution function. Construction of the
normal probability paper is explained in the basic probability textbooks
(Benjamin and Cornell 1980). Probability paper is particularly usefull
for plotting the numerical data.

Construction and use of probability paper for plotting test results
is presented in this Appendix.

2. Normal Random Variable

Probability density function (PDF) of a normal or Gaussian
random variable is

_(X-i)z

fx(x)=o 12n e 52 _ (A-1)

where: X = mean and ¢ = standard deviation.
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Fig. A-1. PDF and CDF of a Normal Random Variable.

Examples of cumulative distribution functions (CDF's) and PDF's
for various normal random variables are shown in Fig. A-1.
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Fig. A-2. Examples of PDF's and CDF's for Normal Random Variables.
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There is no closed-form solution for CDF,

Fx(x) = f fx(t) dt (A-2)

-0

Properties of Fx(x) and fx(x) for a normal random variable include:
1. fx(x) is symmetrical about X

dex"'ﬂ:fX‘ X +}_ﬂ’ (A-S)

e

N fxe(x)

Fig. A-3. Normal Random Variable is Symmetrical about the Mean.

2. Sum of Fy(x) calculated for (x + X). and (- x + X) is equal to 1,

Fx(x+X%)=1-Fx(x +3%) (A-4)



+X X

Fig. A-4. CDF for a Normal Random Variable.

3. Standard Normal Distribution

Probability density function (PDF) for a standard normal random
variable can be obtained from Eq. A-1, by replacing X with 0, and o
with 1, The resulting equation is, :

x2
o(x) = 121_” e’y . (A-5)

Y

\ (%)

Fig. A-5. PDF for a Standard Normal Random Variable.
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Fig. A-6. CDF for a Standard Normal Random Variable.

Let X be a normal random variable, and Z is its standard form. Then,

7 X-%
ox
and hence
X=%+2Zox (A-6)
Therefore, |
Fxx)=P(X<x)=P &+ Zox<x) (A-7)
Fx(x)=P(Z < xoxf) =Fz (%) = d!(%&z) (A-8)



and finally,

s - o5

Function ® is widely available in tables. It is also available in computers
and calculators.

Similarly, a relationship can be derived for PDF of any normal random
variable, fx(x), and PDF of the standard normal variable, ¢(x),

X-X
i) = dAPc;;;(x) _ d [(D‘(ixox )] = o ()_(_')_E_)L (A-10)

And for any normal random variable X,

fx(x) = ¢ (’—‘;,—f) -;1‘; (A-11)

Examples of ®(x) for various values of x are given in Table A-1.

Table A-1. ®(x) for Selected Values of x.

X d(x)

4.0 0.9999683
3.0 0.99865
2.0 0.9772
1.0 0.841
0.0 0.5
-1.0 0.159
-2.0 0.0228
- 3.0 0.00135
-4.0 0.0000317




" Values of ®(x) are listed in Table A-2 for x from O to -15. Values of ¢(x)
are listed in Table A-3. Table A-2-4 provides ®(x) for negative values
of x only (x £ 0). To calculate ®(x) for x > 0, value of ®(- x) is read
from Table A-2-4 first, and then ®x) =1 - ¢ (-x).
Example A-1.
(@ x=2.16

From Table A-2,

®(x) = ©(-2.16) = 0.154,41 = 0.0154
(b) Given ®(x) = 0.80;5-4, determine x = ?

From Table A-2,

x = - 0.3775 (by interpolation)



VO-30vE*  FO0-d5vE* v0-36SE° v0-35¢E° vO-d16E° v0-3Z0v° v0-35CV°  vO dsvv® cc-u_ceﬁtlwa-uwzc. oty
vO-3T05*  L0-3ITTS* LO-3ILVS* bO-I/95° b0-3TES* v0-3SI9* bO-IIVY* LO-3I£99° :

VO-3069'  VO-IFLt 0
TosAENES T FOo=akFesf TE0T3910° v0-7058°  v0-3vde*  p0-30c6&°  v0-32546° v0-3ve6s* Eo-dvOol*  fo-3Bort L'y
FO-30T1s  £0-AL1L:  £O-AITT*  £O-39TEY  RO-3TCT*  £0-39ET°  £0-3cbl: £O-ALvl*  £0-3ESI'  £0-F0GI" 9L
FO=3NOL T UL LT FOTAULY L0245 1Y T R0 AEA 11 TR0 3008 TR0 3002 RO IS IZY T E6TvEs ROV AREST TR E
£0-3Thit  FO-AI5GY FO0-09C° £0-304C° £0-308T°  £0-IT6T'  E0-3ICOE'  FO-ICIE’  £0-35CE'  FO-A(LE’  V'E
Fo-Javg’ :wmmummm“:-monuchn.:mm‘wawp.; £0-AV0ob° FO-34TE*  £0-3IVEV' £0-3F0SF°* £0-3IF9V'  £O-Ar0BV £'E
-ww»m_mnwluwmuumwmna.meMmmmdlimwummmu FO-3££5°  £0-3865° £0-3619° £0-3Iv?’  £0-3v99° E£0-3LHY' cC°k

_ FO-A1TZ° FO-AFEZ° F0-3cvZ*  £0-168Z° £0-3918° E£0-3I5b8* £0-3b¢B° £0-3004° F£0-JSES*  E£0-3av6*  T°'fK

|.20-3001"  T0-3V0L: | T0-AC01  ZO-AVELY f0-Bvill  £0-3@RIY . TO-3TTIY  £0-39TIr EO-IIELT  £0-ATELT QIE.

UZOZH6E1Y T 03 ? rc:ua¢~. Zo-3vsi’ mcxuovﬂ. CO-3b91*  T0-3691° E0-35/1Y  To-3181°  TO-3JLHI* 4°'C
.mm-mmm_u:-kc:uxcmu:-mb-m ........ mz;umm:-:-xo:mmﬁ ...... €0-39cc’ _FO-ILET'  _£O-A0VE: _£0-38¥c: £0-395E’.__BIg |

C 20=3¥92 cO-3ILLEC TO- mom z0-348C° £0-3B&E* cO-IACOE* GTO-ILTIE* CO-3I9EE* <CO-I9EE* EO-JLVE* (°'T

[ E0-3LSE* "Z0-IW9E* mo-uomn. 20-3IT4E£*  20-320F*  £0-3STb*  £0-34cb*  20-30vb*  TO-ILSV*  TO-399¥° 9°'E

£Q5308V 4 TO-3vAb' TO-3805° T0-3IECE* Z0-36EST TO-3¥5S ~30¢/5° c0-3¢8S°*' c0-3v09°* ¢c0-3IIc9?*' &S°'C
1E0z36E9%, €0-3469°  CO0-39£9°  €0-3S69'  20-3IvIL°  20-AVEL'  €0-3554° | £0-394L° £0-3BEL  €0-30CB) bl |
wo4um«m. C0-3998° T C0-F&HB8"  C0-dyi6° FO0-3I&4E4° 20-3b94Y TT0-3044° T0-3Z01* 10-3v0T* T10-3ILOT* E£'¢

,-mm-m@wmn-:ﬁw:um-m”:-wmumemw-:mmumm_Mu:-wo:mmm_h-:_m-:-w_u:.m@nmom_u.:_wumemw-:m@nmwMMH:._@-m@m_u:-mum--

| _ooune.. T0-39¢1° 10-305F°* 10-3I¥S1* 10-38G1°. . 10-3C91°* 10-3991°* 10-30<F* 10-3VZI*  10-36LF° T1'E

1p-3£81°  10-38AT*  T0-3c6T*  [0-3¢41°  10-3Z02*. 10-3¢02° J0-ISIZ 10-3ILI&°  10-3cwc'  10-3BL' 0°'C

{"T0-3TEC* - 10-36Ec* 10-3Ivbc*® 10-305C° 10-395c° §0-3e9c* 10-389c* 10-3vsT*  10-310T*  T0-3LBE* 4°'T

10-310£° _ 10-3¢0E° __ 10-3vIE’ __10-3C . 0-39€E o-3vb 0-3ISE°___JO-A65E: _ A L__

_.+z+. mﬁll - ‘aﬂ.:-dd-gmcn:s:_Q-wn-qu-ﬁa:gwa«:ru*a---: o [N T :a«aawm~<"nJ«d:w@wm c*wumwﬂe. cil
J10-ASEYY  10-359%  10-35Lb0 10348V 10-356v  10-H4505° 10-3785° 10-39CS0___JO-3CEST  10-d0vsl 911
10-3655°  [0-3T145° T0-3EB5* 10-3v65°* 10-3909° 10-3819* 10-30£9* 10-3EL?* 10-3G659° 10-3899* &°'I
10-3189°  10-3v49°  10-3004°  10-3IcL’ qo-unnm. 10-36¥2°  10-3b9s*  10-38£¢°  10-3E6¢° 10-3008°  ¥*1
10-3£28° 10-30£G°* 10-31E58° 10-34Y8° 0-3588° 10-3106° 10-3B1&' 10-3bE6* T10-3156' 10-3096* E£°'1

. 30=-3586° 0013001 __Q01:ASOT: __QoL3vor: | oc_¢wo—n-:oo*uno_h.:oo_mooﬁu:-bOhuﬁuhu:-pcuumﬁ_n.:oo*wwuﬁd:-muH--

| 00F3ZTT* 0013ISTE 004ATCT® " 001IAETT® 0043ASTTE* 0013ZTE®  00013I6TT* O0RITET® co_uﬂm_. 0013961 11
0381 001:10VT"  00R3ISPEY  001356T 000320 E:  00436VIES QO1HENT! 0013bST 0013958 00LH6LE 0t
O0TIATOTS 7 001v91° 7001399 1% 7 0043691° 7 0012T21° 70013021 0013%2T%  0013641°  001101°  0016E81*  4°0

P 0013¢BT 001348T°  001FATAT® 0013561 0014841 004300 0013AF0Z°  004390S°  0013408° 001 Iz 000
BOTICICY o030 YT ¢ 001TeeT o0 M3AVES ™  G01T2ceE™ 001308 001dEEsE? oc*qﬁn:. 001360 001ECEE AN
0013%%T°  0013BVE®  001ATSE*  001ASET*  0013BSE*  COVITPT*  001HVOT* 00109 0013ATZE*  O0IAVLE® $'0
dqﬁumNN.:-co_uﬁmn.-:oc_mem:ﬁ-:oc_;mmu.:.cc_wdmu.:-cc_msmnm.:c:_;:y;.. 001432 em.:.aa‘_nc.m.,ca.uyam.,.wv.
00FITTE®  0043I9TE*  O0IISTE®  OOIIETE'  0013IPSE’ O0FIOEE* 001 IL(E” cc_wmmmu:-mc.uw@_H‘:cm_mwrmu 'R
TOOFIBEEYTTTUONACSE Y T OURASEEY 001365 T 001AEE T TT001HZOE YT 00kFecE T 00FAVZEY 0013845 0013CHE

ot}
(=2

00439BE° 001306E* O00+3V6E*  00F36E°  0013TOV* 004350V°  001360V°  0013ETV 001ALIV  0013TTE [
OUFICCVY  O0334ctT  OO¥3IbRV™  O0F3AYEbr —oo0fdovye  ood3vbv® 00130tV 00F3ESE* 0043556 °  001309¢

-

'

.

-
o~
L=4

-
[

0043¥9V* 004389V  0013ZLV°  001APLY® .001300y:  0013vaL°  0018EY"  00FITEL: _00FIFEY . 0011005" . Q1.
...... -1t A L A 4 70° 50v N £0° co’ 10° 0°*

*(3)® ‘4D [EULION PIEpUE]S JO San[eA “Z-V d[qel



A-10

. e . TV t 2 S 7° H
uu.;mle..m_.wwmm”.‘wwu.wmm:,.o.lueoo . x_:mwm%nu-wm-mﬂm@.- o_ &r“@u:-m_.u-no. o~ ELTZ- 21 S 1 9 8 SRS
SP-35¢10 Gl-36E1° SI-3E51° S1-3491° £i-3081° Gi-3véi*  §1-380C% T 81-3zzct Er-308z¢ S1-3eezy T ia
.m_-u_omwilm_uummmulln_uuuemvnin_tuuﬁn. S1-3cov*® SI-3vbb* G1-398¢*  SI-3/25° C1-3695° GCI1-3119* o'
MMHWQaq mﬂzurcw SU=318Z7 E1-32v87 TI-30E6™ 51-3866° wi-3801° vi-3811° vi-38c1° GI-36E17 &7
130510 bE-3291°  b1-3941°  vI-3T61* bI-3£0C°  bI-35CC'  bI-3E6E'  bI-b9C* 3982 1-3608° g !
ARELZ AN 1 B DA L 2 B | 1 A Y B I L 3 B P e*:uwm«a-.e_pmema-:«w:w~mm“:-w“:mmnmq-:wa-mcmmv: mum--
Vimgyec: bl-3s6lt pI-0658° v1-38T6°  £1-3001°  FI-3601°  §1-3¢I1° £1-3/T1°  fI- E TN A A |14 S A4
El-3091°  EI-3E41°  ©0-3200°  §1-3000° TEICI00C RISHGEE . E1-H0ECY T BTV s RS-3940 £I-38TEe vl
EE-3veer £1-384s lmmlummwut.m_HNHHQ. £1-349V°  E1-3£05°  E1-3EbS* £1-3985°  EI-3IE9° EI1-3189° b7
m_-u«nn4 EI-31677 "C€1-3E68" §i-3088° Ti-3166° <ci-34087 Zi1-351¢(° mmnmmm-. CI-aVET* EI-3vblc £0L
C173551°  CI-3497° ©l-3001° T1-Avel*  CI-300T°  TI-3vEc'  Ci-31kc’ ci-3092°  ©1-308% *_E1-3108° Tl
i ucrn. Cl=36vE’ EI-HGZEY CE1-UR00 T EITAVER S TEISE29R T S1L3808Y T 1L uovuﬂ:-mw:wm@un- m_aucue. v
c.-mm“mu:-:_:wﬂmm”.:w_-mwmmw- cl-3er8’  Ti1-3568°7 TI-3196° V1I-3E0L°  11-3000°  11-3611° FI-36EL' . Q'4..
»au E VA L § & 38v1° T1-3851° 11-J041% TTE-3E8TY T TI-3961° T I0-301EY - uoq:. 11-3cvc*  11-3092° 4°'9
SRI-364T 11-3668° P1-31cE°  VI-3vbE® 11-369E° T1-394E°  11-3Scv°  P1-355v°  11-388%° ﬁ_uunmm. B89
.Hw-m_cn. LI-3109°  T1-3v69% 11-3069° 11-34t£° 1i-3c64° 11-38v8°. 11-3606° 1i- mnna. o_uucoﬁ. L9
Q1-3ci  01-3611°  01-38g1° OF-3LE1°  _0]-34v1  OF=345F'  01-36721° . QJ=30B1: __QI=30éJ:. .. 01-390C°...2:9..
:00-30cC®  01-35£C*  01-3T5c°*  01-369C* 01-38BC' O01-3B0E* O0F-3I4CE*  OI-3ITSE*  0I-3I9LE* Of- mroc. G'9
.@w-mﬁmw”;.mm.M»uw”:-@m.mo$mn.-@mMMNunu:-wmnmmmm”:-wmnumomu:.@qummmw-:wmumﬁmwu:-bm:mmmwﬂ:-pmeunnuh--@um
0r-36Z8* -3508° -35v6°  60-3101°* 60-3801° 60-3GTT*  60-3IECT* 40-JIET* 60-30bT°* &0-3&bT* F°9
260-3651° oo 3691 oc-u_m-. 60-3C61' 60-350C° 60-361c°  60-3IEEC*  60-36bT*  60-359C' _ 60-3THT® T°9
60-310k* B0-3IICE*  60-3LbE*  60-3b9E* T 60-FZBE T E0-3CIV' T 60-34EV*T 60-389b°  60-3B4b° 60-J0ES' 1°9
60-3595° 60-3109°* 60-30¥9° 60-3TB9°  60-3I¥TL  60-INLL' 60-30CB°_ 60-3ITLB' __60-3BT6°___60-I¢Bs* _Q*9
BU-ASOI T NO=ATLY T AU=FAYT T do-3ve Y HOSIVEY ST TRO-HEVEY T 031G T B03191Y T 80-3141°  BO-3zOIC &4°0
B0-3E61°  00-3L0T°  80-3IFIC° HO-FIEC:  HO-IYT'  B0-319E: 00-344C°  BO-Iv6T*  BO-3TIE'  BO-ATEE' _ _B'§..
A0-3EEET U0 dbiE T B0-FFEEY HO-IITY HO~39vb  BO-3EZv° T B0-3c05° T BO-IEESY  B0-3395°  B0-346S®  £°G
H0-35E9°  UO-IEL9°  80-3vIL°* H0-U/45¢°  BHO-3T08°  B0-3058° B0-3106° BO-3ISCE* <0-3IT01°  £0-3IZ0F° 9°%
TLOCIVITYT Z0-F0TTT T Z0FIALETT T Z0-35E1° T £0-3EvT*  Z0-3151° <co0-3091° ncuuomﬁ. ¢0-36L1° (0-30 -. S°'g
¢0-3TOE*  LO-AFAT LO-ICES' (0-FWEC'  LO-ITETCY  £0-399C°  £0-3ITOT . £0-3B6T'  £0-ISIE  (0-3EEE* _b'g
TZO-ATEE T L0-FECET TTzoAbaE s c0-390 YT 20-30b b T T Z0HS96 Y T Z0-3T6K T 03418 T Z0S30VE 407 uomu. £°g
C0-3TI9*  £0-3IFVS*  (0-HTOF° L0 HOTLG L0-I19¢° (0-3C0B'  £0-3BYB°  £0-3568'  (0-3Ivve'  £0-3966° T'5
RO-H500Y 90-3104% 90-320iY $0-3EETY 90-F0Ei*  90-3LETIY g0- 45610 90-3EET* 90-3191° 90-3041° 1
90-3641°  90-3481°  90-3661°  90-30IT°  90-3ITET'  90-IEEC*  90-33vL*  90-30SCT* ec-umnm. 90-38C° 0
F0-3EOET HO-IBITY TRO-IGEET  90-3ICSEYT F0-3FIZET  S0-3T6EY 90-3iTv' 90-3ILEv e -3A55Y 90-1A6LV° &
90-3v05°  90-30ES®  90-3BS5°  90-3£B5'  90-IL19°  90-36k9*  90-3EBY* _90-3BIL° oo 365¢°  90-3E6/4° 8

p0-3vidy T 90-359/8°

50-3£E1°  S0-3Evi*t
§0-3ccct Go-3Ickc!
S0-IA95E°  S0-If/E°
G0-3495° G0-13fas°
50-3£68° SO0-3vEs°
VO-I8ET* bU-39LTY
-0 et tO--3A°00"

HO-F1E8Y T H0-3HIET TTEO-ITOTT T R0-FZ0TF T B0-IET T E0-FATIY T C0-3wE T B0-F0k 1Y

SO-I15T*  LO-3BS5I° S0-3991°  S0-3Fbs1* S0-3EBF°  S0-3T61°  50-3108°  S0-3tlce

..... IR IR TR T v e - -at M- Wem emim e-mes - cimErw ame tm o - . - e T IS T T -4

GO-36bCY T B80-395CF L0-309CY T 50-IFTBEY  50-356E° T GO-FE0EY  SO-IVEE'  GO-IOVE"
50-316E*  £0-701¢°  50-36Tb°®  50-305°  £0-31/b°  S0-3veb*  S0-3L15°  GO-3IIVG*

1
.

-t

CO-31CT LO- JO5Y* SOo-JIHT*  S0-3C¥l S50-IAvLe RCImozh. co-3918° we!uQmm.
S0-3446° _v0-COT* bO-320T° vO-3ICTT® vO-cTl’  FO--JECTI vo-3Hct! Q-3gLt’

R TR IR R AT 1 T SR o (9 SR M I SRR K i e S R

FO-IRFTT O GEST L0 ISNT F0HCPET V0- 14Tt B0-TT6E bO-ILOE*  bO-3LIE°
"paNURUOd - (X)@ ‘JAD [EULION PIEPUE]S JO SINTEA “Z-V qEL

N M

ol o

9N
T T T TIC TIT TN

S el



—
i
<

tu Iy e et

.

VO Ui’ [V N Y- FU—-aUVL yv-aawve PRV, v o m——— .

LO T0CT L0 dicit. ¥0-3IYBTC . y0-3L6T0 . v0-30IE: __¥Q-IVTET__¥O-A4K o k0=ALSK___b0-3ATR_._FQ-IASAES L1k
L6 EDEY U0 J0etiTTv0o3BEr T 80-045v 0 T ¥0-342b ¢ b0-3B6Y  bO-3ATST. VO-ATVS  ¥O0-3SHE v0-3685° 2°'V
bo-3515 0 Vo ikt v0-3899° Qo-uma&”:-w@uwmmm”:-W@HMWme-:WwHMommw-twmnwmww“:'w@nmmm@”:;wbummm@n-:mva-
LG8 4Y Vi-3ees TUROZ3i01 T f0S9501 ¢ T €0-3601¢ TE0-3biTi £0-3811°  £0-3I¥TI°  FO-36C1C £0-3VEl* OV
(0 latle f0-aevic FO-39SE*  £0-3£61° £O-3EFL*  £o-3osI1t EO-3L1° £0-3vAlc  £O-3P61C £0-3661° 6°'F
{9 Lot e ot FO-IESTY £o-diETT £0-31vet £o-3ISEt  £o-309¢’ T g0-31¢4z* £0-318C* £0-3Lect B°K
Lo 1€0FT oo 1l F0-dZeEt FO loeg FO-3ESE £0-399E°  £0-30BEY  £0-3veE’ £0-340v* _ EO-ASEY:  _L1F.
£OOHLET U b FUSIRZET B0 ALY FOUINMG Y EUSHAUAY T £0 3605 T TEGSHATSY T £0-3065°  £0-3C19t 9L
VO AEYT oy detyT FO-ALMSY K0 19040 FO-dURLS :mwMMQMmH:.monummwh-:mmHMN_@u:-monwmwm“:;mwumMm@u:-mum-
G0 RCet B0 dvie  L0-HEREYTo-a001°  TO-3w01¢ [To-3201* To-3NL' ©O-3511° £0-3611* go-3gCi* V'E
e el o Nyl £0-3%E1c ©o 1kl g0-39p1* ©0-3151° T0-3951‘ £0-3191° £0-3LF1- c0-3cLlt E'F
GRS T CTe Tl T 0530617 E0C 061 T T0-dE0C T co-3018T  To-39iet £o-3vel’ Co-31EC' «O0-3IWET* T'E
Lt VST w0 dEuDe  TO-IETPTt ©o HI¢Et _Th-36(T*  T0-38BC’ £o0-386c" -wOHMmpmH:-mouMm_m“:-mcnm%mmw-:mum-
IR A 5 RN o B H 172 S W) R 1 SR0H0ZE T E0TATeE T COSHEEEY T E0 0 Moy T Co-ALTL 0308y’ co-3gvv: 0'CL
C AsNE Re-deLVt TO-3SAL* TO-36Ab* TO-AVISS CO-30ES° T0-35v5° TO-3E95:  £0-385°  TO-3GES’  61L.
GO OiEE e E0TNRY T Sotdaby T Eo-mivyt to-3zes’ “E0-§Z0éY T T0-3(EL T Co-d8vZY T €0-304L° c0-3cest B'E
S0-dbiEe  c0- lrB* T0-3198° TO-3568°  TO-3806° TO-3SEE  TO0-3196° T0-3LBE. 10-3101°*  10-3¥01° <°CE
ToTIZoT— 1o J0r T T0=3E1T" fo-3711° 10-3&77° 7jo-dcci™ 10-3vct’ f0-36c1° 10-3cei’ J0-39E1° . 9'C
(0-16v1° 10 drvis  T0-3Zvi*  10-3151*  10-3vsl*  10-38S1°  10-3€91° 10-3¢91° _10-31¢1*  10-36£1° " S'&
._c-uoz..:._onue=~.-:_c»umu~<.-.ouu«mﬁ.;-~ovmmm~.-:_cnunqm_:-AQumcom.-:_auun«nﬂ- {0=346187 10 qkEE Y TP E
10-36C%  19-35EEt  10-3ver  o-dvve  10-3cse 10-385C* _ 10-3v9e _10-30¢T'  10-34¢Tt  10-3HEL; Eow
,a“uawmmz._owuwmmm.:waumnamw:-gouuawm":-wQNWNmWn-:mau:nwmﬂ- JOTIEEET T10-38FEY T 70-34vE’  10-365E' . C'C
10-3E95°  10-1ZE°  10-364E°  10-3¢BE*  10-396£* 10-3v0b° 10-3c1v*  10-32cy’ 10-31EV° 10-30kb* - 1°'C
- 10T3evy T T iAGYe 10-3d@sy+ 10-3acv’ 10-3@@p°  10-38&b" 10-3805° j0-3616° 10-36c5’ 10-30v5°; 0'C.
lo-A155e 10 295 10-3E45* _10-3ves'  10-3965°  10-3809° jo-30T9° _10-32E9* __ 10-3vyy:  10-3959° 611
_zw;yn@m..,:hznc@w:._o-u«man-!_chuchm;-qouwﬁmw.:-danm«qu-:wchumcnu 16-3192° T 10-35¢4° 7 10-3067° " .8° 1
o vor oo alge lo-dreer to-19va' 10-3p98:  lo-38/8: lo-35en: 10-360¢' 10-3ater. MOA0NeL Lt
VoL azsa TG Tizé? 10-3a88% 00301 T 00TIT01? T 0043k0iY  0043901°  00+3L01” 00+3401° oot3trrt 9°1
0019611 " oor Krre 0013911 _ooiuerle  oop3ocic  oot3ccl- 0013vT1®  00+39c1®  00+38E1' 004130£1- g1
.mqqqqmmqn_mu~qmma4||qummmm4||mm~mmmmn 00713661 ° o0t3ivic 00i3vbi* 00+39VIE* ooﬂumq_. oo“www“. m.“
3l WS S1c 0013051° 0013091 004IL9L* 0013591* 0043¢9L: 00436917 401344 A 3

wm “ﬂk__ wm_____wr “ .mm“wmm“ e .cc__w_wc_? h .cc".unm—..:-ciuwa_...--.oc..h:m«.---qguo.ﬁ..:-daEmm_ R ELZ S
0913761° Yould6stt 0013108 o0i3vos' 00F3F0C° @o+ummmw-:@mmmwmm”:;wwmmmwmw-:@m*mmmm”:-m@mm@wmw-:mwm-
.ca_mcmmq.:oa.unmm.:.coﬁMWMw.-:oa_mmnmmz.aoquunw";-qoﬁmmmm. 00135EES 00§98V 00 FIOVE o043 0°1
001 AEEE Y + 001ZbEe  00436vT’ 001 IEST' 0043kt  004395C. 00+36GC® 00+3T9z°* 0043v9c* 004379C° 6°0,
oo Tagve’ oHTIiZeT o0Tavses 0013gzc™ ooi3slc’  ooldobe: poi3tac’ oo+3sBc® 00+3/BC° oo+wowm. m“w_
Qs 001NVAT®  0013L46T* 0013468  001310E° -@w+mmomu:-bo_wwom.:-cm*m@wmw-smowuommu:-wm\.w:-w £°0
mm“wm%wq .wmﬂbmwm_:.aa_umqnﬁ--ac_u,wn - BOFIECES T 00VISEEV T 00434500 F6EEY T 0043TEE" 00 JEEEY|19°0
001 15rY Y 0013LER® 00136EE’ .--oc_.m_._.;_u---wﬁmw.wm..---ww....m.m.o..m“-.:.oo*.”.._.n.m.m..---Pﬁmm._w.m..---.o@.*.mo.m.n.”:-@.wwmm.m.ma.“ 2520
001 iEEs . T 001395E 0013260 T 0013ASES T 00FITIEY 00HITIET 001ILIE] 004359€° 0043/9E* 004389E:|:v°0 |
00100 01ATZE®  0013IELE’ _0013vLE"  O0I35LE. 0043//E°  0013BLE* 00436/E*  004308E£: 00431BES £:0 j
SOTIFIET 001 IVBES 001 3R0ET  001AFDET 0013£BE*  00+38BE 00136DE+ 00+368E° 00+306E° 00+3T6E* 1 .2'0
COLACOR | 001AR6L: co.um.nu;.cc_ur@m“--mo@mw@mu-:owﬁwmpm“:-wowmmomn:-ow*umnmr-ewm»mmom”:awwwuuMnr S Sy
a1 dzaEs 0013068  001TBEEY T 001 1BAET T001308E" 00 FISLE! 00+3665° 004366E° 00+344E° 00436687 | 0°0

60" 10’ 4 SUNUUUUUREE § LA g0 .. vo' .. EQI_. €0’ 10° LI

*(*)¢ ‘Add TeULION PIEPUE]S JO SINeA "g-V Jlqel




Ty BV ul-3cov® ws-49bW-  Bl-3ueb’ wi-d8syc TBy-3LTZ+ di-3vee’ gy-385e 6i- 6860 1Z3F01° 06
A IS B SO S ) ¥ O ,m~-wmm_u:-m_nmmwm”:.mm.mmmmh-:mm-MNm. tLv-3gelt  L1-3TICC L1-30£C°  L1-3E5c 6°8)
VNIV T AISAT0EY T2 i-HACEY T Z1-366E YT T 21-3TEEY T Zv-ABEYY T Zi~-389v £T1-3116*  Z1-38S5S¢  ¢<I-301§* @'0D

1 WYY Lr=3¢el L1-3E6LC L1-3998°  £1-3G¥E* 91-3£0T°  9I-3ACTT* 9I-3ILZi*  9I-3VETC  91-39%T°  L°dH
|n_cgauqqllm-numNaqnla-uuamﬂ. S1=3Z0c" Gt=-39ccY SI-39Fc* 9i-389¢ o1—-3d€ec* oSi-3&1f" @i-3LvE* 9'BH
SlANSSs  SE-IASTIr  91-44bb* 91-304b°  9[-3ILES*  91-3185° ﬁ_ a5E9:  90-3689°  91-305¢°  S[-¢18' 570
c_ B T TN e [ 7. LM Ro5 [+ 1} LN I [0 @ SUNMN S G- ToH00 U - 83 [-1 3 UBMIC S RN 11 2 SLBRN 3 RS | €2 LA ) B EHYAR GURRRR S Bk [07-% L TN
STt SE-ASEE ST-IWVEY SI-3998¢ 61-34UC u_-ge_m. SI-31vE*  SI-3148°  S1-3g0p S1-3uev: £0U
Itk B KA Siad S A £ LR (Y B - T-LRNNEH S T} L ERNIH B I TR T B VA u_-u:m\.u...wm,n.mm_m@...:-..._r.fﬁ.. PI=H001 20
V1600 FI-AETTY bI-308T vI-3681° v1-3051° VI- mrc-. VI-32£1° v1-3TET* vI-380C*  vI-dYES:  T1°'H
Vicinba T VT-399CT T vi=380C T VI-3CTET T VI-3AEET vI-3496° vi-3Z6E° wI-J0ERC bI-3990 LI-3S05° 0°0
vi- ‘\ea. VI-A8465° VISV V1-3%69°  vI-3E54° VI-3sI18* v1-3cBB8° vI-3556°  f£l- umcﬂu:-._:mmﬁﬁ. NN
Vl-arte Bicaegre gr-3cvre €1-3csie pl-399rd bi-3si1 T p1-3averd gi-doice T £1-34c€t gi-38ve 8¢
£1-34 c ‘o Ri-A¢BEt E1-3001E' £I-35EEC E1-3C9L*  EI-3TEEC EI-ACcye £1-395b° £1-3E6b  EI-ACES'  L°L
wnr_m\vn-:w_n;wm@m: mm:mcuq. .*. SV Fi-31el T Ei-HrvaY  £1-3016° T ET-3RBeT 2T-3901°  Ti-AVITT 9L
_el-akce SAERTS S0-3vbTe TI-ASRTY CI1-39TC E1-3081° C-TvAT m.-umm«. C1-3988 CI-3RVE' 5°¢
uﬂuunﬂmqlulq;Jﬂ:uﬁu:uﬂ.m.mﬂqllmmnu;lm“-nmwumwmm ci-3tgge*  oi-ativ' ci-3c cc. Ci-39Zv* ci-3AE15* b2
ol _ca:. CI-20090 TI-689C Er-3Ibe TE-3R6L0 S1-Fs85BC TI-AVEST TI- ueab. TI-32401° £'2

.. it L TSl LT R o 7 LI & 5 1’23 LRI § I () & __-+=\_. ..m=ummw.,.__-. W 5 | S

1= GG PE-AVZE bI=ivecs 13916 TI-N4EE° 1) <,d-:_M-Mmmmw:-g_:%m-:.:-w_-mmnwu:-mum4

| w_a.w:mﬁ.:mmngcmn.:,wm-m@mm; CEICHAAE T 1ISAEeR ST THTRH0A9Y T ii- ok T ITHbeZ Y IS FECHT T TISEETAY 07
TI-3086°  O0-3501°  01-3ETT* OF-IICI*  01-34CT* OF-36801° 01 d6bI*  01-165T* 01-3T47° OI-3FEBI° 46°'9
TO0T-394TY 0f-30T¢°  OT-3682°  O0i-dive? 01-186e* 01-39Zc° 01-A74¢° O01-dZTE°* OF-386EE* OI-3RK9E* B'9
poob-3enet OL-d91ve  01-ASVYt 01-49¢v* 01-3605°  01-3A5V5: - 01-3805° OT-AvC9r | 013499 OV-IEVL*  L°9.
O OESHEYZe CdAdEEY ov-dczeY Or-3cEéd T O0t=3%4s¢ A0~ bec_. H0-JVi1Y TH0~HITTIY T60-30ET*  60-36ET* 9'9
PA0-T0VES S0-H05T0  60-369T° 60-3081°  60-3E6F°  60-UFOT*  60-T0IE! 60-AVEE  60-3Q5T  60-3L9E 519
CH0-TAGNEY GO-ALOEY  40-FWPTE® 40-AYLE*  40-TEPE*  L0-IAREE* AU -T0CV* S0-3IAVYC 60-FLLb 60-3605° V7
b 60-32bS 60-AHLSS 60-3919° 60-3L59° 60-300L°  60-39V¢* A40-3vaL* 60-HPVH 40-3T06° 60-3096° F'9
(o H0-TIZ0TTT 00-T60TY T H0=-AYTTY 00-IECTT T 00-IIET 00-F0V1Y 00 16FTY DO-3IBSTC BO-3IAYT GO-IELTC TUF
BO-AE' N0 IWOEs  H0-3FIT* BO-N08C (10-QWbi®  BO- 09T B0 4900 NO-306i N0 IR 00-FGEe: 109
ho ciEiiee Go- el wo-30a8° 0o avcre  Bo-30sbe  Go-dugbr o wont H0-36EEC U0 TG T 00-008T 00
PoG0-3509° N0 -1809 BO-40L0 NO-HGLC H0-T600° N0 -365U° B0 LTS B0-36L6° .-;ec—...wcwuo_Mu:.muﬁ
S0 ZNEY 20 AETY 0-FTRTY L0-3068T1° 0-ANVEY T 20 -0 \c wete \c WL 20-2Z00°  0-AR4T D%
HOTE® 20 ICEES L0-ASEEY L0-AGVE*  0-V9S°  £0-3A00T° WaL AR c0-HGRE L0-HESES LS

: .dnuuunq.uuanemﬂqlxﬂanuN.e« -V T e0-3L9vy co-3bav' .mx;nnm. \c ACGSY 2005085 20017 9y
SO-AVG20 0 16F0 L0-HELY Z0-0ELL0 L0-ALTHY L0-AVPE° £0-dR16° £0-1S%96°  90-380T° . 20-AN0EC. 5.
RO AVINY T LY - 1odh e T Uv0-a28T 0-3JVET* ﬁawgwe_.,:@c 0517 T 90-F0ni T 90-3794(Y 7 90-3921° 903981 [
FOAP6ES 0 100t 90-INIET 90-F0ECT F0-AEVES  90-A95C° FO-0LE  F0-35BEC | F0-3T06°T 90-ALTEY  ENS
TYNCIEEE T v P T R0-HECEY 20-286E S0-3FTVY T 90-3ASEV* S0-iUBLKY*  90-3EBE*  YO-1405°  90-IAVES'  £'n
P0--ALYLY - YO~ Y0-AYTP*  90-H099*  90-3Ir69'  90-JIEL'  90-10L°  90-3018°  90-IEGB*  90-3268' (G
90-3tt 46’ ecwu,:: G0~-35017 L0-30TT* 50-39Ti° Go-dcct® 4o0-38c ﬁ. SO-3VET* SO-ATIVI* S0-36VT* 0°4
HO-ARHEe LO-JERET L ao J.gju;.n@:mxow”:.m@nu@wm..:-w.uo_ J%0-31EE! | S0-AcEE  So-Avket et
TH0A95EY Ho- dJave $0-396& SO-3TIE? "L0-3¢EE° T GO-3IEVE* T G60-309E*  SO-ANLE'  S0-4A94E° B'L
GO-H9EV L0 HTEL :mmuMmMWW:-anmm@wu:-anwmom”:-mmnwmmmu-:mmuwmmmw-:mnumo@nu:.monuzom”:-azqumww‘tAwg.
RSB0 100, T Go-JEFZY  g0-3094°  T10-3508°  SO0-3ARVB'  S0-3FrEA8° ~ANT6' H0-30946°  LO-ATOT* 9°vb

"PaNuURUOd - (x)¢ ‘J(d [EULION prepuejg jo sanfep

£-V Jqer



A-13
Example A-2.
X is a normal random variable with X = 1500 psi, ox = 200 psi.

Afx(x)

u Y

-
1000 2000

Fig. A-7. PDF of Random Variable in Example A-2.

(a) Calculate Fx (1,300) =

P00 - (3 o 2000
=<1>('220000 =®(- 1) =0.159

(b) Calculate Fy (1,900) = ?

Fx(1900) = ® M)z 1900 - 1500} _
o ) ( Ox d)( 200 )

-0 (400)- 0 (2) = 0.977

because

d(2)=1-d(-2) =1 -0.0228 = 0.977

(c) Calculate Fy (1,700) = ?
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Fx(1700) = 1 - Fx{1300) = 0.841
because
Fx(x +X) =1 - Fx(-x + X))

(d) Calculate fx(x) for x = 1,300 psi

fx (1300) = ¢ (M)_l__= o (1)

200 200 _ 200
=1 __1 >-0242 _ 000121
Yo = 200 © 27 200

(e) Calculate fy (1,500) = ?
fx(1500)=¢(1500 - 1500) 1 _¢00) _

. . 2000398 200 200
= 1 _¢0=-0.898 _ 000199
Yoz 200 C 200

4. Inverse Normal Distribution

Inverse normal distribution function can be calculated using a closed-
form formula. The formula gives very accurate results, even though it is
an approximation. Most computer procedures use this formula too.

Let p = & (x). Most of practical applications require the calculation of x,

for a given value of p,

x = 9-1(p)

The following formula is available for calculation of x, for p < 0.5,

x=¢'1(p)=-t+ co+c1t+czt2
1+d1t+d21:2+d3t3
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where: Co = 2.515517

c, = 0.802853
¢, = 0.010328
d, = 1.432788
d, = 0.189269
dg = 0.001308
t =+~ 1n p2 | (A-14)

For p > 0.5, @-!is calculated for (1 - p), and then for p, as shown
o (p)=-¢"(1-p) (A-15)
5. Normal Probability Paper

It is a special scale, so that a normal distribution is represented by a
straight line:

- any normal distribution is represented by a straight line.
- any straight line represents a normal distribution.

Construction_of normal probability paper

Let X be a random variable. The cumulative distribution function (CDF)
of X, is Fx(x), and PDF is fx(x).

Normal probability paper is obtained by modification of the vertical
scale for CDF. Examples of CDF are shown in Fig. A-2 . All CDF's are
contained between O and 1. Let the horizontal scale be the samé as in
Fig. A-1. However, the vertical scale is modified so that any normal
distribution function is represented by a straight line. There is no 0.0
or 1.0 on the modified vertical scale: 0.0 is at negative infinity and
1.0 is at plus infinity. The mean corfesponds to 0.5 on the vertical
scale. Actually, 0.5 is the only point in common for the regular and
normal probability scale.
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The vertical scale can be developed as follows.
(a) Using Standard Normal Distribution

Set a regular horizontal scale for variable X (e.g. bending
moment). Identify the mean value and standard deviation of X,
X and ox. Plot a non-vertical straight line passing through x = 0.0 on
the horizontal scale, Fig. A-8. Using an existing CDF of the standard
normal variable, the normal probability scale can be determined
graphically. For a given value of probability p on the regular scale, the
new point p (normal probability paper) can be found at the
intersection of the dashed line and vertical line passing through x
corresponding to p, as shown in Fig. A-8.

The location of various probabilities p on the vertical scale can also be
determined using inverse ®(x) function. For example, to find where p
is, calculate x from the equation '

p = Ox(x) \ (A-16)

and hence

x = ®x1(p) (A-17)
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new 0.8

old and new 0.5

Fig. A-8. Development of Probability Paper using Standard Normal
Distribution.
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(b) Using Any Normal Distribution

Analytically, the normal probability scale can be developed using any
normal distribution function, Fx(x). The horizontal scale corresponds
to X. The CDF of X is represented by a straight line passing through
the mean value (x = X). The slope can be chosen depending on the
maximum and minimum values of probability to be shown. For a given
value of probability p, the corresponding x can be calculated using Eq.
9,

 x= X+ox0x(p) (a-18)

Values of ®x-1(p) can be calculated using Table A- 2. Once x is found,
the location of p on the vertical scale is determined as shown in Fig. A-
9.

An example of the normal probability paper is shown in Fig. A-10.
Normal probability paper is also commercially available, however the
vertical scale is multiplied by 100 (percentage).

Properties of a Normal Probability Paper

(@) Any normal distribution function (CDF) is represented by a straight
line on the normal probability paper. A straight line is determined

by the coordinates of two points. For example, let X be a normal
random variable, with X = 5.0 and ox = 1.5. The mean corresponds

to 0.5 on the vertical scale. The second point is determined for x =
X + ox = 6.5, which corresponds to 0.841 on the vertical scale,

because

The location of these two points is shown on Fig. A-11.
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(b) Any straight line on normal probability paper represents a normal
distribution function. The mean, X, is equal to the horizontal
coordinate corresponding to 0.5 on the vertical scale, and the
standard deviation can be calculated as shown in Fig. A-11.

The vertical scale (normal distribution function) is irregular. In
practical applications it is convenient to use a regular vertical scale;
the inverse of the standard normal distribution ®-!. The standard
normal distribution is a normal distribution with the mean = 0 and
standard deviation = 1. Value of ®-1(0.5)=0 and ®1(0.841) =1
(see Table A-1). The inverse normal scale is also shown in Fig. A-11.
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Normal
@ | Probability

p = 0.50

Normal distribution function
represented by a straight line

Fig. A-9. Development of Probability Paper using any Normal
Distribution.
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Fig. A-10. Normal Probability Paper.
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Inverse
3 Normal

7] Distribution
®-1 | Function

0.995 -

Normal
.99
0 Probability
o- o098 o Scale

0.95 =

0.90 -

0.80 -

0.70 -

0.60 -

0.50
0.40 -

0.30 T

0.20

0.10 -

0.05 -

-27  0.02 -

0.01 =
0.005"

Fig. A-11. Mean and Standard Deviation of a Normal Random Variable
on Normal Probability Paper.
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Plotting Test Data on Normal Probability Paper

Let the test data be a,, a,, ... , a5. To plot these test results on the
normal probability paper, a's are ranked first, from the minimum to
the maximum value. Let b,, by, ... , b, represent a rearranged a,'s, so

that

Then b; (on the horizontal scale) is plotted vs. 1/n on the vertical
scale, b, is plotted vs. 2/n, bg vs. 3/n and so on. The maximum value,
b,, cannot be plotted as it corresponds to n/n = 1 on the vertical scale
and ® = 1 is not shown on normal probability paper. Therefore,
instead of denominator (n), (n -1) is often used.

Example A-3.

Let the ranked data points be: 5.3, 5.5, 5.9, 5.9, 6.4, 6.5, 6.5, 6.8,
7.2 (9 points). The corresponding distribution is plotted in Fig. A-12.
The normality of the resulting distribution can be evaluated by visual
inspection of the plot. If the points are located on a straight line, then
the distribution is normal.

Table A- 4. Test Data Considered in Example A-3.

Number 1 2 3 4 5 6 7 8 9
Test Result 53 5.5 '5.9 59 6.4 65 65 6.8 7.2
Probability= 0.1 02 03 04 05 06 07 08 0.9
=i/ (1+n)

Other Examples of Normal Probability Paper
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Examples of actual data plotted on normal probability paper are shown
in Fig. A-13 and 14.

An example of a special probability paper is shown in Fig. A-15. The
vertical scales extends to 10-6. Only the probabilities less than 0.5 are
shown. Values of the inverse normal distribution are given on the left
side.

09957  Normal
0.99 - Probability
Scale

0.98 7

0.95 -

0.90 -

0.80 -

Minimum
0.70 data point

0.60

0.50
0.40

0.30

0.20

0.10

0.05

start here

0.01 -
0.005 7

Fig. A-12. Test Data Plotted on Normal Probability Paper.
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40

42 44 - 46

48

50 52 54 56
Yield Stress (ksi)

Fig. A-13. Test Results of Yield Stress of Steel on Normal Probability

Paper.
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Shear Strength

(ksi)

Fig. A-14. Test Results of Shear Strength of Spot Welds on Normal
Probability Paper.
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Fig. A-15. Special Normal Probability Paper.



APPENDIX B

FEDERAL HIGHWAY ADMINISTRATION (FHWA)
AXLE CONFIGURATION CLASS



DESCRIPTION CLASS SPACINGS (FT) TOTAL LENGTH (FT)

2-axle vehicles:

Motorcycle 10 0.0 = 6.7 6.7
car 20 6.7 - 10.0 10.0
Pick-up/Van 30 10.0 - 13.3 13.3
Bus 40 20.0 - 40.0 40.0
2-axle/6-tire 50 13.3 - 20.0 20.0

3-axle vehicles:

Ccar with 1-axle 21 6.7 - 10.0
trailer 6.7 - 16.7 26.7

Pick-up/Van with 31 10.0 - 13.3
1-axle trailer 6.7 - 16.7 30.0

Bus 41 20.0 = 40.0
0.0 - 6.7 46 .7

3-axle single 60 6.7 - 20.0
unit 0.0 -~ 6.7 26.7

281 80 6.7 - 16.7

16.7 - 40.0 © 53.3



DESCRIPTION CILASS SPACINGS (FT) TOTAL LENGTH (FT)
4-axle vehicles:
Car with 2-axle 22 6.7 - 10.0
trailer 7 = 13.3
. - 6.7 30-0
Pick-up/Van with 32 10.0 - 13.3
2-axle trailer 6.7 - 16.7
0.0 - 3.0 33.0
4-axle single unit 70 6.7 - 20.0
0 - 6.7
0.0 - 6.7 33.3
381 81 6.7 - 20,0
0.0 - 6.7
10.0 - 40.0 66.7
282 82 7.6 - 16.7
13.3 - 40.0
0.0 - 6.7 66.7



DESCRIPTION CLASS SPACINGS (FT) TOTAL LENGTH (FT)
382 90 6.7 20.0
0.0 6.7
10.0 40.0
0.0 13.3 66.7
3=-axle with 91 6.7 20.0
trailer 0.0 6.7
6.7 26.7
10.0 26.7 66.7
5-axle with 110 6.7 - 16.7
trailer 13.3 26.7
6.7 16.7
10.0 26.7 66.7
6-axle vehicles:
6-axle single 100 6.7 16.7
unit 0.0 6.7
10.0 40.0
0.0 10.0
0.0 10.0 80.0
6-axle 120 6.7 16.7
multi-trailer 0.0 6.7
13.3 26.7
6.7 13.3
10.0 26.7 80.0
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DESCRIPTION CLASS SPACINGS (FT) TOTAL LENGTH (FT)

7-axle vehicles:

7-axle (or more) 101 6.7 = 16.7
single trailer 0.0 - 6.7

13.3 - 40.0

0.0 - 13.3

0.0 - 13.3°

0.0 - 13.3 80.0
7-axle 130 6.7 - 16.7

0.0 - 6.7

10.0 - 26.7

6.7 - 13.3

0.0 - 40.0

0.0 - 6.7 80.0
Any vehicles 140

not meeting any
of the criteria

above.





