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I. INTRODUCTION

1.1 Stress Histories and Fatigue Life Expectancy

Research on Tive load stresses induced in highway bridges by heavy
truck traffic, often tefmed the stress history problem, has been motivated
by concern for the effect of increases in truck traffic volume and truck
gross loads. Forecasts by government agencies and trade organizations
concerned with the trucking industry confirm both of these growth trends
to the end of the century, despite real and potential shortages of energy.
The need to increase productivity and energy efficiency in the trucking.
industry will be reflected in the future demand for and trend toward
higher gross weight limits, increased vehicle size, and a reduction in
the number of trucks being operated on the highway with partial payloads.
Statistically, the mean gross vehicle weight will jncrease with time and
the distribution of gross weights will be skewed more to the high side.

For medium and short span bridges the trends just noted could be
mitigated, in part, by the increased use of longer wheel base trucks --
including double or triple unit vehicles. In the congested urban areas,

a counter-trend might be more widespread, that is, the use of 1ight, fuel
efficient, single-unit vehicles for delivery or local fréight distribution
service. 7

The adverse trends in live loading of bridges, the increases in
frequency and severity of truck loadings, are of concern in relation to
the fatigue 1life expectancy of existing structures and the fatigue design
for future structures. Re]iab]e fatigue Tife predictions could be of great
value to the planner and should be made a significant component of the

rating of existing older bridges for load and traffic capacity so that the
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determination of priorities for the replacement of such structures can be
made on a rational basis.

The term stress history hasvbeen used to denote the occurrence of
significant or fatigue critical Tive load stress events and usually implies
(1) a specific definition of a critical stress event, for example maximum
stress range, and, (2) a statistical description of these events and perhaps
a crude correlation with a certain population of loading events. A parallel
term is load history which denotes the statistical description of the 1ive
Toad events -- vehicles and their crossings -- to which the bridge or
structural element is subjected, and which are significant for fatigue.

The relationship between loads and stresses important for fatigue behavior
at critical locations in the bridge is complex and not efficiently handled
by exact direct methods of structural analysis or computer simulation. This
is due in part to the dynamic, three-dimensional analytical model and the
numerous problem parameters needed to describe the bridge - vehicle system,
and because of the uncertainties in the definition of these parameters.
Hence the direct study of bridge stresses, rather than applied loads,

will be emphasized. The task of forecasting stress histories bassed on
knowledge of axle loads, truck gross weights, dimensions and traffic
conditions remains important.

Thus the study of stress histories in highway bridges has been under-
taken in I1linois (1,2,3,4) and elsewhere in order to define the live load
stress environment in highway bridges for the purpose of assessing the
susceptibility of these structures to fatique damage, that is, to predict

their expected 1ife under the action of repeated random Toads.
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The present study is not directed to the modeling of material fatigue
behavior and the usual assumptions taken from the literature, primarily
the Miner hypothesis, will be used for the fatigue analysis presented
herein. A reliability based fatigue analysis will be used in keeping with
the inherent uncertainties in fatigue behavior and the statistical descrip-
tions required for the 1ive load stress environment.

There are two concerns in interpretation of the stress history environ-
ment which require particular consideration: First, to evaluate the stress-
time variation measured at a critical location in the bridge, under the
action of an individual moving vehicle, one must decide which features of
the stress-time variation are significant from the point of view of fatigue.
Such a decision involves both the identification of critical stress ranges
or events and a corresponding scheme for counting their occurrence. Second,
the basic stress-time event or block of events for which the counting scheme
has been devised must be related to the traffic stream characteristics.

Both the present study and work elsewhere has emphasized sequential single
vehicle crossings of relatively simple bridges Toaded with traffic mainly
in a single Tane. At the other extreme, for example in the measurements
taken on the Dan Ryan Expressway, the loading pattern is complex and a
givenvstress~time event may correspond to the action of ohe or several
vehicles with a Tongitudinal and transverse placement which is not,reéd11y
measured or precisely predicted.

It should be noted that while emphasis is placed on the stress
environment, information on deflections is available. Deflections mav be
considered from the point of view of user reaction (pedestrian or vehicle

occupant) and expressed either as a deflection amplitude relative to the
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span of the bridge, a velocity or an acceleration. Although an analysis
of the problem of user reaction to vibration is not within the scope of
the study, the bridge deflections are statistically highly correlated with
stress ranges.

Embedded within the data for stress histories is a dynamic component
to be associated with each vehicle crossing event, that is, a dynamic
increment in stress to be associated with a Tive-load impact factor as
used in design. It is difficult to separate the impact factor out of the
data presented because no direct means exist to measure the corresponding
exact equivalent static response produced by the traffic stream. While
an approximate calculation of the static response can be made, the
uncertainties in the selection of the loads and the analysis would represent
a substantial variability, perhaps equal to the apparent increment due to

dynamic response.

1.2 Fatigue Daman,Mode]

Much of the discussion and interpretation in this report will be
based on a formulation drawn from a linear fatigue damage model, the Miner

hypothesis, drawing upon Tlaboratory fatigue data for constant amplitude

6) th
w7 i

devrivation nf the
9 wi LT E YR v v i
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(D

expression for mean fatigue life will be summarized in the following.
Fatigue data for constant amplitude tests is conventionally repre-
sented by the S-N diagram plotted on a logarithmic scale, where S is the
constant amplitude stress and N is the corresponding life. It should be
emphasized that fatigue 1ife under constant amplitude loadings is also a

random variable. The relationship between stress range and mean fatigue



1ife may be written as:

no=c/s" (1.1)
The fatigue 1ife, n, determined by this equation is the mean value
representing the test results for the stress level, S. There is indeed
scatter about the mean S-N regression line. In Eq. 1.1 the parameters c
and m depend upon the steel type, connection type or weld detail, stress
raisers, etc. The parameter S denotes the live-load stress range.

Under the application of mixed random cycles of stress application

with stress ranges of’s1, Sps Sgs +ee Sps which are applied for Nys Nos
Ngs «vo N cycles of application, the Miner's linear damage law is stated
as follows:

Damage = D = n]/n(s]) + nz/n(sz) + ...

nk/n(sk) (1.2)

where n(sk) denotes the Tife determined from Eq. 1.1 based on the stress
Tevel sk applied in a constant amplitude fatigue test. Failure is assumed
to occur when the damage level D = 1. Equation 1.2 is clearly a function
of random variables, and we can write an expression to describe the mean or

expected value of the damage level, D, denoted as E(D):

k n, k
= - 1
B0) = £ (] sy ;1 )= LR (1.3)

Usually the stress ranges will be described by probability density function
fs(s). Given an appropriate density function, Eq. 1.3 may be evaluated 1in

a continuous form:



® n fS(s)ds

= (1.4)
0 n(s)

E(D) = j

Introducing the failure criterion that the expected value of damage

must be unity, and noting that n(s) = c/s™, Eq. 1.4 may be written:

n=— 1 = = < (1.5)
IS fS(s)ds Is fs(s)ds
oo " 0
n(s)

But, in Eq. 1.5 the quantity
“om
fo s fg(s)ds

is the mean value of the quantity S", and is denoted E(S™. Finally, the

expression for the mean 1ife for random amplitude stress ranges reduces to:

n = c/E(s™ (1.6)

The above formulation for mean fatigue 1ife was initially presented
and explored in detail by Ang and Munse (6). Laboratory fatigue tests have
confirmed the dependence of constant amplitude fatigue tests on stress
range as the primary variable. Thus for random stress (load) applications,
fatigue 1ife depends upon:

1. The material and structural parameters, ¢ and m, which are

deduced from laboratory tests, and
2. the quantity E(S™) which describes the applied random stress

applications.
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The determination of the quantity E(Sm) is the main focus of the interpretive
phase of the present research.

From the above it is seen that the use of a lTinear fatigue damage
law yields a useful and significant statistical parameter, E(Sm). Other
fatigue damage Taws will yield different formulations and will require
for application at least one of two additional steps: 1) the computation
of accumulated damage on a numerical basis, either directly from the
histograms of stress range or on thé basis of a representative stress-block;
or 2) a closed form derivation of a mean 1ife expectancy based on a
density function model for the stress environment (for example, the beta-
density function).’

As an example of the second step noted above, Ang (5) has shown it is
convenient to use the beta density model with a 1inear fatigue damage law,
but where a Tower endurance limit is required. However, it should be noted
that more complex damage criteria or damage laws consider both the amplitude
and the sequence or order of occurrence of stress cycles. Analysis of
damage undér these circumstances requires a scheme for describing a repre-
sentative ordering of high and Tow stress cycles or conversely the effect of
ordering must be demonstrated to be not significant in the fatigue damage
model. This matter has been handled in laboratory tests using representa-
tive stress blocks with a prescribed ordering of cycles. Work by Socie (8,9)
and others and has shown the significance of the rainfall counting scheme
for stress cycles which can take into account the damage accumulated in

hysteretic stress loops.



8

1.3 Scope of Field Program and Data Reduction

The initial and an important phase of the IHR-301 study was the
development of the field test capability for the I11inois Department of
Transportation. In the previous study, IHR-85, the field measurements
were undertaken as a cooperative effort between the University of Illinois,
Department of Civil Engineering, the State of I1linois, and the Federal
Highway Administration, with FHWA providing part of the data collection
equipment. When the present study IHR-301 was initiated, it was c]ear that
the data collection capability of the FHWA should be shifted to the State.
Thus the early work on the project and severé1 of the early bridge field
studies were directed toward development of a field measurement capability.
This aspect of the research has been described in the Phase 1 interim
report (1) and will not be reviewed here.

Also, Phase 1 included the revision of the automated, computer-based,
data reduction programs. The same computer programs have been used, with
modifications, over a ten year period from the start of IHR-85 (1967)
through the completion of the data reduction for IHR-301. It should be
noted that during this period there has been an extremely rapid advance in
computer technology and undoubtedly as this project drew to a close the
entire data reduction system was in need of extensive revision, or replace-
ment, to reflect present hardware capabilities. These programs are not
considered transferable to another computer facility and are working tools
for the present investigation. Specific details of the data reduction
scheme have been presented in three reports: two on IHR-85, (3,4) and in the

interim repoft (2) of the present study.
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The criteria for selecting test bridges were described in the ijnterim
report (2) and are substantially the same as those used in the previous
study, IHR-85 (3,4). Sketches and descriptive information on the test
bridges and data on instrumentation locations was presented in the interim
- report and will not be repeated herein in detail. Only a summary tabulation
is repeated in Table 1.1.

In all instances the effort to gather truck data was undertaken making
use of state truck weighing stationé which are maintained for law enforce-
ment and research by the State ofblliinois, Some descriptive information
on the weighing stations is presented in Refs. 2, 3, and 4. In general,
the weighing devices are electronic scales which are substantially automated;
these are calibrated and sealed at frequent intervals since they are used
for Taw enforcement. The measurements of the vehicle wheel-base were made
manually with the exception that photogrammetric measurements were attempted,
but with Timited success. Also, photographic studies of the vehicle traffic
making use of the stop-motion camera were used and are presented in Ref. 2.
These photdgraphic studies were useful in identifying multiple vehicle
events and the relative proportion of trucks and passenger cars in the
traffic crossing the bridge. It should be noted that the’reduction of
photographic records was tedious and served to shift the manpower require-
ments from the field to the laboratory. The photographic records are
subject to changing shadow and exposure problems during the course of the

day's measurements.
v

1.4 QObjectives of Report

This report, as the final report on Project IHR-301, is intended to

provide an overview of the project research, interpretation of the results,
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and certain recommendations on the use of stress history information for

fatigue damage analysis and fatigue design. Specific objectives may be

listed as follows:

1.
2.

6.

To present data not included in the interim project reports (1,2).
To provide an interpretation of the stress history data in-
cluding the fitting of useful probability density functions.

To outline the fatigue analysis problem in order to indicate
suitable approaches to the representation of the stress history
data.

To show the development of an analysis technique which is
indeperident.of a probability density function model.

To make suggestions concerning the implementation of the

research in fatigue design practice.

To provide suggestions for future research.

No attempt will be made to repeat the descriptive information, summaries

and tabulations of data presented in the interim report, but selected stat-

istical data for significant characteristics such as mean, variance, and

random stress analysis factors, etc. will be presented for all data developed

in the study.



TABLE 1.1

SUMMARY OF STRUCTURAL DATA FOR BRIDGES TESTED

Bridge Bridge Other Design Test Load Events Dynamic Properties .
Dasignation Type Girders Dack Information Duration Recorded Freq. Hz Damping
Computed: %
Meas. C NC. Critical
Spring Creek 3 span- 6 - W36x150 7" thick R.C. 0° Skew 11/12/71 to
F.A. Rt. 154 Continuous @6'-7" 35'-8" out-to-out MNon-composite 11/18/71
Sect. 14-8 57'-3" 9"-2'-10" curbs design-1955
Bureau County 66°'-11" H520-44 loading
Sta. 400+20 57'-3" Rocker supports
Sangamon River § span- 6 - W36x182 7" thick R.C. 0° Skew 6/02/72 to 1625 truck
F.A.1. Rt. 55 Continuous @ 6'-0" 35'-8" out-to-out Hon-composite 6/09/72 traffic
Sect. 84-2B-F 71'-9" ~Cover PL. over 9"x2'-10" curbs design-1958 crossings
sta. 462+25 91°'-10" interior pier #1 H520-516-44 +
Sangamn County 97°-10" 11'X11/16"x18' -6 Alt.
ARG bottom
EJ & E (1,1I) 3 span- 6 - W36x170 7-1/2" thick R.C. 11° Skew 8/18/72 to 3680 truck ,
F.A.I. Rt. 57 Continuous e 7'-2-1/2% 42'-0" put-to-out Composite design- 8/25/72 traffic :
Sect. 0303- 60'-10" Cover PL. over 9'x1'-9"* curbs 1966 ‘ crossings —
1002 VB 73'-4" interior piers - HS20-44 -1oading 11/25/72 to. 1687 truck 5.2 2.9 —
Cook County 60°-10" 10-1/2%x7/16%x16° -5" Rocker supports 11/30/72 traffic
Sta. 111+77.30 Top and bottom crossings
Camp Creek (I) 1 simple 5 - W30x116 7® thick R.C. 0° Skew 10/23/73 to 1600 truck 11.0 14.4 9.2
F.A.I. Rt. 20 span in 14 e 7°-6" 34'-0" out-to-out HNon-composite 10/26/73 traffic
Sect. 26-30-2(2) spans 9"x3'-0" curbs design crossings
Fayette County 33'-10" HS20-44 1oading
Sta. 610+43.10
Poplar Street 3 span- Girders - 72" deep 7" thick R.C. Curved 3/25/74 to
Approaci Continuous welded 36'-0" out-to-out Non-composite 3/27774
F.ALLI. Rt. 70 in a multi- Fioor beams - W36x170 9"%3'-0" curbs design-1963
Sect. B2-3HVB span bridge Sgringers - 3¥18x50 HS20-44 loading
East St. Louis 92'-0" @ 8 -o"
St. Clair County nre-o
Sta. 48+48 92'-0"
Shaffer Creek 2 span- 9 - W24x100 7* thick R.C. 0° Skew 6/03/74 to 1100 truck 7.8 8.2 5.2 1.6
F.A.1. Rt. 74 Continuous 50 5'-6" and 43'-8" out-to-out Non-composite 6/07/74 traffic
Sect. 81-3B-1 43'-0" 48 5'-4" .9"x2'=10" north design-1958 crossings
Sta. 594+68.00 43'-0" tongitudinal separation curb, 9"x1°'-10"

(joint) between groups
of 4 & 5 beams

south curb

HS20-44 1oading
and modified



TABLE 1.1 SUMMARY OF STRUCTURAL DATA FOR BRIDGES TESTED (CONTINUED)
Bridge Bridge Other Design Test Load Events Dynamic Properties
Dasignation Type Girders Deck " Information Duration Recorded Freq. Hz Damping
. - Computed: H
Meas . C NC. Critical
Span 31, 18th 1 simple 6 PL. Girders 7" thick R.C. Spiral tangent 5/15/75 to nes
Street Bridge span 60"x3/8" web . Deck tapers Composite design §/716/75
Dan Ryan Expwy. 92°-6" Flanges 12x1" top 42'-5-1/2" to 1961, H20-516-44 Continuous-
F.A.I. Rt. 94 @ center 16x1-1/2'bot. 35'-5-1/2° mod. recording
Sect. 5-2525.3 Flanges 12x3/4" top
-AA & ANF @ ends 14x3/4" bottom . Intermediate cross
Cook County Girder spacing frames
388'-4" 3 - 4%"x3-1/2%x5/10"
2 variable: members; 1
. 2@7'-3-1/2 @ s. end; @ bottom flange,
4°-3", 4'-6" @ n. end 2 @ x-bracing
Gallatin County 1 simple 10 @ 10124.5 6" thick R.C. 0° Skew 7/24775 160 crossings
Saline River truss stringers inflow 24'-4" out-to-out  Non-composite for stress ey
S.B.I. Rt. 140 200°-0° 24195 int. R.C. parapet design-1929 range studies
Sect. 113-8 © 10 panels floorbeams and rail deck system
Gallatin County 1of 6 2 facia @ 241 94 and approach
Sta. 343+48 simple 4 int. @ 24185 spans
appr. spans
Green River 3 span- 5 @ W30x108 7% thick R.C. §6° 25' Skew 7/19/76 to
F.A. Rt. 141 Continuous 11-1/2"x5/8" Cover PL. 32'-6" out-to-out  Mon-composite 7727776
Sect. 114-8-WPYH 43'-0" 17'-6%1ong over 12°x9" curb design-1936
Lee County 7740 {ntermediate piers Widened, new curbs
Sta. 340465 & handrails, 1968
Camp Creek (1I) 1 simple 2 Facia @ W30x99 7% thick R.C. 0° Skew 9/20/76 to
F.A.I. Rt. 70 span unit 5 Int. @ W30x116 42'-0" out-to-out  Mon-composite 9/28/76
Sect. 26-38-2(2) 33'-10" design-1946
Fayette County 3 span- 2 Facia @ W30x99 217x27" curbs (Rt. 40)
Sta. 610+43.10 Continuous 5 Int. @ W30x108 H20-S16-44
39'-10" Spacing for both units: and Alt.
50'-0" 1e2'-9"
39°-10° 4@ 7'-6"
186'-9"

** foad event count to be verified
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2. PRESENTATION OF DATA

2.1 General

The objective of this Chapter is to present certain additional data
which was not described in the interim project report (2) and to characterize
in brief the complete body of information available for analysis.

Data on gross vehicle weight, axle load, and axle spacing was collected
on heavy truck traffic at or near the bridge test sites. The truck data
does not coincide on an event-by-event basis with the recordings made at
the bridge test sites. A vehicle identification scheme was not available to
provide exact correlation between vehicle information and bridge crossing
events. A full correlation was obZained for one bridge in the previous
study, IHR-85 (3,4), and has been useful in the interpretation of the
present data.

Vehicle data was taken during approximately the same time period as
the bridge test recordings. In one instance, the second test at the EJE
Bridge, the truck weighing station serving the test site was closed when
the bridgé recordings were made, but additional data on vehicles was taken
several months later.

The test bridges, selected according to criteria described previously
(2), were instrumented to determine strains at midspan cross sections and
other locations such as cover plate cutoff points, e.g. locations signifi-
cant for fatigue analysis.

The basic permanent broject record of bridge strain (or deflection)
information for each truck crossing event is ah analog magnetic tape

record of the strain-time histories which in the course of data processing
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are searched for maximum and minimum strain ranges or partial ranges, as
appropriate. It is strain or stress range quantities which are tabulated
herein to describe the bridge response. However the strain-time histories
are retained as a part of the project record. But, it should be emphasized
that the manipulation of the complete strain-time histories is a tedious
task. The present summaries will emphasize information on stress range
(strain range) and no attempt will be made to provide an extensive summary
of plotted stress-time histories at various locations on the bridge. This
latter aspect of bridge data interpretation has been dealt with theoretically
in several previous reports on the research Qnder]ying the present study (3,
4). While Tittle attention is given to the bridge stress-time history herein,
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histograms and other data presented.

2.2 Truck Data

The data presented in Tables 2.1 through 2.3 represents measurements
on over 10,000 vehicles, 7,600 of which were collected under the present
program. Overall, about 80 percent of these vehicles are of the 35-2 type,
the 5-axle semi-trailer, tractor combination. This data represents, for
the most part, rural interstate truck traffic in the State of I1Tinois in
the period 1968 through 1976.

A basic question is, has the mean gross vehicle weight increased
during the time period studied? To answer the question, the mean gross
vehicle weight values in Table 2.1 were paired to obtain those sets of data
for which significant shifts in the mean gross weight occurred. Three
such combinations have been studied and the results are summarized in

Table 2.4. The results are for the EJ&E Bridge, Shaffer Creek Bridge, and
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TABLE 2.1 GROSS VEHICLE WEIGHT STATISTICS

. Mean Std.
Bridge GVW** Dev. C.0.V. Count
(a) For A11 Trucks
CE.J. & E. (11/72) 42 .05 18.47 0.439 270
E.J. & E. (3/73) 41.17 18.66 0.442 1,977
Camp Creek I (10/73) 48.49 18.39 0.379 1,003
Shaffer Creek (6/74) 37.80 17.56 0.456 1,422
E. St. Louis (10/74) 49,09 17.90 0. 365 515
Green River (7/76) 50.66 19.10 0.377 272
Camp Creek II (9/21/76) 51.63 17.83 0.345 1,053
Camp Creek II (9/23/76) 50.92 17.63 0.346 1,076
*Shaffer Creek (1968) 40.50 20.60 0.510 249
*Shaffer Creek (1969) 34.40 20.40 0.590 862
*C.B. & Q. (1969) 46,00 18.70 0.410 1,482
(b) For Type 3S-2 Trucks

E.J. & E. (11/72) 45,27 18.75 0.414 204
E.J. & E. (3/73) 47.07 18.12 0.385 1,481
Camp Creek I (10/73) 52.91 16.84 0.318 772
Shaffer Creek (6/74) 49,03 19.04 0.388 1,164
E. St. Louis (10/74) - 50.45 17.58 0.348 409
Green River (7/76) 55.04 15.07 0.274 231
Camp Creek II (9/21/76) 51.53 18.05 0.350 954
Camp Creek II (9/23/76) 51.28 17.62 0.343 971

*Shaffer Creek (1968) - - - -
- *Shaffer Creek (1969) 44,60 18.30 0.410 512
*C.B. & Q. (1969) 51.20 17.10 0.330 1,027

* See Reference 3.

** GVW in kips (1 kip = 4.448 kN)
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TABLE 2.2 AXLE LOAD STATISTICS FOR 3S-2 TRUCKS

Axle Load Designation

Bridge

A B C D E

E.J. & E. (11/72) 8.8@ 10.4 9.8 8.9 8.9
(14) (42) (45) (55) (55)

E.J. & E. (3/73) 8.7 10.6 10.0 9.0 9.0
(13) (40) (42) (53) (53)
Camp Creek I (10/73) 9.2 11.7 11.1 10.8 10.8
(11) (38) (37) (42) (42)

Shaffer Creek (6/74) 9.0 10.8 10.4 9.5 9.5
(15) (39) (42) (53) (53)
E. St. Louis (10/74) 8.8 11.1 10.7 10.1 10.1
(16) (35) (37) (46) (46)
Green River (7/76) 9.0 1.7 11.6 1.4 11.4
(11) (30) (30) (37) (37)
Camp Creek 1I (9/21/76) 9.5 11.3 10.9 10.0 10.0
(20) (37) (40) (47) (47)
Camp Creek II (9/23/76) 9.5 11.1 10.7 10.0 10.0
(16) (37) (39) (46) (46)

Shaffer Creek (1969)°€ 8.4 10.0 9.4 8.5 8.5
(15) (41) (45) (56) (56)
C.B. & Q. (1969)¢ 8.6 11.4 10.9 10.2 10.2
)@ G @) ()

%Mean axle Toad in kips (1 kip = 4.448 kN)

bCoefficient of variation in percent

CReference 3
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TABLE 2.3 AXLE SPACING STATISTICS FOR 3S-2 TRUCKS

Axle Spacings
Tractor Tractor Drive Trailer Trailer

. Steering Tandem Tandem
Bridge A-B B - C C-D D-E

E.J. & E. (11/72) 11.1@ 4.3 25.5 4.3
(13) (17) (13) (35)
E.J. & E. (3/73) 11.3 4.3 25.8 4.6
(13) (12) (12) (28)
Camp Creek I (10/73) 11.1 4.3 26.8 4.4
(12) (6) (10) (18)

Shaffer Creek (6/74) - - - -
(-) (-) (-) (=)
E. St. Louis (10/74) 11.0 4.3 25.8 4.3
‘ (13) (3) (17) (15)
Green River(7/76) 10.6 4.1 24.8 4.0
| (11) (30) (13) (8)
Camp Creek II (9/21/76) 1.2 4.7 26.8 4.7
, : (14) (-) (14) (57)
Camp Creek II (9/23/76) 11.4 4.2 27.1 4.2
(13) (17) (1 (25)
Shaffer Creek (1969)€ 10.3 3.7 24.6 3.7
(11) (5) (13) (3)
C.B. & Q. (1969)¢ 10.5 3.7 25.7 3.5
(13) (8) (9) (25)

Mean axle spacing in feet (1 ft = 0.305m)
PCoefficient of variation in percent

“See Reference 3
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Camp Creek Bridge and consider consistent sets of data for both the aggre-
gated averages for all trucks measured and for only 3S-2 trucks. As might
be expected for the short time span of the measurements at’the EJ&E Bridge,
there are no statistically significant differences in the mean gross weight.
For Shaffer Creek over the approximate five year span between measurement
periods there are statistically significant shifts in the gross vehicle
weightﬁ 2 kips in the case of all trucks and.3 kips in the case of the
3S-2 vehicles. These differences are statistically significant at the 95%
confidence Tevel based on a standard t-statistic hypothesis test of the
differences between means. The data for the Camp Creek Bridge over a two
year span shows a 2 kip increase in mean gross weight in the data for all
trucks measured but no corresponding shift of the mean for the population
consisting of only 35-2 trucks. Indeed in the case of the 35-2 vehicles
there is a slight decrease in distribution mean although this decrease is
not statistically -significant at the 95% confidence Tevel.

Where the change in mean gross weight is largest, for the Shaffer
Creek Bridge, there was a significant change in traffic conditions ‘at the
site. In 1969 the bridge served only local traffic in the Quad Cities
area since the interstate by-pass using I-280 had not been completed. In
1974 the bridge over the Mississippi River on this route was completed and
the interstate segment of which Shaffer Creek Bridge is a part, became a
~south by-pass to the Quad Cities for traffic on I-80. |

Altdata on gross vehicle weight was taken at state truck weighing
stations which are used primarily for law enforcement. The presence of
the stations and the schedule of their opération influences the flow of

overloads. Thus, realistically, the characteristic bimodal shape of this
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TABLE 2.4 STATISTICAL TESTS OF DIFFERENCES IN MEAN GVW

Bridge "Mean Std. Count Test Results
Pairing GVW Dev. N b a
‘ (kips) (kips) t-Statistic D.0.F.~ A
(kips)

(a) A11 Trucks

E.J.E. (11/72) 42.05 18.47 270

E.J.E. (3/73) 41.17 18.66 1977  0-738 348 0

Shaffer Creek (7/69) 34.40 20.40 862  , oo 1611 o,

Shaffer Creek (6/74) 37.80 17.56 1422 ’

Camp Creek (6/74) 48.49 18.39 1003

Camp Creek (9/21/76) 51.63 17.83 1053 ~5:923 2041 2.
(b) 35-2 Trucks

E.J.E. (11/72) 45.27 18.75 204 |

E.J.E. (3/73) 47.07 18.21 1481 ~1-285 259 0

Shaffer Creek (7/69) 44.60 18.30 512 | |

Shaffer Creek (6/74) 49.03 19.04 1164  4-913 1013 3

Camp Creek (6/74) 52.91  16.84 772 . i 1600 )

Camp Creek (9/21/76) 51.53 18.05 954

a = difference in mean values supported by data at
95% confidence Tevel. (t—test)
b = Degrees of freedom in t-test

D.O0.F.
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histogram for GVW should be considered to be incomplete in the GVW range
above 73,280 1bs, that is, above the legal Timit. Undoubtedly a tail to
the distribution extends beyond‘the cut off in the data shown; but, it is
very difficult to develop data on high GVW levels. Arrest records for
truck weight violations show that GVW levels can be much higher than 73,280
1bs for 5-axle truck-trailer combinations. The degree to which such
vehicles operate in the truck traffic stream is not known.

Histograms for two sets of data, Green River Bridge and Camp Creek
Bridge - 1976, describing gross weight, axle load and axle spacing which
were not included in the interim report are bresented in Appendix A.

The Green River histograms are shown in Figs. A1-A11. Testing at Camp

Creek was conducted in two phases, on September 21 and 23, 1976, respectively;
truck data for the two dates have been kept separate and two sets of histo-
grams are presented in Figs. A12-A33. The general features of the histo-
grams are familiar from previous data; as before, for gross vehicle weight
and for corresponding heavily loaded axles which correlate well with the

gross weight, the characteristic bimodal histogram shape is seen. .

F'inaﬂys from Table 2.3 it may be seen that the vehicle dimensions
for the 35-2 trucks are consistent and suggest a model five axle vehicle
with a tractor wheelbase of 11 ft, tandem axle spacings of 4 ft for both

tractor and trailer, and a trailer wheel base of about 26 ft.

2.3 Bridge Data

A major portion of the bridge data collected in the field program has
been presented in the project interim report (2). In this section data for
three field tests will be presented: Camp Creek with two phases, Green

River and the Dan Ryan 18th Street bridge.
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The presentation of data for the Camp Creek and Green River bridges
follows the format set in previous presentations in the interim report.
Significant stress events for the latter test can be associated with
individual vehicle crossing events; the traffic pattern on the bridge
is simple. However, Green River is one of the bridges in the study where
two-way traffic was present. For the bridge on the Dan Ryan Expressway
the traffic pattern is more complex and at peak travel times the structure
is continuously loaded by trucks in multiple lanes. Such a Toading pattern,
when viewed in terms of the shape of the resulting-time history, produces
stress events of much longer duration than are characteristic of other
test results. Indeed, these long events correspond to an unknown number
of multiple vehicles acting simultaneously. The data record at the Dan
Ryan site was made continuously over a 24 hr period with interruptions

only for changing magnetic tapes, calibration and adjustments.

Camp Creek and Green River Bridges

The data collected on these bridges represent a total of 29 strain
gage locations on three separate structures for a total of three'test
periods, and are summarized in Appendix B. The data is presented in the
form of tabulated data for histograms, including mean strains and coeffic-
ients of variation, and plotted histograms. These plots and tabulations
are in the same format which was used and discussed in detail in the interim
report. All data is aggregated and not separated by day or hour of test;
the Tevels of mean strain and maximum stress observed follow the patterns
reported previously. However, the coefficient of variation for the data
at Green River Bridge is somewhat higher, on the order of 0.6 to 0.8, than

has been the common for data taken at interstate highway locations. The
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Green River Bridge site is on a two-lane, state route and carries two-way
traffic of relatively low volume serving local industry. Also, the Green
River is significantly skewed (460); the combination of two-way traffic
pattern and skewed structure may account for the greater variability in
the stress range data. Further comments on the statistical descriptions
of all data for both sites will be made in Chapter 3.

The Camp Creek data is presented in two groupings, designated Phése 1
and Phase 2. In Phase 1 the measurements were taken primarily on one
single-span structure of the multi-span Camp Creek Bridge complex, and one
data channel was added from a three-span unif in the complex. The structure
differs from that tested in 1973, denoted Camp Creek (I),in that it
represents a modification following a widening project in which an additional
Tongitudinal beam was added together with a new curb and wider deck slab.
The second phase of testing at the site concentrated on the above noted
three-span structure, with one gage from the single-span structure, previously
tested, recorded simultaneously. This selection of strain gages provided
an opportunity to test the consistency of the data for the two phases for
bottom flange strains on beam 4; there were no statistically significant
differences between the mean Tevels seen, although the number of events
recorded was small, 86 and 43, respectively in Phases 1 and 2. Differences
in mean levels were eva]uated on the basis of the standard t-statistic

test for the comparison of means.

Dan Ryan Expressway - Eighteenth Street Bridge, Span 3l

The Eighteenth Street Bridge on the Dan Ryan Expressway was the
subject of a continuous twenty-two hour recording session. This is a

difficult field test location, the structure being part of the elevated
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roadway immediately before the 18th Street on-ramp of the northbound
segment of the Dan Ryan Expressway. The instrumentation trailer was
placed in a parking lot under the elevated structure; the deck surface
was not accessible to the field party and no convenient vantage point was
available to observe traffic during the course of the recordings. The
test site was costly and hazardous to occupy and it was not feasible to
attempt to repeat the studies or to occupy the site for more than 24 hours
with the resources allocated. |

The recording syétem and softWare to be used were designed for data
acquisition where bridge stress and truck crossing events are readily
distinguished; the recording equipment can be started using vehicle
detector, a calibration step inserted before each event, the data be recorded,
and the system stopped automatically. However, when recording in a con-
tinuous mode, it was necessary to manually switch in calibration signals
and be concerned with setting zero signal levels, a particularly difficult
problem with continuous traffic.

The rebording session began at approximately 5 p.m. on May 20, 1975,
and continued until 7:00 p.m. the next day. The information gathered
is contained on fourteen 3500 ft analog magnetic tape ree];, i.e., seven
from each of two recorders. The total recording time is approximately
22 hours on tape, plus the time required to change the tape reels and make
adjustments. Calibration steps were inserted in the record every thirty to
sixty minutes. The calibration events, plus some electrical noise, and
zero shifts required particular attention in editing the tape record before

data reduction.
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In view of the volume of data taken and the difficulties associated
with editing the data to make it suitable for automatic processing, several
alternate reduction procedures were tried. It was hoped that the procedure
using an automatic repetitive application of the event-by-event data
reduction system use might prove adequate; however, because of the great
length of the record and the need to edit out unwanted events this proved
prohibitively costly, if the standard samp]ing rates and techniques were
used. Hence, strip chart plots were made of all data and these charts were
scanned to select suitable intervals for detéi1ed analysis.

The Dan Ryan structure consists of 60 in. deep plate girders on a 90 ft
span and the Tive Toad stress levels were low; few of the strain measurements
were sighificant for fatigue analysis. Two locations, the bottom flange
strain on beam five, one of the heavily loaded beams, and the horizontal
strains at a welded vertical stiffener cutoff point on the same beam, were
chosen for editing and sampling.. The editing consisted of selecting half-
hour segments at intervals of three to four hours for a total of eight
segments in the twenty-two hour record. These eight segments were then
sampled for strain range events.

While selecting suitable time segments for study, three qualitative
characteristics of the bridge response to traffic became apparent. First,
when traffic volume was light and the vehicle speeds approached normal
‘maximum levels, the records show events on the strain trace which, when
examined on an expanded time scale, appear identical to the expected
“dynamic influence 1ine for typical heavy highway vehicles. Second, when
traffic becomes heavier, and speeds are reduced, there are large strain

events but of greater duration. These correspond either to slow moving
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heavy single vehicles or to multiple vehicles in two lanes closely staggered
such that one Tong vehicle-crossing event is developed. Third, the bridge |
is on the northbound lane of the Dan Ryan carrying traffic into Chicago,
and traffic serving the city has some expected characteristics. In the
early morning hours from 3:00 to 6:00 a.m., there are a number of large
strain events which suggest loaded heavy trucks entering the city for the
business day. These events continue through the 8:00 to 9:00 a.m. period,
although masked somewhat by heavy traffic conditions at rush hour. In
contrast, at the 5 o'clock rush hour there are fewer large amplitude events
although there is considerable activity on the bridge due to local truck
and automobile traffic.

A general picture of the data editing can be obtained from Table
2.5, wherein the time periods for sampling of bottom flange strains on
beam 5 are listed. Also given are the mean strain range of the histogram,
corresponding standard deviation and coefficient of variation, the maximum
strain event and the count of strain range events in each time period. The
mean strain levels are between 39 and 53 microstrain, that is, mean stresses
between 8 and 10 MPa. The variability in the data does not exceed that
which would be expected from studies at rural interstate locations, i.e.,
coeffiéients of variation between 0.4 and 0.6. The higheét strain level
encountered is about 120 microstrain, or a stress of 24 MPa. A total of
1,185 strain events were recorded in the eight sample periods. A histogram
for the composite of the eight samples is shown in Fig. 2.1; the correspond-
ing data is given in Table 2.6. For the composite of all events, the mean
strain is 46.1, standard deviation 22.6 and coefficient of variation of 0.49.

The shape of the composite histogram does not differ from what might be



TABLE 2.5 DAN RYAN BRIDGE; SUMMARY OF STATISTICS BY HALF-HOUR

Date Time ~ Mean Strain Std. Dev. C.0.V. Max Strain Count
5/20/75 8:00 - 8:30 p.m. 47.678 - 21.517 0.413 94 90
5/20 - 11:43 p.m. -

5/21/75 12:13 a.m. 40.000 25.086 0.627 91 139
5/21/75 3:16 - 3:46 a.m. 48.670 20.339 0.418 100 12

" 5:40 - 6:10 a.m. 52.486 23.143 0.441 118 177

! 9:01 - 9:36 48.564 23.513 0.484 107 234

" 11:31 a.m.-

12:01 p.m. 46.370 22.197 0.479 119 192

" 2:28 - 3:00 p.m. 39.101 20.268 0.518 - 85 149

" 5:14 - 5:44 p.m. 42.239 20.365 0.482 106 92

TOTAL 1185

9¢
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TABLE 2.6 HISTOGRAM DATA FOR STRESS RANGE
DAN RYAN BRIDGE--18TH STREET

STRAIN GAGE= 125 NOTE= 1 TOTAL EVENTS= 1185
MEAN STRAIN STD.DEV. - MEAN STRESS STD.DEV.
46.052 22.594 9.2104 4.5188

COEFFICIENT OF VARIATION= 0.491

***NO COUNTS AFTER 12 -TH INTERVAL***

STRAIN STRESS (MPA)

INTERVAL INTERVAL COUNT FREQUENCY
10 2 ' 0 , 0

20 4- 182 ‘ 0.154
30 6 176 0.149
40 8 207 0.175
50 10 144 0.122
60 12 144 0.122
70 14 108 0.091
80 16 130 0.11
90 18 67 0.057
100 20 19 0.016
110 22 6 0.005
120 24 2 0.002
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expected from previous studies on less heavily traveled interstate locations.
There is Tittle suggestion of a bimodal shape for the histogram; that is,
it would be unrealistic to assume for this histogram a shape identical to
that for the gross vehicle weight histogram typical for heavy truck traffic
as measured at weight stations (although no direct information is available
on gross weight histograms for the Dan Ryan Tlocation).

In addition to the composite histogram, eight individual histograms
for bottom flange strain in beam 5 for each of the sampling periods (per
Table 2.5) are presented in Appendix C. These histograms have an appearance
similar to that for the composite plot, particularly for those periods
when the heavier loads predominate, 3-6 a.m. and 8-9 a.m. An exception
is seen for the midnight hour where there is a high percentage, 30%, of
very small strain events in the histogram. This is due in part to the fact
that during this quiet period a particularly clear record was obtained on
which small and moderate amplitude events were clearly defined, easily
detected and sampled. Perhaps with a quieter recording at other hours
additional small events might have been detected. In any case, these small
events are not significant for fatigue and it can be argued that these
should be edited from the record.

Data was sampled for longitudinal strain at a welded stiffener cutoff
point located at midspan on beam 5. As would be expected from structural
theory, the results for this location are similar in shape of the time-
histories to those recorded for the bottom flange of beam 5. Typical
histogram data and a plotted histogram are given in Table 2.7 and Fig. 2.2,

respectively. Since stress measurements cannot be made for every potential
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TABLE 2.7 HISTCGRAM DATA FOR STRESS RANGE
DAN RYAN BRIDGE--18TH STREET

STRAIN GAGE= 135 NOTE= 6 TOTAL EVENTS= 216
MEAN STRAIN STC.DEV, MEAN STRESS STD.DEV.
(MPA) (MPA)
45.097 21.418 9.0154 4.2836

COEFFICIENT CF VARIATICON= 0.475

***NO CQOUNTS AFTER 11 -TH INTERVAL*#*#

STRAIN STRESS (MPA)

INTERVAL INTERVAL CCUNT FREQUENCY
10 2 1 0.005
20 4 37 0.171

- 30 6 30 0.139
40 8 23 0.106
50 10 41 0.1¢
60 12 24 0.111
70 . 14 27 0.125
80 16 22 0.102
90 18 9 0.042
100 20 1 0.005
110 22 1 0.005
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fatigue sensitive location, it is useful to explore the statistical
~correlation between a typical midspan meésufement location and a possible
fatigue critical location. »For the stiffener cufoff point and the bottom
flange strain, the records were matched in time, and event-by-event the
peak amplitudes were compared in a linear regression analysis. This sampling
was made for two time periods of two minutes each, one in the early morning
hours at approximately 6:00 a.m. and the other at 9:00 a.m. The results of
these studies shows that one correlation coefficient ranges between 0.90
and 0.94, as would be expected since these are structurally related. The
slope of the Tinear regression lines ranée between 0.84 and 0.87 for stiff-
ener strain vs bottom flange strain. Thié slope is approximately correct
based on a linear distribution of strains on the beam cross section.

E(S™, critical for fatigue life estimates, was investigated and will
be discussed in detail in Chapters 4 and 5.

In Tdb]e;2.5 differences in mean stress level are seen for the histo-
grams for the eight samp]ingvperiods. These differences should be inter-
preted with caution ih view of tﬁe variance of the data. A t-statistic
test for the differences in the paired mean'stresses for successive periods
of sampling shows that the largest difference in mean stress which can be
supported at the 95 percent confidence level is 3 microstrain; the largest
difference supported between any pair of sampling periods is 9 microstrain,
i.e. between the Targest and the smallest observed mean values in the table.

Finally, from this study of the Dan Ryan strain information it is seen
that a major revision in data handling is needed to cope with continuous
data recordings of this size. A revision could use one of two approaches:

(1) to digitize and perform counting and strain event analysis on line in
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the field, or (2) to perform the analysis on edited analog magnetic tape
recordings. The recording technique for the second approach shou}d be
modified for the use of an additional recording channel to signal the
processor of unwanted events, such as calibration steps and equipment
adjustments and permit the automated data processing to edit out these

events.
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3. DENSITY FUNCTION MODELS FOR STRESS-HISTORY DATA

3.1 General

The data on stress range may be analyzed explicitly to determine the
critical statistical parameter,’E(Sm). However, the needs of the analyst
are perhaps better served by fitting one, or more, useful probability
density functions to model the stress range data. Simple unimodal density
functions will be investigated. The virtues of the beta density function
have been described in Ref. 2. Other functions, the truncated Rayleigh
and lognormal, will be discussed because of theif use in the literature on
fatigue analysis (Rayleigh) or as one limiting .shape for a distribution to
describe the stress rangé data (lognormal).

The basis for deciding the suitability or "goodness-of-fit" of the
distribution should be the adequacy of the density‘function in predicting
the quantity E(Sm), rather than a formal statistical tesf. The fatigue
parameter, m,vwill be retained as a variable in the study; m-values from
3 to 5 will be studied herein. Laboratory research on the fatigue behavior
ofvvarious steels and selected structural detaiis shows that this range of
m values encompasses, approximately, most fatigue behavior of interest.
Intuitively, the larger the m-value, the more sensitive the modeling process
will be. A small mismatch in modeling higher stress range levels will be
exaggerated for the higher exponent when tested in terms of the predicted
E(s™). | |

It has been shown in previous work (3,4) that there is a strong
correlation between gross vehicle weighf and the stress rdnge despite all

other parameters which enter into the bridge-vehicle behavior problem. Also,
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the distribution for gross vehicle weight tends to be strongly bimodal in
probability distribution. These two facts taken together suggest that a
bimodal distribution is needed to describe adequately the stress range data.
Alternatively, one can argue that the stress range can be described by
the superposition of two density functions to be directly associated with
the two peaks in the gross vehicle weight data, e.g. for loaded and empty
trucks. This bimodal approach would yield a second generation theory shich
involves a fitting process which could be undertaken only for a relatively
larger body of stress range data to better represent.thé extreﬁe value or
high stress portion of the stress range distribution. To support such a
theory, a study of gross vehicle weights in the high, overload, range should
also be undertaken to insure an adequate modeling of extreme values in the

distribution.

3.2 Data Sample and Basic Statistics

The evaluation of density function models for the data collected
will be made using a selection of forty two channels of data taken from
tests on five bridges. These bridges are, respectively, reading from top to
bottom of the order of presentation to be used in tabulations: the EJE(I)
Bridge--gages 221-225, 533,534,433, and 434; EJE(II) Bridge - gages
221-225, 533, 534, 433, and 434; Camp Creek (I) Bridge -- gages 113 and
114 and 121-125; Gé]]atin County Bridge -- gages 222, 224-226, 221, 121-123,
113 and 221; and, Shaffer Creek Bridge -- gages 121-125, 114 and 115. This
body of data represents single-span and two-span and three-span confinuous
bridges and the deck stringer system of a‘truss bridge.

The primary statistical characteristics of the stress range data are

shown in Table 3.1, including the gage designation, mean (MPa), coefficient
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of variation (c.o.v.), skew, kurtosis, ratio of maximum to mean stress level,
and coefficient of variation based on analysis of the grouped data. The mean
and coefficient of variation were calculated from the orﬁgina] stress range
data points before grouping for histogrém construction. The values of skew
and kurtosis were calculated on the basis of the grouped data, that is,
on the weighted histogram information. The maximum stress is simply the
maximum range value observed for the channel. The column indicating the
coefficient of variation based on a grouped data calculation is shown for
comparison with the cokresponding values taken from the ungrouped data.
This comparison will provide a basis for judging the adequacy of the grouped
vs. ungrouped statistica1 calculations.

}In Table 3.1 the mean values of stress range have a wide range -- from
as low as 4.6 MPa to as high as 47.6 MPa. Coefficients of variation range
from 0.2 to over 0.6, with one high value of 0.75. Both positive and
negative skews are represented, but it should be noted that'the negatively
skewed distributions are Timited to the data for the Gallatin County bridge.
At the Gallatin County test site only loaded trucks were included in the
sample--heavy ore trucks operating in conjunction with a mine operation
in the vicinity. Furthermore, the bridge was on a two-lane road and the
instrumented beams were under the lanes used by the loaded trucks rather
than the returning empty vehicles.

No conclusion can be drawn regarding the values of kurtosis other than
that they vary widely. It will be seen that there is considerable difficulty
in finding probability density functions to match the four statistical
moments presented in Table 3.1. To giVe an indication of the variability

of the coefficients of variation for the data, these have been summarized



GAGE

221
222
223
224
225
533
534
433
434
221
222
223
224
225
533
534
433
434
113
114
121
122
123
124
125
222
224
225
226
211
121
122
123
113
221
121
122
123
124
125
114
115
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TABLE 3.1 SUMMARY OF STRESS RANGE HISTOGRAM
STATISTICS FOR 42 DATA SETS

MEAN
(MPa)

7.4774
11.2556
14.3458
11.793
7.4314
12.1286
8.5166
11.601
8.2352
8.2296
11.068€
12.8474
10.9414
7.792
11.1634
8.2276
10.6754
8.036
4.2296
6.7008
4.6072
7.9232
19.2588
22.779
13.3624
28.1954
32.5126
38.935

©32.0398

46.65
36.1548
34.9376
38.1808
27.1212
47.5672
4.9994
9.0418
15.6612
20.3042
21.0102
16.6656
10.775

C.0.V.

0.39°
-0.4525
0.464
0.4502
0.4515
0.4557
0.4244

0.4405

0.441
0.4387
0.4156
0.4118
0.4105
0.4698
0.4087
0.4284
0.4147
0.4412
0.5337
0.5743

0.7727

0.8009
0.6014
0.5775
0.5584
0.2804
G.2787
0.2585
0.2385
0.3073
0.3519
0.3723
0.3359
0.2493
0.3151
0.3748

0.5798

0.430¢6
0.4739
0.4184
0.6048
0.7507

SKEW

0.827
0.828
0.758
0.884
1.643
.0.611
0.616
0.626
0.588
3.573
1.788
1.277
1.902
3.646
1.297
3.215

2.232 -

3.718
0.986
1.868
3.575
2.752
2.365
1.57
1.696
-1.527
-1.283
-1.107
-0.843
-0.888
-1.09
-1.001
-1.026
-1.028
-0.818
1.394
0.427
1.374
1.065
0.043
2.053
1.332

KURTOSIS

4.37
2.79
2.611
3.041
8.515
2,719
3.699
2.363
2.023
32,087
10.773
5.501
11.694
29.985
7.56
27.597
15,191
30.808
5.03
7.947
22.725
15.21
9.991
5.82
6.516
3.853
3.734
3.593
3.9
3.137
3.244
3.021
3.112
3.059
3.01
6.235
1.674
7.218
4.883
2.651
15,77
5.764

MAX/MN

4.28
2.84
2.65

- 2.88
4.31
2.8
3.76
2.76
2.67
5.35
3.98
3.27
4,02
5.39
3.76
4.86
4.31
5.23
4.26
4.18
7.81
7.57
4.15
3.42
3.89
1.42
1.41
1.44
1.5
1.63
1.55
1.6
1.52
1.55
1.64
2.8 -
3.32
3.83
3.15
2.86
6.6
5.57

C.0.V.~-GRP

0.4002
0.4551
0.4478
0.4523
0.4677
0.4599
C.4167
0.4218
0.4085

- 0.4332

0.413

0.411

0.4121
0.4742
0.4063
0.4308
0.4157
0.4436
0.5221
0.5782
0.7599
0.7558
0.6143
0.5521
0.5385
0.2604
0.2798
0.2568
0.2385
0.308 "
0.3528
0.3715
0.3368
0.351¢8
0.3156
0.3951
0.4295
0.4611
0.4636
0.4191
0.6028
0.6954
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in the form of a histogram in Figqg. 3.1. The mode of this distribution
falls between 0.40-and 0.45. The distribution is nearly symmetrical with a
range from 0.2 to 0.8. The‘significance of this wide kange in coefficients
of variation will be noted subsequently in the discussion of the choice of
specific probability density function.

The ability of various density functions to match skew and kurtosis
was discussed in detail in the interim report (3).

Corresponding data for the Camp Creek (iI) Bridge, both phases, and
the Green River Bridge are presented in Table 3.2, using the same format
as Table 3.1. Because of the smaller number of truck crossing events
represented, this data was not merged into Table 3.1. These results are
seén}to be much the same as discussed above, except for more instances of

near zero or slightly negative skew.

3.3 Beta Distribution

For reasons which have been noted previously, and based on studies
reported in the interim report, major emphasis will be placed on the use
of the beta distribution for describing the stress range data. The beta

probability density function is taken in the form

f(s) = er ks E (x-a)& 1 (b-x)R-T

where T(--) denotes the gamma function given by
rz) = [t7 e tat
0 _
The gamma function is tabulated in standard mathematical handbooks, but

is readily evaluated using a simple recurrence formula and a series

approximation for r(z + 1); the numerical evaluation is readily made with



GAGE

121
122
123
124
125
126
127
114
115
224
121
122
123
124
125
126
127
114
115
224
121
122
123
124
125
126
127
114
115

MEAN
(MPa)

3.7196
4.2138
§.4376
18.9176
19.9638
15.2548
6.4358
6.0744
9.9388
17.0372
3.4418
4.4558
10.0512
17.4046
15.5534
14.0372
7.3096
6.4976
10.3442
17.862
14.3984
18.5016
15.1924
21.336
19.5496
19.0456
8.3046
21.4756

15.69612

C.C.V.

0.5046
0.5232
0.6691
0.4459
0.4384

G.4596

0.3031
0.4173
0.5385
0.3839
0.4085
0.4549
0.4301
0.3184
0.3616
0.3856
0.3213
0.3409
0.3598
0.3555
0.7875
0.7111
0.6095
0.6742
0.8141
0.7856
0.6715
0.6556
0.7353
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SKEW

2.824
2.493
2.581
0.217
-0.05
0.214
0.23
1.01
0.385
-0.031
1.833
1.174
1.546
-0.032
-0.117
-0.178
0.413
0.055
-0.18
-0.212
1.133
0.896
0.412
0.782
1.264
l.161
0.795
0.775
1.11

KURTCSIS

16.51
11.193
11.692
2.884
1.933
2.157
2.899
4.499
1.816
2.777
7.379
4.279
6.926
2.048
1.92
1.627
4.56

~2.168

1.751
1.788
3.652
3.448
2.388
2.701
3.807
3.746
3.202
2.692
3.321

TABLE 3.2 SUMMARY OF STRESS RANGE HISTOGRAM STATISTICS FOR
CAMP CREEK(II) AND GREEN RIVER BRIDGES

MAX/MN

[V}

N OO = O U1 oW

=W O

®

e e ° 3 °

= U100~ N1 OO
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bt b DO Bt b RO BN RO RO B RO R DO D W

[
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<

3.47
3.13
2.76
2.91
3.68
3.47
2.88
2.89
3.26

N WO

C.0.V.-GRP

6.5024
0.5321
0.6548
0.4499
0.4413
0.4624
0.326
0.4223
0.5359
0.3877
0.4041
0.4541
0.4384
0.3194
0.3553
0.3743
0.3442
0.3418
0.356
0.3625
0.7896
0.7129
0.6131
0.6755
0.8186
0.7827
0.6832
0.6561
0.7383
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42 Data Sets
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a programmable pocket calculator. Thus, the beta function poses no diffi-
culties for use in fatigue analysis. The quantities a and b are the Tower
and upper limits of the distribution; the lower 1imit, a, is taken as
zero herein.

The Q and R distribution barameters obtained in fitting the beta
distribution to the 42 histograms represented by the information in Table
3.1 are summarized in Table 3.3, with the same order of presentation as
in Table 3.1. The gage locations and designations and bridges are identical.
Table 3.3 represents a wide variation in shape of the beta density functions;
several sample plots are shown in Fig. 3.2.

The criteria for matching the beta distribufions to the histograms was
tb fit identically the distribution mean stress and coefficient of variation,
and to equate b to the maximum observed stress (strain) range. It may be
readily shown (2) that these matching criteria lead to a simple formulation
for the distribution parameters Q and R which describe the beta function.

In addition, in Table 3.3 values of skew and kurtosis calculated from the
beta function as fitted are summarized. These also are explicit functions
of Q, R, and coefficient of variation. Little emphasis should be placed
on the skew and kurtosis since, although the matches of mean and variance’
are exact, the values of skew and kurtosis based on the beta distribution
are a poor match for the corresponding values for histograms; this may be
seen by comparing the appropriate columns in Tables 3.1 and 3.3. Indeed
it is seen that although the beta distribution is characterized by four
independent parameters, minimum value, maximum value, Q and R, it does not
have sufficient freedom to match all of the first four statistical moments.

However, it should be noted with emphasis that there is no difficulty
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TABLE 3.3 SUMMARY TABULATION OF BETA DISTRIBUTION PARAMETERS
42 DATA SETS AS IN TABLE 3.1

MEAN MAX C.C.V. SKEW KURTCEIE Q R GAGE
7.48 32 0.399  0.529 3.136 4.58  15.021 221
11.26 32 0.452  0.373 2.644 2.814  5.187 222

14.35 38 0.464 0.323 2.519 2.514 4.145 223
11.79 34 .45 0.381 2.667 2.876 5.415 224

7.43 32 0.452 0.583 3.17 2.534 11.683 225
12.13 34 0.456 0.364 2.619 2.741 4.943 533
8.52 32 0.424 0.508 3.018 3.807 10.498 534
11.6 32 0.441 0.342 2.617 2.922 5.138 433
8.24 22 0.441 0.317 2.571 2.843 4,753 434
8.23 44 0.439 0.647 3.358 4.037 17.547 221

11.07 44 0.416 0.522 3.075 4.082 12.143 222
12.85 42 0.412 0.42¢ 2.868 3,788 8.595 223

10.94 44 0.411 0.52 3.085 4,21 12.719 224
7.79 42 - 0.47 0.691  3.408 3.505 15.388 225
11.16 42 0.4CS 0.492 3.019 4.129 11.40¢ 533
8.23 40 0.428 0.606 3.267 4.122 15.918 534
10.68 46 0.415 0.55 3.15 4.234 14.011 433
8.04 42 0.441 0.644 3.343 3.962 16.746 424
4.23 18 0.534 0.68 3.195 2.451 7.979 11?
6.7 28 0.574 0.713 3.182 2.067 6.569 I

4.61 36 0.773 1.212 4.593 1.3233 9.08 12 l
7.92 60 0.801 1.237 4.619 1.221 8.027 122

15.26 80 0.601 0.737 3.17¢ 1.858 5.863 123
22.78 78 0.577 0.5%96 2.828 1.831 4.438 124

13.36 52 0.558 0.659 3.062 2.126 6,148 125
28.2 40 0.28 -0.655 2.738 3.05 1.277 222
32.51 46 " 0.279 =-0.662 2.751 3.069 1.273 224
38.94 56 0.259 -0.575 2.737 3.864 1.694 225
32.04 48 0.239 =-0.431 2.695 5.177 2.579 226
46.65 76 0.307 =-0.315 2.439 3.476 2.187 211
36.15 56 0.352 =-0.472 2.349 2.216 1.216 121
34.94 56 0.372 =-0.299 2.256 2.069 1.26 122
38.18 58+ 0.336 -0.511 2.424 2.37 1.23 123
27.12 42 0.349 -0.47 2.357 2.258 1.239 113
47.57 78 0.315 =0.307 2.414 3.321 2.125 221
5 14 0.375 0.309 2.72¢% 4,218 7.595 121
9.04 30 0.5¢8 0.576 2.767 1.777 4,118 122
15.66 60 0.44 0.532 3.039 3.563 10.088 123
20.2 64 0.474 0.46 2.771 2,719 5.851 124
21.01 60 0.418 G.353 2.696 3.362 6.238 125

16.67 110 0.605 0.932 3.883 2.168 12.141 114
10.78 60 0.751 1.044 3.879 1.276 5.83 115
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whatsoever in matching mean, maximum and coefficient of variation for this
data. The skew and kurtosis and are not useful measures of engineering
significance. It was seen also that statistical tests of goodness-of-fit

of a distribution, i.e. Chi-square and Kolmogorov-Smirnov, were not helpful.

3.4 Prediction of E(Sm) using the Beta Density Function

The significant property of the'stress—range data is the quantity
E(Sm); it should be the primary object of any test of the adequacy of
a probabi1ity density function model. Herein the beta distrfbution will
be tested by taking the ratio of the predicted value of E(Sm) to the
value ca]cu]ated»from the histogram data, using the grouped data:
N

E(S™ = ¥ S

n.
1
g1 3N

]

where Sj is the average stress range in the jth histogram stress interval,
n is the count in the j-th interval and N is the total data count for
the histogram.

For all histograms presented for comparison herein, the beta distri-
bution is fitted by matching the mean stress level, variance, and the
apparent maximum stress level, as discussed previously. -To test the beta-
model, again the 42 sets of data presented in Table 3.1 are used.

The value of E(Sm) for the beta-function is calculated from the

expression(5):

Q+R
£(") = 3 T T

where Q, R, and 5, are the parameters of the beta function (s0 is the

maximum stress). The calculation proceeds using a series approximation
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and reéurrence formula for the gamma function as needed in the above expres-
sion. The Q, R, and s (max) values are given in Table 3.3.

The calculated values of E(Sm) based on the histogram data, and cor-
responding va]ués obtained using the beta function are shown in Table 3.4.
Also included in this tabulation are the mean stress, c.o.v. and the ratio
of the beta model prediction to the histogram calculation of E(Sm).' The
tabulated results are presented for the fatigue parameter m = 3, only.
However, the comparison was investigated for a range of m-values from 2.75
to 5. The errors in the use of the beta function for calculating E(Sm)
are seen to increase with increasing m-value. The mean error ratios,
the standard deviation of the error ratios, and the c.o.v. of the error

ratios are tabulated as function of the m-value below:

m Mean Error ' Std. Dev. C.0.V.
Ratio of Error Ratio of Error Ratio

2.75 ©0.9952 0.0711 0.071

3 0.9794 0.0926 | 0.095

3.5 | 0.9372 0.1473 0.157

4 0. 8859 0.2101 0.237

4.5 0.8324 0.2718 | 0.327

5 0.7820 0.3266 0.418

From the above tabulation, the beta model prediction of E(Sm) is seen
to fall, on the average, below the value calculated from the histogram
data and the variance associated with the average error ratio has a
coefficient of variation ranging from 0.10 to over 0.40. The larger variance

corresponds to m = 5, If one restricts the range of the fatique parameter
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TABLE 3.4 COMPARISON OF E(S**m) VALUES CALCULATED WITH BETA MODE
HISTOGRAM DATA; m = 3 A MODEL WITH

E(S**M:H) E (S**M:BTMOD) MEAN (MPa) C.0.V. PTMOD/H
640 631 7.48 0.399 0.985
2421 2351 11.26 0.452 0.97
4684 4954 14.35 0.464 1.057
2779 2694 11.79 0.45 0.969
741 683 7.43 0.452 0.921
3019 2957 12.13 0.456 0.979
931 975 8.5 0.424 1.047
2454 2515 11.6 0.441 , 1.025
858 899 8.24 0.441 1.048
1035 909 8.23 0.439 0.878
2217 2109 11.07 0.416 0.951
3376 3262 . 12.85 0.412 0.966
2149 2019 . 10.94 0.411 0.939
970 820 - 7.79 0.47 0.844
2196 2135 11.16 0.409 0.972
1007 890 8.23 0.428 0.883
2040 1891 10.68 0.415 0.927
991 850 8.04 0.441 0.858
144 148 4.23 0.534 1.028
707 639 6.7 0.574 0.904
427 327 4.61 0.773 . 0.767
2046 1770 , 7.92 0.801 0.865
18904 16037 19.26 0.601 0.848
25063 25002 ‘ 22.78 6.577 0.997
5100 4891 13.36 0.558 0.959
22266 27376 28.2 0.28 1.229
41600 41881 32.51 0.279 1.006
69528 70270 38.94 0.259 1.01
38296 38311 32.04 0.239 1
127922 129351 46.65 0.307 1.011
62580 63846 36.15 0.352 1.02
57914 59498 34.94 0.372 1.027
72277 73420 38.18 0.336 1.015
26352 26850 27.12 0.349 1.018
137273 138644 47.57 0.315 1.01
183 179 5 0.375 0.979
1209 1567 9.04 0.58 1.296
6573 6241 15.66 0.44 0.949
14498 14420 20.3 0.474 0.994
14157 14385 21.01 0.418 1.016
11772 10663 16.67 0.605 0.905

3686 3918 10.78 0.751 1.063
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m to those values near 3 then a coefficient of variation of about. 10% is
a reasonable choice to describe the uncertainty in the prediction using the
model. Of course, there is also an average bias to the Tow side,ri.e., an

error ratio which is ]eSS‘than 1, to be associated with this model.

3.5 Truncated Rayleigh Distribution

A truncated Rayleigh density function was used»by Schilling, et. al.,
(11) to represent stress range data in highway bridges and to define a
random loading sequence for‘1aborat6ry tests. It consists of the Rayleigh
function, which has an infinite upper 1imit, truncated so that the upper
1imit stress is three times the mode of the distribution; thevlower Timit
stress is taken as zero. For a non-zero lower Timit stress the entire
distribution can be shifted without a change in function shape. The
truncated Rayleigh disfribution is shown in Fig. 3.3. Also shown in the
figure is a beta density function with matching values of mean, variance,
lower and upper Timits. The stress levels are expressed in arbitrary units.

The significant parameters of the two distributions are as follows:

Parameter Truncated Beta
Rayleigh

Mean Stress 1.230 1.230
Mode Stress 1.000 1.026
Maximum Stress 3.000 3.000
Minimum Stress 0.0 0.0

C.0.V. | 0.505 0.505
Skew Coeff. 0.431 0.270

RMS Stress 1.378 1.378
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Rayleigh (mode=1, mean=1.230,
- ™~ ( RMS=1.378,C.0.v.=0.505)

Beta (0=1.903,
R=2.738

v

Density
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Fig. 3.3 Comparison of Truncated Raleigh and Beta Density Functions



49

Both distributions have potentia] for being useful for predicting
E(Sm) provided that the mean and variance of the data to be modeled are
matched. However, the Rayleigh distribution has fixed values of coefficient
of variation and skewness and will be less flexible in application to the
analysis of histogram data.

The effect of a failure to match variance (c.o.v.) may be illustrated
by comparing the predicted values of E(Sm) for the Rayleigh and beta functions.
For the comparison, the mean, maximum and minimum stress values are matched
and, by changing beta parameters Q and R, values oftcoefficienfs of varia-
tion of 0.3, 0.4, 0.6, and 0.505 are taken for the beta distribution. The
latter value, 0.505, represents the exact match of variance between the
beta andvtruncatéd Rayleigh distributions. Computed data for E(Sm) and a
random stress analysis factor will be used to compare the two density
functions. |

These comparisons are presented in Table 3.5 in which results for
values for m = 3, 4 and 5 are given; shown are computed values of E(Sm)
expressed in terms of the appropriate power of arbitrary stress units,

e. g., the maximum stress is 3 units, means is 1.230 units, etc. Also
tabulated aré values of RSAF, random stress analysis factor, which will be
defined and discussed in Chapter 4. |

Cbnsider first the comparisons of E(s™) for c.o0.v. = 0.505, the most

favorable condition for matching the distributions:

m-Value Ratio: [Rayleigh E(s™) 1/[Beta E(S™]
3 : 1.04
4 1.04

5 , 1.08
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Table 3.5 - Comparison of Predicted Values of
E(Sm) for Various Values of C.0.V.

min. =0 max. = 3 mean = 1.230

Q Beta  Rayleigh Bet Rayleigh
m C.0.V. R RSAF RSAF (st E(S™
3 0.3 6.146 1.199 2.374
8.844
0.4 3.328  1.225 2.778
4.716
0.505 1.903 1.237  1.220 3.350 3.494
2.738 |
0.6 1.229 1.241 3.987
1.768
4 0.3 Same 1.159 3.619
0.4 1.166 4,760
0.505 1.162  1.151 6.443 6.695
0.6 1.155 8.442
5 0.3 Same 1.125 5.796
0.4 1.118 8.663
0.505 1.105  1.088 13.223 14,227
0.6 1.093 18.934

From the above it is seen that there is no more than an 8 percent
difference in the prediction of E(S™) and thus of mean fatigue Tife, even
at the more extreme value of m = 5. It should be noted that many fatigue
designs may be adequately analyzed, i.e., conservatively represented, for
fatigue behavior with m vaiues near 3.

Consider next similar comparisons for the other values of c.o.v. for

the Beta functions:



51

m-Value [Rayleigh E(S™7] / [Beta E(S™)]
CO.V. =0.3 CO0V. =04 <CO0V. =05
3 1.47 1.26 0.88
1 1.85 1.41 0.79
5 2.15 1.64 0.75

From the above, major differences are seen to occur in the prediction
of E(Sm) when the match of variance is not close; the differences increase
with increasing m-value. However, it should be noted that the usefulness
of the Rayleigh distribution can be extended by an appropriate shift in- the
minimum, mean and maximum stress values to compensate. Since such a shift
will retain the shape of the function, the ratio of shift, C, can be esti-

mated and for the larger m-values will be relatively small:

- MaxShifted - 1 )%
Max, m=3 Error Ratio
Thus for C.0.V. = 0.3 andm= 3; C = (T~Z7) = 0.88, and for
1/5 :
C.0.V. = 0.3and m=5; C = c§lzg) = 0.84. Thus, a modest shift of

the maximum value on the order of 12-16% will bring the Rayleigh distri-
bution into agreement with the beta prediction, and based on tests of

the beta function in representing data herein, it should be possible to
use the Rayleigh distribution. However, no routine basis for making this
sHift for the Rayleigh using statistics of mean and variance is readily

available.

Truncated Rayleigh Functions and Histogram Data

In a manner parallel to the use of the beta distribution in Section

3.4, one may explore the use of the truncated Rayleigh distribution
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to predict E(Sm) for the data of Table 3.1. This will be presented for
only m = 3. Since the Rayleigh distribution has a constant coefficient of
variation and a fixed ratio of the maximum stress to the mean or mode
stress, the match to the experimental histograms will be made on the basis
of mean stress of the histogram. The resulting predictions for E(Sm) based
on this matching are given in Table 3.6. In Table 3.6 results for E(Sm)
are shown for both the truncated Rayleigh and the corresponding results
for the beta distribution, as well as the corresponding calculated value
taken from the histogram data. In the last column of the table, the symbol
RAY/H denotes the error ratio and is taken with respect to the histogram
data calculation of E(S™). The mean error ratio is 1.0895 with a standard
deviation of 0.289. The corresponding coefficient of variation is 0.265.

Thus it is seen that the uncertainty in the use of the Rayleigh model
in terms of coefficient of variation for error ratio is substantially
larger than that for the beta distfibution model. As noted previously,
the truncated Rayleigh could yield improved results by slight shifts in
the function relative to the mean and maximum values. It is more convenient
to use a density function with sufficient degrees of freedom to permit

match of both mean and variance.
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TABLE 3.6 COMPARISON OF E(S**m) VALUES PREDICTED USING TRUNCATED
RAYLEIGH WITH HISTOGRAM DATA; m = 3

E(S**M:H) E(5**M:BTMOD) E(S**M)-RAY MEAN(MPa) RAY/H
640 631 751 7.4774 1.173
2421 2351 2564 11.2556 1.05%
4684 v 4354 5308 14,3458 1.133
2779 2684 2949 11.793 1.061
741 6823 738 7.4314 0.994
3019 2957 3208 12.1286 1.062
931 975 1110 8.5166 1.193
2454 2515 2807 11.601 1.143
858 899 1004 8.2352 1.17
1035 909 1002 8.22%6 0.%068
2217 21069 2428 11.0688 1.088
3376 3262 3813 12.8474 1.129
2149 2019 2355 10.9414 1.085
976G 820 850 7.792 0.876
2196 2135 2501 11.1634 1.138
10067 850 10C1 8.227¢6 0.993
2040 1891 2187 10.6754 1.072
991 850 933 6.036 0.941
144 148 136 4,.2296 0.944
707 639 541 6.7008 0.765
427 327 175 4.6072 0.411
2046 1770 894 7.9232 0.437
18904 ' 160637 12845 19.2588 0.€79
25063 25002 21254 22.779 0.848
5100 4891 4250 13.3624 0.841
22266 27376 40307 28.1954 1.81
41600 41881 61802 32.5126 1.485
69528 70270 106137 38.935 1.526
38296 38311 59145 32.0398 1.544
127922 128351 182558 46.65 1.427
62580 63846 84586 36.1548 1.358
57914 59498 76683 34.8376 1.324
72277 73420 100088 36,1808 1.284
26352 26850 35873 27.1212 1.361
137273 138644 1935460 47.5672 1.409
183 179 224 4.9994 1.225
1209 1567 1328 9.0418 1.099
6573 6241 6907 15.6612 1.05
14498 14420 15052 20,3042 1.038
14157 14385 16677 21.0102 1.178
11772 10663 8323 16.6656 0.707

3686 ~3918 2249 16.775 0.61
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4. RANDOM STRESS ANALYSIS FACTOR

4.1 General

In Chapter 3, the use of a density function model for stress range
for the calculation of E(S™), the beta distribution being preferred, has
been demonstrated. The values of E(Sm) so calculated are, on the average,
below the values calculated directly from the histogram for measured
stress ranges, although by a small amount. Plots of various density func-
tions (beta, Raleigh, lognormal, etc.) compared with measured histograms
(2) show considerable agreement, but significant differences between the
model and measured data. In some instances the predicted value of E(s™)
based on a fitted density function is adequate because even though the
density function underestimates some important higher stress ranges, it
may compensate with an over estimate of lesser stress range values. In
short, the correct result for E(S™) is sometimes obtained for the wrong
reasons.

Furthermore, it is seen that even a versatile, four parameter density
function model such as the beta function lacks significant range in the
first four statistical moments to match simultaneously the mean, variance,
skew, and kurtosis. A bimodal density function, e.g. constructed from two
or more beta functions, or others, may well be needed for a more precise
match of the histogram data.

Thus, a scheme for calculating E(S™) which is independent of a prob-
ability density function model would be attractive. Any proposed scheme
must fit the field data adequately, and be demonstrated to be substantially
independent of both histogram shape (or probability density function).

Such a scheme will be presented in this chapter.



55

4.2 Random Stress Analysis Factor

The objective of this section is to present the experimental evidence
for an alternative representation of the quantity E(s™). Depending on the
m-value and the general stress levels, the numerical value of E(Sm) can
vary widely, such that the variation offers little aid to the intuitive
judgment of the analyst. A method for normalization of E(Sm) is very
useful. |

In the work by Ang and Munse (6) on a design formulation for reliability
approach to fatigue, E(Sm) is equated with the m-th power of a reduced cri-
tica]kdesign stress. This critical stress is one which is related to the
constant-cycle fatigue behavior of material and is reduced by a factor
which represents the influence of random stress range effects, in contrast
to constant stress range fafigue behavior. The formulation results in the

following:

In the above, SC is the critical stress level, Ee is the reduction factor

corresponding to this critical stress and as before, m is the siope of the
conventional S-N fatigue diagram. The numerical value of Ec thus depends

on the value of SC chosen to represent the stress data, that is:

S
= o

= 1 (4.1)
¢ [E(S™)m

The first step in seeking an alternate representation of E(Sm) was to
study the variation in gc, redefined for an analysis role rather than as a

design parameter, for various definitions of the characteristic stress, SC.
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A perhaps obvious choice for SC is simply the maximum stress observed in
the data, or perhaps the mean stress. Other possibilities were drawn
observing the data;Ait might bé reasonable to select an upper limit stress
at either a specified percentile exceedance level, at a prescribed number
of standard deviations from the mean, or at a prescribed ratio of critical
stress to the mean stress.

In the present study the following SC definitions were used:

a) SC = mean stress

b) SC = mean stress plus one standard deviation

c) SC = mean stress plus two staﬁdard deviations
d) SC = maximum stress observed in histogram data.

Using the SC values defined above, EC values to be interpreted now
as random stress analysis factors (RSAF) were calculated for a set of 42
histograms, representing the various gage locations and selected bridges
described in Chapter 3. This aggregation of data represents a variety of
histogram shapes, mean stress levels, coefficients of variation and maximum
values of stress range. If such a diverse set of histogram data can yield
a mathematically well behaved and useful random analysis factor, then
extrapolation to other bridge types and traffic situations can be made.

The calculated random analysis factors, RSAF values, were studied
statistically to define the average RSAF and the corresponding variance.
A Tinear regression analysis was made to show the variation of RSAF with
the mean stress of the distribution and also to show the change of the mean
RSAF Tevels as a function of the fatigue parameter, m.

The calculation of the RSAF parameter by Eq. 4.1 was carried out

using values of E(Sm) calculated on the basis of the m-th moment of the
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grouped histogram data; this procedure was adopted to avoid repeated
and expensive manipulation of the original stress range data set from which
the histograms were drawn, which would be necessary for each new value of
m. As noted in Chapter 3, the errors introduced by considering the grouped
data rather than point estimates are not significant.

A set‘of calculated RSAF values for the set of 42 gages, per Table
3.1, is presented in Tables 4.1 through 4.3. These tables represent about
8,000 stress events and are presented for m-values of 3, 4, and 5.

Considering in more detail the data for m = 3 presented in Table 4.1a,
and treating the aggregated results without regard to the possible depend-
ence on the mean stress level or coefficient of variation, there are
significant trends in the data which are emphasized in summary form in
Table 4.4. In Table 4.4 the various definitions of SC, denoted by a, b,
¢, and d, represent respectively the four definitions of Sc indicated
previously. The table includes information on the minimum, average, and
maximum RSAF, and the coefficient of variation for RSAF. 1In
addition, the last column in the table shows the range of the data for
maximum to minimum expressed in terms of the mean Tevel of RSAF. In
reviewing the results, it should be remembered that the definition of SC
denoted c), the mean plus two standard deviations, may yield a SC which
is larger than the observed maximum stress; for that reason emphasis
is placed on definition b), that is, SC = mean stress plus one standard
deviation. These results are confirmed for the data from Camp Creek (II)
and Green River Bridges shown in Table 4.1b.

To varying extents the RSAF data presented in Tables 4.1 through 4.3

by inspection appears to be dependent upon the mean stress level of the
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TABLE 4.1a SUMMARY OF RANDOM STRESS ANALYSIS FACTORS ==Various
Definitions of Sc (Characteristic Stress), m = 3

MEAN STRESS RSAF (MN) RSAF (1SD) RSAF (2SD) RSAF (MAX)

MPA

7.48 0.867 1.213 1.559 3.711
11.26 0.838 1.217 1.597 2.383
14.35 0.857 1.255 1.653 2.271
11.79 0.839 1.216 1.594 2.418
7.43 0.821 1.192 1.562 3.535
12.13 0.839 1.222 1.604 2.352
8.52 0.872 1.242 1.613 3.277
11.6 0.86 1.239 1.618 2.372
8.24 0.867 1.249 1.631 2.315
8.23 0.813 1.17 1.527 4.349
11.07 0.849 1.202 : 1.554 3.374
12.85 0.856 1.209 1.562 2.8

10.94 0.848 1.196 1.544 3.409
7.79 0.787 1.157 1.526 4,241
11.16 0.859 1.21 1.561 3.231
8.23 0.821 1.172 1.524 3.99

10.68 0.842 1.191 1.54 3.626
8.04 0.806 1.162 1.517 4,212
4.23 0.807 1.238 1.668 3.434
6.7 0.752 1.184 1.616 3.143
4.61 0.612 1.085 1.557 4.78

7.92 0.624 1.124 1.624 4.726
19.26 ~ 0.723 1.158 1.592 3.003
22.78 0.778 1.228 1.677 2.665
13.36 0.776 1.21 1.643 3.021
28.2 1.002 1.283 1.564 1.422
32.51 0.938 1.2 1.461 1.328
38.94 0.947 1.19%2 1.436 1.362
32.04 0.951 1.177 1.404 1.424
46.65 0.926 1.21 1.495 1.508
36.15 : 0.911 1.231 1.552 1.411
34.94 ‘ 0.903 1.239 1.575 1.447
38.18 0.917 1.224 1.532 1.392
27.12 0.911 1.23 1.548 1.411
47,57 0.922 1.213 1.503 1.512
5 0.88 1.21 1.54 2.464
9.04 0.849 1.341 1.833 2,816
15.66 0.836 1.204 1.571 3.203
20,3 0.833 1.227 1.622 2.625
21.01 0.868 1.232 1.595 2.48

16.67 0.733 1.176 1.619 4.836

10.78 0.698 1.221 1.745 3.884
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TABLE 4.1b SUMMARY OF RANDOM STRESS ANALYSIS FACTORS FOR CAMP CREEK
AND GREEN RIVER BRIDGES = m = 3

MEAN STRESS RSAF (MN) RSAF (1SD) RSAF (2SD) REAF (MAX)
MPA

3.72 0.779 1.172 1.565 3.351
4.21 0.774 1.178 1.583 2.937
8.44 0.694 1.158 1.622 3.125
18.92 0.856 1.238 1.619 2.081
19.96 0.858 1.236 1.613 1.635
15.25 0.849 1.239 1.629 1.78

6.44 0.919 1.197 1.476 1.713
6.07 0.856 1.213 1.57 2.255
9.9%4 0.809 1.245 l1.681 - 1.791
17.04 0.89 1.232 1.573 1.776
3.44 0.835 1.176 1.518 2.427
4,46 0.85 1.237 1.624 2.29

10.05 0.837 1.197 1.557 2.332
17.4 0.924 1.218 1.513 1.593
15.55 0.901 , 1.227 1.554 1.623
14.04 0.892 1.236 1.581 1.388
7.31 0.907 1.199 1.49 1.986
6.5 0.913 1.224 1.535 1.686
10.34 0.903 1.227 1.552 1.571
17.86 0.899 1.219 1.538 1.51

14.4 0.665 1.189 1.712 2.309
18.5 0.706 1.207 - 1.709 2.212
15.1% ' 0.769 1.238 1.707 2.126
21.34 0.728 1.218 1.709 2.114
19.55 0.648 1.175 1.702 2.385
19.05 0.666 1.189 1.712 2.307
8.3 0.728 1.217 1.706 2.104
21.48 0.737 1.22 1.703 2.128

15.96 0.689 1.195 1.7062 2.244
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TABLE 4.2 SUMMARY OF RANDOM STRESS ANALYSIS FACTORS --Var ious
Definitions of SC (Characteristic Stress), m = 4

MEAN STRESS RSAF (MN) RSAF (1SD) RSAF (2SD) RSAF (MAX)
MPA

7.48 0.814 1.138 1.463 3.482
11.26 0.783 1.137 1.491 2,225
14,35 0.794 1.162 1.531 2.103
11.79 0.782 1.134 1.486 2,254
7.43 0.744 1.079 1.415 3.202
12.13 0.786 1.144 1.503 2.204
8.52 0.814 1.16 1.505 3.059
11.6 0.806 1.161 1.516 2.223
8.24 0.815 1.175 1.535 2.178
8.23 0.686 0.987 1.288 3.668
11.07 0.77 1.089 1.409 3.059
12.85 0.793 1.12 1.447 2.594
10.94 0.768 1.083 1.398 3.088
7.79 0.658 - 0.968 1.277 3.549
11.16 0.791 1.115 1.438 2.978
8.23 0.705 1.007 1.309 3.426
10.68 0.752 1.064 . 1.376 3.242
8.04 0.682 0.983 1.284 3.564
4.23 0.728 1.116 1.505 3.098
6.7 0.66 1.039 1.418 2.757
4.61 0.478 0.847 1.217 3,736
7.92 0.497 0.895 1.293 3.764
19.26 0.623 0.998 1.373 2.589
22.78 0.684 1.079 1.474 2.342
13.36 0.686 1.069 1.452 2.669
28.2 0.985 1.261 1.537 1.397
32.51 0.922 1.179 1.435 1.304
38.94 0.93 1.171 1.412 1.338
32.04 0.934 1.157 1.379 1.399
46.65 0.904 1.182 1.46 1.473
36.15 0.889 1.201 1.514 1.376
34.94 0.879 1.206 1.534 1.409
38.18 0.895 1.195 1.496 1.359
27.12 0.889 1.199 1.509 1.376
47.57 0.899 1.183 1.466 1.475
5 0.816 1.122 1.428 2,285
9.04 0.785 1.241 1.696 2.606
15.66 0.763 1.098 1.433 2,922
20.3 0.763 1.124 1.486 2.404
21.01 0.826 1.172 1.518 2.36

16.67 0.612 0.983 1.353 4.043

10.78 0.597 1.044 1.492 3.322
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TABLE 4.3 SUMMARY OF RANDOM STRESS ANALYSIS FACTORS --Various
Definitions of Sc (Characteristic Stress), m = 5

MEAN STRESS RSAF (MN) RSAF (1SD) RSAF (25D) RSAF (MAX)
MPA

7.48 0.763 1.068 1.372 3.266
11.26 0.74 1.074 1.409 2.103
14,35 0.745 - 1.091 1.437 1.975
11.79 0.737 1.069 1.401 2.125
7.43 - 0.673 0.977 o 1.281 2.899
12.13 0.745 1.085 1.425 2.089
8.52 0.764 1.088 1.412 2.87

11.6 0.764 1.1 1.437 2.107
8.24 0.774 1.116 1.457 2.069
8.23 0.571 0.822 1.072 3.054
11.07 0.69 0.977 1.264 2.744
12.85 0.736 1.04 1.343 2.408
10.94 0.688 0.971 1.253 2.768
7.79 0.549 0.807 1.065 : 2,959
11.16 0.725 1.021 1.317 2.727
8.23 0.596 0.851 1.107 2.898
10.68 0.663 0.938 1.212 2.856
8.04 0.572 0.824 1.077 2.99

4.23 0.662 1.015 1.368 2.816
6.7 0.589 0.927 1.266 2.462
4.61 0.392 0.696 0.999 3.066
7.92 0.412 0.742 1.072 3.12

19.26 : 0.551 0.883 1.214 2.289
22.78 0.615 0.97 1.325 2.106
13.36 0.617 0.961 1.306 2.4

28.2 0.971 1.244 1.516 1.378
32.51 0.909 1.162 1.416 1.286
38.94 0.917 1.155 1.392 1.32

32,04 0.92 1.139 1.358 1.378
46.65 0.887 1.16 1.432 1.445
36.15 0.872 1.179 1.486 1.351
34.94 0.861 1.182 1.503 1.381
38.18 0.878 1.173 1.468 1.334
27.12 0.872 1.176 1.48 1.35

47.57 0.882 1.159 1.437 1.446
5 0.761 1.046 1.331 2.131
9.04 0.729 1.152 1.575 2.419
15.66 0.699 1.006 1.313 2.678
20.3 0.703 1.036 1.37 2.217
21.01 0.792 1.124 1.455 2,262
16.67 0.508 0.815 1.122 3.352

10.78 0.522 0.913 1.305 2.905
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TABLE 4.4 STATISTICS FOR MEAN RANDOM STRESS ANALYSIS FACTORS

M-value Definition(]) RSAF C.0.V. Range
of Sc min. Avg. Max.
3 a 0.612 0.839  1.002 0.096 0.46
b 1.085 1.209 1.341 0.034 0.
o 1.404 1.578 1.833 0.048 0.27
d 1.328 2.837 4.836 0.370 1.24
4 a 0.478 0.771 0.934 0.147 0.59
b 0.847 1.106 1.261 0.082 0.37
c 1.217 1.442 1.696 0.063 0.33
d 1.304 2.545 4,043 0.321 1.08
5 a 0.412 0.715 0.971 0.195 0.78
b 0.696 1.022 1.182 0.132 0.48
c 0.999 1.330 1.575 0.107 0.43
d 1.286 2.305 3.352 0.277 0.90

Notes: (1) a) S mean stress

mean + 1 x Std. dev.

o

~

w
i

mean + 2 x std. dev.

(@]
~
w

]

d) S. = max. stress

(2) Range for RSAF = (max-min)/mean
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histograms. The following linear regression relationship may be formulated:
RSAF = o + g x (mean stress)

The coefficients o and g were evaluated using standard regression tech-
niques on the data in Table 4.la, representing the 42 histograms and

various definitions of SC. One may also determine the conditional variance
for the regression Tine, denoted as Var(RSAF[mean stress) = Var. The
variance, Var, is assumed to be constant over the rangé of the regression.
The quantity “War has the meaning of a standard deviation which is constant
for all values of RSAF given by the regression equation, i.e. independent
of mean stress. Considering the three definitions of SC and m = 3, the

following results are obtained:

SC Definition a B /Var
mean + (std. .dev.) 1.1980 0.0006042 0.041
mean + 2(std. dev.) 1.6256 -0.002798 0.069

Maximum 3.9858 -0.06687 0.69

The first definition of SC in the above yields an RSAF nearly independent
of mean stress (small g) with a small variance. The RSAF for SC = maximum
is the least desirable with a much larger g8 value and a variance which is
ten fold greater than for the other definitioné.

In Fig. 4.3 the results tabulated above are presented graphically as
the mean regression Tines with scatter bands of + /Var. Seen in these
plots the definition of SC at the mean stress plus one standard deviation
has closely banded RSAF values which are well behaved over the full range

of mean stress levels. It may be shown that more scatter, i.e. larger
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conditional variance, will be present for values of m = 4 or 5. Given
that m = 3 represents a large number of practical fatigue problems, the
RSAF based on mean plus one standard deviation seems to be a reasonable
basis for the RSAF studies in the fo]]oWing sections.

The conclusions drawn above from histogram data have excluded the
results of the measurements on the Dan Ryan Bridge. It is to be noted
that the intuitive statement concerning its similarity to other locations
made in the summary of the data in Chapter 2 is borﬁe out in the detailed
statistical properties and in the definition of RSAF, which for bottom

flange stress, beam 5, are as follows:

Quantity Value
Mean, MPa g9.21
c.0.V. 0.491
Skew 0.322
Kurfosis 2.446
Q.R 2.176, 3.495
RSAF (m = 3) 1.240
Count 1185

4.3 Effect of Distribution Shape and m-Value

From the results presented in Tables 4.1 to 4.3 it is seen that
RSAF is a function of the fatigue parameter, m. This may be derived
explicitly for a variety of simple probability density functions. For
example, for uniform, right-triangular and symmetrical-triangular density
functions the resultant expressions are quite simple and are summarized for

SC = (mean + std. dev.) in Table 4.5. In a similar fashion the RSAF can
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be derived for the lognormal distribution (which, in contrast to the above,
has no upper stress bound) and for the truncated Rayleigh distribution,
discussed in Section 3.6, for which the ratio of maximum stress to modal
stress is three.

These various distributions are studied to illustrate the behavior
of the random stress analysis factor for a wide range of probability
distribution shapes and are not proposed as specific stress history models.
The resulting RSAF values are shown in Table 4.6 for a range of m-values
from 2 to 5, and the data is plotted in Fig. 4.4. There is a smooth
variation of RSAF with m-value which, although not linear, approaches a

linear variation over a limited range of m, say, between 3 and 4, which

would cover a wide variety of fatigue conditions. For m = 3 the range

in RSAF 1is QUite limited, that is, between approximately 1.2 and 1.25;

this ﬁs indeed a desirable result and would confirm that the random stress

analysis factor is a well behaved parameter for analysis and design purposes.
The effect of m-value may also be determined from the field data used

in the previous section by taking intermediate values of m and studying

the average values of RSAF for the set of 42 histograms as a function of

m-value. This was done and there is a smooth variation of the average

RSAF with m. A Tlinear regression fitting indicates that a good m-value

relationship is as follows:
RSAF = 1.491 - 0.0950 m

Again it should be remembered that the RSAF equation presented above is

for SC = mean + (std. dev.). This empirical relationship for RSAF was
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TABLE 4.5 RSAF EXPRESSIONS FOR SIMPLE DENSITY FUNCTIONS--
SC = mean + 1 x Std. Dev.

FUNCTION , RSAF
UNIFORM T+ 17
——
r 1\
m+1)m
RIGHT %(1 + 1//2)
TRIANGLE -
(—2 . 2 )r‘n‘
m+1 m+2
SYMMETRICAL —]2—(1 + 1//6)
TRIANGLE
1 1 1
i1 (i - ) ¥4 (
LOGNORMAL
1+ g/u
2 m-l

{1+ zn(’H-%)} 7
H
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TABLE 4.6 EFFECT OF FATIGUE PARAMETER m ON RANDOM STRESS
ANALYSIS FACTOR -- Simple Density Function Models

RSAF Values for SC = mean + std. dev.

m/Case A B - C D E F
2 1.366 1.394 1.304 1.356 1.247 1.344
2.5 1.302 1.299 1.264 1.290 1.222 1.284
3 1.252 1.226 1.230 1.226 1.197 1.233
3.5 1.212 1.168 1.201 1.166 1.172 1.189
4 1.179 1.120 1.175 1.109 1.148 1.187
4.5 1.152 1.080 1.151 1.054 1.125 1.118
5 1.128 1.046 1.130 1.003 1.102 1.089

Density Functions:

Case A
B

)

C

1]

rectangle

right triangle

symmetrical triangle

il

lognormal, c.o.v.

lognormal, c.0.V.

truncated Rayleigh

1

0.5
0.3
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applied to the calculation of E(Sm) for the 42 data sets; it is seen to
work well but with increasing errors for larger m-values as shown in the

results tabulated below:

, Std. Dev. C.0.V.
m Mean Error Ratio of Error Ratio of Error Ratio
2.75 1.017 0.080 .079
3 1.010 0.104 .103
3.5 1.005 0.186 . 185
4 1.024 0.300 .293
4,5 1.082 0.448 LA14
5 1.204 0.653 .542

4.4 Effect of Coefficient of Variation and Maximum Stress

It was seen in Section 3.4 that the beta distribution correlates well
with histogram data although it underestimates somewhat the value of E(Sm).
The correlation between the beta model and the measured results is close
enough to use the beta distribution to study the effects of parameters sﬁch
as maximum stress and the coefficient of variation on RSAF. Again, the
RSAF is defined for SC = mean + std. dev. The results of a set of such
studies for m = 3 is shown in Fig. 4.5. Included on this figure arek
results for the truncated Rayleigh model and a Tognormal distribution. In
Fig. 4.5, RSAF 1is plotted as a function of coefficient of variation for
various values of maximum stress, expressed as the ratio of the maximum to
the mean stress, and denoted b. It should be noted that b = 2 corresponds
to a symmetrical distribution, that is, skew = 0. A value of b < 2
corresponds to a negative skew and a value of b > 2 to positive skew. The
solid triangle represents the truncated Rayleigh distribution and falls

at a level corresponding to b = 3. The beta distribution can be fitted
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closely to the ;hape of the Rayleigh and hence the RSAF results should be
in close correspohdence for c.o.v. = 0.505.

Figure 4.5 shbws the relative insensitivity of RSAF to the coefficient
of variation over a range covering most of the field data presented in the
study. An exception to this statement is the result which has negative
skew values which would be represented approximately by the curve denoted
b = 1.5; this would represent the Gallatin County Bridge data. The other
important conclusion to be drawn from this figure is the relative insensi-
tivity of RSAF to the maximum stress limit (b value). If the maximum
apparent stress had been used to define SC (instead of mean + std. dev.),
then the RSAF would have behaved quite erratically depending on one choice
or perception of the maximum stress.

Finally, it is observed that the RSAF for the lognormal model does
not drop off as rapidly with increasing coefficient of variation as does
the beta model with Targe b values. This result is perhaps contrary to
the anticipatea since the lognormal model has what would correspond to a
b-value of infinity. This would suggest a reduced usefulness of the Tlog-
normal model in that it would underestimate the value of E(Sm) for large
coefficients of variation.

Summarizing the significance of these studies of RSAF using simple
probability density functions, clearly the parameter is well behaved and
not excessively sensitive to the major parameters used in fitting it to the
experimental data. Hence the empirical results for a design value of RSAF
namely, 1.419 - 0.0955 m, may prove to be reliable for use in predicting
values of E(Sm) for use with the class of bridges and traffic conditions

considered in the present study. Also, this study serves to suggest the
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1imitations of simple probability density functions in that one cannot
fully take advantage of the apparent number of degrees of freedom, e.q.
changing the upper limit stress. If the mean and variance of the data is
modeled, even Targe changes in the upper 1limit stress for the distribution

will not produce a significant shift in RSAF or the resulting value of E(Sm).
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5. APPLICATIONS IN ANALYSIS AND DESIGN FOR
FATIGUE LIFE EXPECTANCY
5.1 General

The designer must establish allowable design live load stress limits
to assure that fatigue failure will not occur within a specified number of
load cycles. For example, the current AASHTO specification sets live load
stress 1imits by class of structure, i.e. whether it is redundant or
nonredundant in load path, for four classes of traffic volume: 100,000,
500,000, 2,000,000, or over 2,000,000 cycles of Toad application. Given
these design goals, the results presented herein have direct application and
can help provide an understanding of some of the problems associated with
formulating a rational fatigue design procedure.

In the design process there are a number of additional questions
suggested by the present study. The data on stress histograms shows a
degree of uncertainty or variability, leading to uncertainty to be associ-
ated with the prediction of E(Sm), the major load or stress parameter
needed to predict mean fatigue 1ife. There is also an uncertainty in the
analysis of fatigue behavior even with constant amplitude load applications.
Fatigue 1ife is a random variable under controlled Tlaboratory condftions.

In this chapter techniques for analysis of fatigue reliability under a

given design 1ife will be applied, including estimates of the variability
of constant amplitude fatigue information. This analysis will be applied to
the 42 histograms sets presented in Chapter 3, recognizing that the stress
levels obtained in the field measurements are well below those allowed under

the AASHTO specifications. However, for the Gallatin County Bridge, if
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category E details had been present, there would be some difficulties with
fatigue 1ife expectancy. It is important to note, however, that such
details were not present where stress measurements were made.

The analysis of fatigue 1ife expectancy can be approached from the
point of view of the researcher-analyst making use of available data to
predict fatigue life, or of the designer who seeks a rational determination.
of fatigue stress limits with an acceptable reliability against a specified
fatigue T1ife. Guidance is needed on several matters:

1. Selection of the design fatigue 1ife, that is, the number of
cycles of a given or projected traffic situation which the structure should
be designed to resist.

2. A corresponding permissible design 1ive load stress level which
should be based on the overall induced live load stress effect, expfessed
as E(Sm), and which is associated with the design traffic volume.

3. An estimate of the reliability of the design or alternatively the
re]iébi]ity of the estimate of the fatigue life expectancy of an existing
.Structure.

The points of view of the researcher-analyst and the design engineer
merge when they are faced with making a quantitative estimate of the
remaining life of an existing structure which is to be scheduled for
replacment under perhaps a financial constraint which may result in uncer-
tain delays. One of the benefits of being able to make a reliable estimate
of fatique life is to be found in the rational planning of bridge replace-

ments.
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The purpose of this chapter is to discuss topics related to the use of
field data and the RSAF concept for analysis and design for fatigue life
expectancy. First, to illustrate the variability in the reliability
Tevels to be associated with the design process, a fatique reliability
analysis will be applied to the stress histogram data, using the formulation
by Ang and Munse. The random stress analysis factor developed in Chapter
4 shows promise of being useful in a simplified design formulation and will
be explored, including two other suggestions for fatigue design which have
appeared in the literature.

Finally, assigning a value to a design fatigue life in terms of
cycles has two important implications. One must know the relationships
between design load cycles and a vehicle crossing events. Then given
the design 1ife, one must be able to predict statistics of the stress range
data to be associated with a fatigue critical location under study. More
specifically, work is needed on the task of calculating mean stress range
and predicting variance for the stress range. However, the designer
usually seeks to specify a maximum permissable 1ive load stress instead of
a mean stress range and variance. Thus, further guidance is needed on the
relationship between maximum stress and mean stress and associated variance.
Given the degrees of freedom in the problem of describing stress range
histograms, there is interchangeability in approaches to specifying design

stress variables.

5.2 Fatigue Reliability Analysis

The development of techniques for analysis of fatigue behavior is
not within the scope of the present study and the analysis and interpre-

tation presented in this section draws upon the damage rule presented
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in Section 1.2. The work by Ang (5) and Ang and Munse (6) has led to a
convenient formulation for estimates of the reliability of design for
fatigue with a specified 1ife. This formulation for fatigue reliability
is discussed and applied in the following.

The material properties and the influence of structural details are
represented by m and c parameters of the S-N diagram for fatigue under
constant amplitude tests. Since the present studies involve structures
which do not appear to be fatigue critica1, values of fatigue parameters
to be studied will be varied over a realistic range to represent usual
steels and structural details but will not be selected in specific combi-
nations to represent a fatigue-critical situation.

The formulation for mean fatigue life, n, under the action of variable
cycles of loading was developed in Section 1.2, Eq. 1.6: n = Eziﬁs-. |

The quantity E(Sm) has been discussed in previous sections as a
statistical property of the stress range data. It has been computed using
the stress range histograms directly or using a density function model of
the stress range data. It is subject to uncertainties as a function of
random variables.

It is possible to determine a corresponding reliability function
for fatigue life, that is, to express the probability that there will be
no failure at a specific design life due to fatigue as a function of
the 1life selected. Ang (5) has reviewed this area of application of
reliability theory and suggests certain simplifications based on the Weibull

probability density function for fatigue Tife under constant amplitude

cyclic loading. Resulting reliability function is:
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1.08)39—1.08

L(n) = exp [--%— r(1+g (5.1)

n represents the design fatigue life, n the mean 1ife from Eq. (1.6) and
2= Qy is the coefficient of variation associated with the determination
of mean fatigue life. The coefficient of variation, QN, thus represents
the uncertainty associated with all aspects of the determination of fatigue
1ife including inaccuracy of estimating mean stress range, the uncertainty
in using the Miner's damage rule, and the uncertainty associated with
estimating the parameters m and ¢ in the S-N fatigue diagram. The uncertainty
analysis principles are well formulated (5) but not within this presentation;
representative values of QN are seen to be between 0.6 and 0.9. This range
will be used to illustrate the effect of uncertainty, and should be inter-
preted as including the uncertainty associated with n, c, m, etc.

The behavior of the reliability function for the 42 histogram sets
considered previously has been analyzed for three design lifes: 100,000,
- 500,000, and 2,000,000 cycles of loading. The expression given in Eq. (5.1)

has been evaluated for the 42 cases for m= 3, ¢ = ]O]O

and o = 0.7. The
results are shown in Tables 5.1 through 5.3. Also summarized in the tabula-
tion are the gage identification, mean, coefficient of variation, maximum
stress, m-value, RSAF, c value, P and in the Tast column, the fatigue
reliability represented as [1-L(n)]. Again, the fatigue reliability,

L(n), is the probability, for the combination of parameters considered,

that the estimate of mean fatigue 1ife, n, will exceed the required design
1ife, n; conversely, [1-L(n)] is a probability of failure. Scanning the

three tables, it is seen that for most combinations of parameters the

fatigue reliability is very high, as would be expected, because the mean
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stress levels are low. For locations having the higher mean stresses,
mainly for the Gallatin River Bridge, there is some reduction in the fatigque
re]iability, L(n), but rarely below 0.98.

To focus more specifically on those locations having higher mean
stress levels the results for six locations presented in Table 5.4 were
selected. The format of the presentation of the statistical quantities
and [1-L(n)] is the same as before. In order to indicate where probabilities
of failure, [1-L(n)], may become unacceptable, the results in Table 5.4
have been extended to include m = 3, 4 and 5 with o values of 0.6, 0.7,
0.8 and 0.9. Thus for mean‘stress of 46.7 MPa the re]iébi]ity is
unsatisfactory for a fatigue design 1ife at 2,000,000 cycles for all
values of 2 0.6 to 0.9. Again, these results are presented only on a
comparative basis to show the effect of the uncertainty parameter Oy and
should not be taken as substantive evidence of an inadequate design at
the Gallatin County location. However, this result does suggest some
difficulty if the heavy vehic1es encountered in the measurement program were
to be present in traffic volumes on the order of 2,000,000 vehicles.
Also, higher m-values, 5 or larger, correspond to a cover plate cut-off
detail which was not present at the location considered in Table 5.4.
Otherwise, in scanning these tabulations for m-values on the order of 3
and & between 0.6 and 0.9, the general probability of failure against a
2,000,000 cycle fatigue 1ife is on the order of 1073 to 10-5s an entirely
acceptable level. Since the higher stress values shown in Table 5.4 are
- for a rural location it would be more realistic to think in terms of the
500,000 cycle design fatigue 1ife for which the largest probability of

failure is on the order of ]0_2 even for the severe condition at the
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TABLE 5.1 FATIGUE RELIABILITY STUDY--DESIGN LIFE(N)=100000
(MEAN and MAX are for Stress Range in MPa)

GAGE MEAN C.0.V. MAX M RSF(S) LOG-C OMEGA 1 - L(n)
221 7.5 0.4 32 3 1.219 10 0.7 0
222 11.3 0.45 32 3 1.229 10 0.7 1.0E-6
223 14.3 0.46 38 3 1.232 10 0.7 2.0E-6
224 11.8 0.45 34 3 1.229 10 0.7 1.0E-6
225 7.4 0.45 32 3 1.224 10 0.7 0
533 12.1 0.46 34 3 1.23 10 0.7 1.0E-6
534 8.5 0.42 32 3 1.223 10 0.7 0
433 11.6 0.44 32 3 1.229 10 0.7 1.0E-6
434 8.2 0.44 22 3 1.229 10 0.7 0
221 8.2 0.44 44 3 1.222 10 0.7 0
222 11.1 0.42 44 3 1.222 10 0.7 1.0E-6
223 12.8 0.41 42 3 1.223 10 0.7 1.0E-6
224 10.9 0.41 44 3 1.221 10 0.7 1.0E-6
225 7.8 0.47 42 3 1.223 10 0.7 0
533 11.2 0.41 42 3 1.221 10 0.7 1.0E-6
534 8.2 0.43 40 3 1.222 10 0.7 0]
433 10.7 0.41 46 3 1.221 10 0.7 1.0E-6
434 8 0.44 42 3 1.222 10 0.7 0
113 4.2 0.53 18 3 1.226 10 0.7 0
114 6.7 0.57 28 3 1.225 10 0.7 0
121 4.6 0.77 36 3 1.185 10 0.7 0
122 7.9 0.8 60 3 1.179 10 0.7 1.0E-6
123 19.3 0.6 80 3 1.223 10 0.7 1.4E-5
124 22.8 0.58 78 3 1.229 10 0.7 2.6E-5
125 13.4 0.56 52 3 1.227 10 0.7 2.0E-6
222 28.2 0.28 40 3 1.198 10 0.7 3.0E-5
224 32.5 0.28 46 3 1.197 10 0.7 5.6E-5
225 38.9 0.26 56 3 1.187 10 0.7 1.2E-4
226 32 0.24 48 3 1.177 10 0.7 4.9E-5
211 46.7 0.31 76 3 1.206 10 0.7 2.93E-4
121 36.2 0.35 56 3 1.223 10 0.7 1.04E-4
122 34.9 0.37 56 3 1.228 10 0.7 9.4E-5
123 38.2 0.34 58 3 1.218 10 0.7 1.28E-4
113 27.1 0.35 42 3 1.222 10 0.7 2.9E-5
221 47.6 0.32 78 3 1.209 10 0.7 3.25E-4
121 5 0.37 14 3 1.218 10 0.7 0
122 9 0.58 30 3 1.23 10 0.7 0
123 15.7 0.44 60 3 1.225 10 0.7 3.0E-6
124 20.3 0.47 64 3 1.23 10 0.7 1.2E-5
125 21 0.42 60 3 1.225 10 0.7 1.2E-5
114 16.7 0.6 110 3 1.215 10 0.7 7.0E-6
115 10.8 0.75 60 3 1.197 10 0.7 2.0E-6
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TABLE 5.2 FATIGUE RELIABILITY STUDY--DESIGN LIFE(n)=500000
(MEAN and MAX are for Stress Range in MPa)

GAGE MEAN C.0.V. MAX M RSF(S) LOG-C OMEGA 1 - L(n)

221 7.5 0.4 32 3 1.219 10 0.7 1.0E-6
222 11.3 0.45 32 3 1.229 10 0.7 9.0E-6
223 14.3 0.46 38 3 1.232 10 0.7 2.6E-5
224 11.8 0.45 34 3 1.229 10 0.7 1.1E-5
225 7.4 0.45 32 3 1.224 10 0.7 1.0E-6
533 12.1 0.46 34 3 1.23 10 0.7 1.2E-5
534 8.5 0.42 32 3 1.223 10 0.7 2,.0E-6
433 11.6 0.44 32 3 1.229 10 0.7 1.0E-5
434 8.2 0.44 22 3 1.229 10 0.7 2.0E-6
221 8.2 0.44 44 3 1.222 10 0.7 2.0E-6
222 11.1 0.42 44 3 1.222 10 0.7 7.0E-6
223 12.8 0.41 42 3 1.223 10 0.7 1.4E-5
224 10.9 0.41 44 3 1.221 10 0.7 7.0E-6
225 7.8 0.47 42 3 1.223 10 0.7 2.0E-6
533 11.2 0.41 42 3 1.221 10 0.7 7.0E-6
534 8.2 0.43 40 3 1.222 10 0.7 2.0E-6
433 10.7 0.41 46 3 1.221 10 0.7 6.0E-6
434 8 0.44 42 3 1.222 10 0.7 2.0E-6
113 4.2 0.53 18 3 1.226 10 0.7 0

114 6.7 0.57 28 3 1.225 10 0.7 1.0E-6
121 4.6 0.77 36 3 1.185 10 0.7 0

122 7.9 0.8 60 3 1.179 10 0.7 6.0E-6
123 19.3. 0.6 80 3 1.223 10 0.7 1.45E-4
124 22.8 0.58 78 3 1.229 10 0.7 2.79E-4
125 13.4 0.56 52 3 1.227 10 0.7 2.5E~5
222 28.2 0.28 40 3 1.198 10 0.7 3.19E-4
224 32.5 0.28 46 3 1.197 10 0.7 5.95E~-4
225 38.9 0.26 56 3 1.187 10 0.7 0.001273
226 32 0.24 48 3 1.177 10 0.7 5.22E-4
211 46.7 0.31 76 3 1.206 10 0.7 0.00312
121 36.2 0.35 56 3 1.223 10 0.7 0.001106
122 34.9 0.37 56 3 1.228 10 0.7 9.97E-4
123 38.2 0.34 58 3 1.218 10 0.7 0.001358
113 27.1 0.35 42 3 1.222 10 0.7 3.1E-4
221 47.6 0.32 78 3 1.209 10 0.7 0.003454
121 5 0.37 14 3 1.218 10 0.7 0

122 9 0.58 30 3 1.23 10 0.7 5.0E-6
123 15.7 0.44 60 3 1.225 10 0.7 3.6E-5
124 20.3 0.47 64 3 1.23 10 0.7 1.24E-4
125 21 0.42 60 3 1.225 10 0.7 1.24E-4
114 16.7 0.6 110 3 1.215 10 0.7 8.0E-5
115 10.8 0.75 60 3 1.197 10 0.7 1

.8E-5
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TABLE 5.3 FATIGUE RELIABILITY STUDY--DESIGN LIFE(N)= 2000000

GAGE

221
222
223
224
225
533
534
433
434
221
222
223
224
225
533
534
433
434
113
114
121
122
123
124
125
222
224
225
226
211
121
122
123
113
221
121
122
123
124
125
114
115

(MEAN and MAX are for Stress Range in MPa)

0.4

0.45
0.46
0.45
0.45
0.46
0.42
0.44
0.44
0.44
0.42
0.41
0.41
0.47
0.41
0.43
0.41
0.44
0.53
0.57
0.77
0.8

0.6

0.58
0.56
0.28
0.28
0.26
0.24
0.31
0.35
0.37
0.34
0,35
0.32
0.37
0.58
0.44
0.47
0.42
0.6

0.75

MAX

32
32
38
34
32
34
32
32
22
44
44
42
44
42
42
40
46
42
18
28
36
60
80
78
52
40
46
56
48
76
56
56
58
42
78
14
30
60
64
60
110
60
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RSF(S)

1.219
1.229
1.232
1.229
1.224
1.23

1.223
1.229
1.229
1.222
1.222
1.223
1.221
1.223
1.221
1.222
1.221
1.222
1.226
1.225
1.185
1.179
1.223
1.229
1.227
1.198
1.197
1.187
1.177
1.206
1.223
1.228
1.218
1.222
1.209
1.218
1.23

1.225
1.23

1.225
1.215
1.197

LOG-C

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

OMEGA
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°

1 - L(N)

1.0E-5
6.6E-5
1.98E-4
8.1E-5
1.1E-5
9.3E-5
1.8E-5
7.3E-5
1.6E-5
1.6E-5
5.7E-5
1.07E-4
5.3E-5
1.4E-5
5.8E-5
1.6E-5
4.8E-5
1.5E-5
1.0E-6
1.0E-5
4.0E-6
4.4E-5
0.001114
0.002138
1.95E-4
0.002443
0.004559
0.00973
0.004001
0.023691
0.008457
0.007627
0.010375
0.002375
0.026201
2.0E-6
3.7E-5
2.78E~-4
9.54E-4
9.49E-4
6.12E-4
1.4E-4
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Gallatin County location where the histogram is skewed to the heavy side.
Again, measurements for this location are biased by the fact that the
recdrdings were made only for the heaviest vehicles, and on beams under
the lane carrying trucks on the Toaded portion of their travel cycle.

The results presented in Tables 5.1 to 5.4 used a beta function model
for calculating E(S™ and n in the evaluation of Eq. (5.1). This was done
for economy in calculation for a wide range of m and 2 values. However,
virtually identical values of [1-L(n)] are obtained when the histogram
calculation for E(S™) is used; this may be verified by comparing the results
presented in Table 5.5 with Table 5.3. Both consider a design fatigue
life of 2,000,000 cycles.

RSAF in the Reliability Formulation -- The reliability formulation of

Eg. (5.1) may be recast in terms of the RSAF formulation for E(Sm) and
consequently for mean 1ife, n. The result will be an estimate of fatigue
reliability which is expressed directly in terms of mean stress. For

example:

n = c/E(S™) where E(S") = [mean(’1+c.o,v°;)/RSAF]m (5.2)
To test this approximation take RSAF = 1.2 and m.= 3. Thus,

/i = (n/c)E(S™) = (n/c)[mean(1+c.o.v.)/1.21° (5.3)

To further simplify Eq. (5.3), consider a central value of c.o.v. which

will represent the data collected, say, c.o.v. = 0.45:

n/n = (n/c)(1.45/1.2)3(mean)3 = l.7643(n/c)(mean)3

With the above, the reliability expression, Eq. (5.1), becomes:

1.08

L(n) = exp {«(n/c)n7643(mean)3 r(1+0
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TABLE 5.4 FATIGUE RELIABILITY STUDY--DESIGN LIFE(N)=2000000
TABULATION OF FAILURE PROBABILITIES

GAGE

533
533
533
533
533
533
533
533
533
533
533
533

223
223
223
223
223
223
223
223
223
223
223
223

124
124
124
124
124
124
124
124
124
124
124
124

(MEAN and MAX are for Stress Range in MPa)

MEAN

12.1
12.1
12.1
12.1
12.1
12.1
12.1
12.1
12.1
12.1
12.1
12.1

12.8
12.8
12.8
12.8
12.8
12.8
12.8
12.8
12.8
12.8
12.8
12.8

22.8
22.8
22.8
22.8
22.8
22.8
22.8
22.8
22.8
22.8
22.8
22.8

C.

0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46

0.41
0.41
0.41
0.41
0.41
0.41
0.41
0.41
0.41
0.41
0.41
0.41

0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58

0.V,

MAX

34
34
34
34
34
34
34
34
34
34
34
34

42
42
42
42
42
42
42
42
42
42
42
42

78
78
78
78
78
78
78
78
78
78
78
78
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1.23
1.23
1.23
.23
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.158
101
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il el el el R ey
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132
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132
. 059
.059
. 059
. 059
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LOG-C

10
10
10
10
10
10
10
10
10
10
10
10

10
10
10
10
10
i0
10
10
10
10
10
10

10
10
10
10
10
10
10
10
10
10
10
10
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1 - L(n)

1.7E~5
9.3E-5
3.33E-4
0.000¢%
9.7E-5
4.09E-4
0.001202
0.002783
6.3E~-4
0.001995
0.004737
0.009295

2.0E-5
1.07E-4
3.78E-4
0.001005
1.18E-4
4.82E-4
0.001387
0.003157
7.9E~-4
0.002415
0.005589
0.01074°

6.84E~-4
0.002138
0.005031
0.0098
0.015668
0.030066
0.049087
0.071952
0.344852
0.389675
0.428902
0.463789
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TABLE 5.4 FATIGUE RELIABILITY STUDY-~DESIGN LIFE(N)=2000000
TABULATION OF FAILURE PROBABILITIES
(Continued)

GAGE MEAN c.0.Vv. MAX M RSF(S) LOG-C OMEGA 1 - L(n)

211 46.7 0.31 76 3 1.206 10 0.6 0.011802
211 46 .7 0.31 76 3 1.206 10 0.7 0.023691
211 46.7 0.31 76 3 1.206 10 0.8 0.040012
211 46.7 0.31 76 3 1.206 10 0.9 0.060224
211 46.7 0.31 76 4 1.171 10 0.6 0.387322
211 46 .7 0.31 76 4 1.171 10 0.7 0.428365
211 46.7 0.31 76 4 1.171 10 0.8 0.464188
211 46.7 0.31 76 4 1.171 10 0.9 0.49606
211 46 .7 0.31 76 5 1.143 10 0.6 1

211 46.7 0.31 76 5 1.143 10 0.7 0.999999
211 46.7 0.31 76 5 1.143 10 0.8 0.999853
211 46 .7 0.31 76 5 1.143 10 0.9 0.999613
123 38.2 0.34 58 3 1.218 10 0.6 0.004431
123 38.2 0.34 58 3 1.218 10 0.7 0.010375
123 38.2 0.34 58 3 1.218 10 0.8 0.019667
123 38.2 0.34 58 3 1.218 10 0.9 0.0323%4
123 38.2 0.34 58 4 1.182 10 0.6 0.124344
123 38.2 0.34 58 4 1.182 10 0.7 0.169041
123 38.2 0.34 58 4 1.182 10 0.8 0.213108
123 38.2 0.34 58 4 1.182 10 0.9 0.255536
123 38.2 0.34 58 5 1.154 10 0.6 0.984701
123 38.2- 0.34 58 5 1.154 10 0.7 0.967761
123 38.2 0.34 58 5 1.154 10 0.8 0.950365
123 38.2 0.34 58 5 1.154 10 0.9 0.935029
125 21 0.42 60 3 1.225 10 0.6 2.62E-4
125 21 0.42 60 3 1.225 10 0.7 9.49E-4
125 21 0.42 60 3 1.225 10 0.8 0.002493
125 21 0.42 60 3 1.225 10 0.9 0.005287
125 21 0.42 60 4 1.16 10 0.6 0.003623
125 21 0.42 60 4 1.16 10 0.7 0.008753
125 21 0.42 60 4 1.16 10 0.8 0.016987
125 21 0.42 60 4 1.16 10 0.9 0.028496
125 21 0.42 60 5 1.107 10 0.6 0.055152
125 21 0.42 60 5 1.107 10 0.7 0.086194
125 21 0.42 60 5 1.107 10 0.8 0.12059
125 21 0.42 60 5 1.107 10 0.9 0.156717



MEAN

7.477
11.256
14.346
11.793
7.431
12.129
8.517
11.601
8.235
8.23
11.069
12.847
10.941
7.792
11.163
8.228
10.675
8.036
4.23
6.701
4.607
7.923
19.259
22.779
13.362
28.195
32.513
38.935
32.04
46.65
36.155
34.938
38.181
27.121
47.567
4.999
9.042
15.661
20.304
21.01
16.666
10.775
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TABLE 5.5 STUDY OF FATIGUE RELIABILITY
ESTIMATED LIFE CALCULATED FROM HISTOGRAM DATA

SUMMARY TABULATION FOR 42 SETS
M= 3 C= 10000000000

OMEGA=0.7

E(S***M) RSAF(8) 1 - L(n)
2.132 1.219 9.6E-6
7.935 1.229 6.63E-5
16.721 1.232 1.982E-4
9.094 1.229 8.1E-5
2.308 1.224 1.08E-5
9.98 1.23 9.28E-5
3.293 1.223 1.82E-5
8.491 1.229 7.32E-5
3.036 1.229 1.61E-5
3.07 1.222 1.64E-5
7.12 1.222 5.65E-5
11.011 1.223 1.073E-4
6.815 ©1.221 5.3E-5
2.768 1.223 1.41E-5
7.206 1.221 5.75E-5
3.004 1.222 1.59E-5
6.385 1.221 4.82E-5
2.871 1.222 1.49E-5
0.5 1.226 1.1E-6
2.158 1.225 9.8E-6
1.106 1.185 3.7E-6
5.976 1.179 4.37E-5
54.126 1.223 0.0011139
84.383 1.229 0.0021384
16.509 1.227 1.945E-4
92.396 1.198 0.0024431
141.35 1.197 0.0045593
237.163 1.187 0.0097304
129.302 1.177 0.0040008
436.562 1.206 0.0236°9211
215.482 1.223 0.0084569
200.809 1.228 0.0076273
247.796 1.218 0.010375
90.621 1.222 0.0023745
467.924 1.209 0.0262009
0.606 1.218 1.5E-6
5.291 1.23 3.65E-5
21.065 1.225 2.784E-4
48.669 1.23 9.529E-4
48.55 1.225 9.495E-4
35.99 1.215 6.116E-4
13.225 1.197 1.404E-4
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It is noted that the uncertainty measure, QN = @, includes all sources
of uncertainty, both in the fatigue behavior of the material and in the
loading and method of analysis. T(-) represents the gamma function.

Considering a set of fatigue parameters in which ¢ = 1010, n =

2,000,000, and gy = 0.7 yields:

L(n) = exp {-[(n/c)1.7643(mean)® 0.905057" #6922} (5.5)
where n/c = (2x106)/1010 = 2x10"% and thus

L(n) = exp,_[3.:zz56 (mean) 371 46922 (5.6)

Equation (5.6) is plotted in Fig. 5.1 and compared with selected
data from the 42 data sets. The comparison is quite good and the RSAF
approach for estimating the fatigue life appears valid over the entire
range of reliability values. Similar results for other design fatigUe
lives, n, (m= 3, o = 0.7) can be obtained using Eq. (5.5). In view of the
RSAF behavior for larger m-values, greater differences could be expected

for m= 4 or 5,

5.3 RSAF in Design Formulations

The RSAF concept frees the user from the task of selecting a prob-
ability density function to model the design live-load stress environment.
Several other approaches have been suggested in the 1iteraturekand will
be investigated in this section in the 1ight of the findings on the RSAF
concept.

One approach to the analysis of fatigue for design is to eliminate
the statistical parameters for stress or load and define classifications

to categorize the expected load levels. For example, rather than specifying
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mean, variance and a probability density function for stress, a maximum
stress level and a designated class of loading condition is specified.
The class of loading condition is in effect a designated histogram shape or
density function. The categories to be considered may be derived, for
example, by setting beta distribution parameters to the yield representa-
tive shapes with either a positive skew, negative skew, or a symmetrical
or zero skew shape. These three classes of distribution shape are
interpreted as meaning that for a constant maximum stress range, the
populations of stress events are such that they are dominated either by low
level events, high level events or a mix equally divided between the two.
Such an approach has been used by Munse (7). An important feature of this
approach is that the maximum stress range is specified rather than deduced
from the statistical properties of the stress range environment.

However, from the point of view of structural analysis, from field
data, the more readily predictable statistics of stress range are mean
stress level and variance. The variance can be studied by using a first
’order error analysis; problems in such an analysis will be noted in Section
5.5. The RSAF parameter can represent a wide range of possible stress

rang

e probability density functions, and for design a single RSAF can be
specified for a given m-value. For example, taking the density functions
used by Munse (7), the corresponding RSAF values are well behaved, even for
the wide range of skew coefficients represented by the three suggested
density functions. These are presented in Table 5.6 for m values of 3, 4,
and 5, and two values of SC. A value of RSAF = 1.2 could be used to

represent these classes for design with acceptable errors in the estimates

of reliability of the design (e.g. Fig. 5.1).
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Using the RSAF concept the problems of specifying the density function
or shape are avoided, but a selection of mean and variance for the stress
environment must be made. Mean and variance of live load stresses can be
calculated directly by structural analysis. Of course parameters such as
bridge type, span length, nUmber of traffic lanes loaded, geometry, etc.,
as well as the specific fatigue critical location on the structural member
or the particular structural detail must be incorporated into the analysis.
It should be recalled that there is a high degree of correlation between
stress range and the gross vehicle weight (4). This correlation has been
clearly shown when bridge response data are matched exactly with correspond-
ing vehicle data. Multiple, side-by-side crossing events may modify the
relationship.

Another simplification of the fatigue damage calculation for design
is given by Schilling and Klippstein (12) wherein the fatigue life, denoted

N, is expressed as

where Fsr denotes a design stress range and A the intercept (denoted herein
as c) on thé S-N fatigue diagram. Schilling and Klippstein have standardized
on B=m=3 to describe the slope of the S-N diagram for all categories of
weld details. They define the design stress range, Fsr’ as that stress
range produced by a fatigue design vehicle of a gross weight, WF.

If one interprets the Tife N as equivalent to the mean fatique 1ife
n, developed herein, an interpretation not made explicitly, then one can

interpret this information using the RSAF concept:



TABLE 5.6 RSAF VALUES FOR BETA DISTRIBUTION STRESS RANGE MODELS -- Ref. (7)

R G e ]

Beta Distribution Properties RSAF Values (Two Se definitions)
Max Mean m=3 m=4 m=5
Model Q,R (MPa) (MPa) c.o.v. skew max u+o max uw+o max u+ o
I 2,5 100 28.57 0.559 0.60 2.759 1.229 2.546 1.134 2.384 1.062
B/u=3.5 |
II 5,5 100 50 0. 302 0 1.846 1.201 1.788 - 1.163 1.739  1.131
B/u=2
ITI 5,2 100 71.43  0.224 -0.60 1.339 1.170 1.316 1.150 1.297 1.133
B/u=1.4

mean stress range
standard deviation

Q
Hou

L6
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F F + 3 I+c.0.v.

In establishing the above relationship the present notation (c) for the

S-N diagram has been substituted. In Eq. (5.7) o of denotes the standard
deviation of the stress histogram and F denotes the mean stress range
corresponding to the histogram. This equation yields a simple relationship

between the design stress range and mean stress range

1+c.0.vV.
Fsp = F X (CRar— RSAF )

While m=3 is considered, the above is independent of m, except for its
influence on RSAF. Note that the relationship between design stress range
and the mean stress depends upon the shape of the histogram only as

reflected in the RSAF and the variance (c.o.v.); it is related to the shape
of the histogram for applied loads only if there is a one-to-one relationship
between histograms for load and fatigue critical stress.

However, using thé relationship above, it is interesting to determine
the relationship between mean stress and the design stress range for the
truncated Rayleigh distribution, which Schilling and Klippstein have found
useful in their fatigue studies. A single value of coefficient of variation
is defined for the Rayleigh distribution, 0.505, which, with a value m = B = 3,

corresponds to an RSAF = 1.233. Thus,

140.505 _

Finally, with respect to the derivation of the design fatique load,

which is defined as producing Fsrs it is noted that Schilling and
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Klippstein's computations for wr are equivalent to treating the histogram
for gross vehicle weight as a stress histogram and calculating the expected
value of (gross weight)3 in a way which is analagous to that for E(Sm).

Specifically where o denotes the percentage of counts in the i-th gross

weight histogram interval, wi:

3 1/3

or

3

W) = w3

)

It is also noted by the writers that W_ may be taken as 50 kips if histogram

F
data is lacking. Based on the present study this is a value close to the
mean GVW for typical interstate truck data.

Effectively, the above corresponds to using the present analysis with
a random stress analysis factor of unity and a defining stress (Sc) equal
to the mean of the distribution. For the 42 histograms studied herein, the
RSAF value fof a definition based on the mean ranges from 0.6 to 1.0 with
a coefficient of variation on the order of 10% for the RSAF data. Hence,
‘the fatigue 1ife calculations based on (Fsr)3 can be expected to be in
error by a factor ranging from (0.6)3 to (1,0)3,

Another Timitation is seen in relying upon the load histogram to
define the histogram for the stress range for a fatigue critical location
in a bridge structure; this correspondence is not demonstrated in the data
herein. The use of an RSAF value set at a conservative and representative
level could compensate for this since it is shown herein that RSAF is not
sensitive to histogram shape, particularly wheh it is defined using a stress

level of the mean plus one standard deviation. The RSAF can be adjusted

readily if m-values other than 3 are used.
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The above concerns are essentially refinements in view of the degree
of statistical correlation which exists between stress range and gross

vehicle weight.

5.4 Stress Range Definition and Counting Methods

For the data which has been presented it has been assumed that the
maximum stress range is the significant quantity to represent each vehicle
crossing event. This interpretation is common, but it is meaningful to
count only those stress events which have potential for producing fatigue
damage. Low amplitude stress cycles are to be included or excluded as need
be in the fatigue damage model. Large amplitude cycles of stress applica-
tions, under some damage criteria, are significant not only in amplitude but
’in the order of occurrence.

Also, the count of stress events must be related to the total traffic
count and the count of various truck classifications. For simple span
bridges loaded mainly with a single lane of heavy vehicles, a pattern of
significant stress events per vehicle crossing may be developed. However,
crossings by mutliple vehicles with close longitudinal spacing in the
traffic and occupation of adjacent traffic Tanes greatly increases the
difficulty of determining the relationship between the traffic history
and the stress cycles seen in measurements on the bridge. Within the scope
of the present study insufficient resources were available to measure traffic
conditions in a complex loading situation such as on the Dan Ryan structure.

Counting Methods -- The histogram data tabulated here and in the

interim report is for stress range, that is, the stress excursion from the

maximum positive to the maximum negative value during a truck crossing.
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Numerous alternative methods for counting significant stress events are
available in the literature, some of which are more suitable for large
strain events, that is, events which produce significant non-linear strain
accumulation. The measured strain events associated with the highway
bridge response are small; however, these events represent nominal values
measured at locations which are not necessarily associated with a fatigue
critical location. For the prediction of crack initiation and propagation,
the effect of geometry, residual stresses and notches must be taken into
account and will lead to the conclusion that the stress or strain cycles
at the critical fatigue location may be much larger.

The subject of cycle counting is critical to the prediction of the
behavior of both prototype structures and laboratory specimens under complex
random load cycles. Several excellent reviews are available on the subject,
for example works by Dowling and Socie (8, 9, 10). They include a list of
alternative counting methods:

1. Peak counting
2. Count of mean crossing events
Level crossing events

Fatigue-meter schemes

o B ow

Range counting
Range-mean counting

Range-pair counting

W ~N O

Rainfall counting method

0f the various method cited in the above 1ist, the last two have been
shown to be particularly useful in the prediction of crack propagation

and mean 1ife of laboratory specimens.
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Rainfall Counting -- Perhaps the most useful scheme for counting

significant stress cycles is the so-called rainfall method. Its descrip-
tion and interpretation requires more extensive discussion than is appropri-
ate here, and is well documented in the Titerature (9, 10).

To provide an indication of the effect of that counting schéme on
specific blocks of data the following example is presented. Data from
Day 1 taken at the Camp Creek Bridge (I) has been analyzed for 50 typical
events. These events, corresponding to individual truck crossings, were
characterized as events which would begin at the zero or dead load stress
level, rise to positive maximum, drop to zero or a negative or minimum value

~in the free vibration era and then return to zero. The edited sequence of

data’consisting of 5

ALY

[ew]

recorded in the field is analyzed by therainfaﬂi counting method. These
data had been analyzed previously using stress range counting scheme. The
histograms resulting from these two counts are shown in Fig. 5.2. Tabulated
data for the rainfall count scheme are shown in Table 5.6 and include a
Miner hypothesis damage calculation for the number of blocks of stress
cycles needed for failure.

The stress range and rainfall count have comparable statistics as

shown below:

Quantity Rainfall , Range
mean strain 73.57 : 73.90
c.0.V. 0.423 0.458
skew 1.151 1.29
kurtosis 4.260 4.55
Q 2.90 2.40
R 4.195 3.438

max/mean 2.45 2.44
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These results confirm that the two counting methods, for the data considered,
yield histograms which are statistically very similar.

The essence of the rainfall counting method is that it assesses the
occurrence of strain cycles counting them only if they form .cldsed loops
or hysteretic cycles. For data such as that taken on the Dan Ryan Express-
way, where a relatively long-span, simple bridge is subjected to vehicles
producing events which look very much like static influence lines, the
rainfall counting scheme is‘essentia11y the same as thevstress range counting
scheme. For every instance of the development of a single strain peak,
following that peak fhere is a return to the zero level or thus a single
hysteretic loop. The usefulness of the rainfall counting scheme for such
data would be in accepting or rejecting small oscillations in the record,
usually occurring at the frequency of the fundamental of the bridge. On
the other hand, when the time histories of bridge response are more |
complex and reflect large components of dynamic increment proportional to
vehicle motions, then the rainfall count will produce different results
from the maximum range counting scheme. The time histories for shorter
bridges with Tlarger vehicle oscillations often contain several intermediate
cycles of variation which may be as significant as the primary crawl or
influence 1ine load cycle. The rainfall count does not require the
identification of the start or end of a vehicle crossing event in order to
register an event count. It can accept minor shifts in the zero level due
to drift in the instrumentation, but has the disadvantage that if app]ied
without editing of the digitized field record, it requires searching every
data point taken and will process both electrical noise and other spikes
in the records. Hence, data editing should be used even though one need not

seek to correlate the$edited record with vehicle crossing information.
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TABLE 5.7 SAMPLE RAINFALL COUNT AND DAMAGE CALCULATION
CAMP CREEK (II) BRIDGE

FATIGUE LIFE= C/S**M
M=3, LOG-10 OF C = 10

NUMBER OF DATA POINTS= 100

BLOCKS TO FAILURE= 6001321

DATA FOR HISTOGRAM PLOT

STRAIN COUNT FREQUENCY

10 -0 0

20 0 0

30 0 0

40 5 10204081633
50 7 .14285714286
60 6 12244897959
70 11 .22448979592
80 3 06122448980
90 4 .08163265306
100 4 .08163265306
110 4 .08163265306
120 1 .02040816327
130 1 .02040816327
140 1 .02040816327
150 0 0

160 1 .02040816327
170 0 0

180 1 .02040816327
190 0 0

TOTAL COUNT 49



100

5.5 On Predicting Stress Range Statistics

If the RSAF technique proposed in Chapter 4 is used to calculate
the expected life of a bridge subjected to traffic loadings, there is no
need to make an estimate of histogram shape or to choose a probability
density function. However, the mean stress range and the variance of the
stress range data must be known as well as the fatigue parameters m and ¢
based on an analysis of fatigue critical details in the structure. In the
design situation the mean and variance of the stress environment must be
predicted.

It is possible to use a first order linearization of an explicit
formulation for stress range to predict its coefficient of variation. The
mean stress range can be predicted directly based on mean applied live
loads and structural theory.

For example, if stress range is written in the form (3)
S = K1 GVW @xy(1 + 1) | (5.7)

where S is the stress range, K] a static scale factor, @XV an influence
surface, GVW is gross vehicle weight, and (1 + I) a dynamic impact effect.

Using Eq. (5.7) the mean stress range, S, becomes

GWW o (max) (1 + 1)

S=K
Y

1

where T and GVW are mean values of the respective parameters and ®xy is
taken at its maximum value consistent with the lane loaded and location
on the bridge for which the analysis is being made.

The variance of the stress range by linear first order error theory is

Var(s) =z ((H) | _ Var(x)) (5.8)
1
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where Var( ) denotes variance or Qtandard deviation squared, and g denotes
the function for stress range given in Eq. (5.7). The partial derivatives
in Eq. 5.8 are evaluated for the mean values of the parameters (GVW, T,

etc.). This formulation, after simplification for the @kafactor, yields:

2 2
oyt 8] (5.9)

where 8o 6va, Sy and §; are coefficients of variation for stress range,

1
GVW, analysis factor and impact, respectively. In Eq. (5.9) all parameters
of the formulation are taken to be statistically independent. There are

obvious difficulties with this assumption to be implied from the fact that

the c.o.v. for the GWW can equal or exceed that of the stress range data:

Test c@XWv. » StE?S?vBa”ge
EJE(I) 0.44 0.46
EJE(II) 0.44 ’ 0.41
Camp Creek (I) 0.38 0.58

The prediction of the mean stress level requires defining a mean vehicle
Weight and wheel base, and then a static analysis for maximum moment and
distribution to the fatigue critical location. This calculation is subject
to undertainties in materié] properties, composité action, etc. and was
explored on Project IHR-85 (4).

As can be seen from the formulation above for the coefficient of
variation, a simple first order model of the response assuming the para-
meters of the problem to be statistically independent may be faulty. If
we turn to the expression for the variance based on a first order approxi-

mation but including covariance:
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™M=

N 2
Var(S) = cs V(Xi) tI I csc Cov(Xi,xj)

i=1 iog '

where c, and c; are derivatives of the stress range function, Eq. (5.7),
with respect to X, and Xj evaluated at their respective mean values, then
it is seen that this covariance term can lead to a smaller c.o0.v. in stress
range. This is true provided that pairs of variables exist which have a
negative correlation and for which c; can be paired with a negative Cj'
However, a detai1ed‘ana]ysis.of the interaction of problem parameters and

their statistical corre]ations is needed.
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6. SUMMARY AND CONCLUSIONS

The objectives, scope, physical arrangements, test procedures, data
reduction, presentation of results and interpretation have been described
for Project IHR-301, Investigation of the Life Expectancy of Highway Bridges -
Stress History_Studies. The report emphasizes the interpretation of the
data for Tive load stress range and the prediction of mean fatigueklife. A
method of analysis which does not require the definition of a probability
density funcfion model is presented.

The project used compufer-based data acquisition, analysis, and
interpretation programs which were developed, in part, on project IHR-85,
Dynamic Streéses in Highway Bridges.

An 1mpdrtant first result of thebresearch project was the development
of a field test capability for the State of I1linois which became the
responsibility of the bridge research group of the Il1linois Department of
Transportation based in Ottawa, I11inois, under the direction of F. K.
Jacobson. With project funding, this research group set specifications for
and acquired a field instrumentation van with equipment for 28 channels of
high speed analog tape recording using two tape drives, signal conditioning,
portable power supply and support apparatus. In the first phase of the
project the recording equipment, van and field methods for data acquisition
were tested and refined to the point where the field program, aside from
initial selection of test structures, was the full responsibility of the
IDOT bridge research group. This field test capability remains available
for field research not only on highway bridges, but on other static and

dynamic test situations, for example, on pilings or paVement.
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This final report together with the interim reports on the project
have presented the results of the field program; these represent measure-
ments made on seventeen bridges and considered the effects of over 10,000
heavy vehic]e‘crossiﬁgs recorded during the various field test periods. A
block of 42 histograms representing tests on five bridges and selected
gage locations were takenkto form a data base for detailed statistical
analysis and interpretation. In general, the measufed Tive-Toad stresses
are moderate or low with mean values rare]& exceeding 14 to 30 MPa (2,000
to 4,500 psi). The largest stresses recorded were at a rural location on a
two-Tane highway on a road carrying heavy ore trucks; instrumentation was
such that only those lanes carrying heavy traffic were recorded. In this
latter case, mean stresses on the order of 30 to 50 MPa were encountered.
The histograms comprising the major summary of field test results have been
presented both in an interim report (2) and herein. The maximum stress
range was used thrdughout in the presentation ofydata although the question
of alternative stress counting methods was investigated and is discussed
herein. For low levels of stress with large number of applications it is
seen that the maximum range concept is essentially equivalent to the more
rational rainfall counting method.

In the literature on fatigue reliability analysis, and in investi-
gations conducted on IHR-85 and IHR-301, the beta density function model
was fouhd to be particularly useful in représenting the Tlive-load stress
range data. In addition, the use of the truncated Rayleigh model was
investigated. The beta function is seen to model adequate]y the histogram
data for the calculation of E(Sm), the expected value of the stress range

raised to the m-value, significant for predicting fatigue Tife expectancy.
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While much emphasis is given to the use of m = 3, this modeling was
| adequate for values of m ranging from 3 to 5. It should be noted that
as the fatigue parameter m increases, because of its amp]ification of the
effect of higher stress ranges, and thus need for proper fit in this range,
the use of the beta model or the Rayleigh model becomes less satisfactory
for the higher m-values. The adequacy of a probability density function
model was evaluated in terms of its ability to predict the parameter E(s™)
and not by standard "goodness-of-fit" tests. The beta model was found
satisfactory to fit the mean, standard deviation, and maximum stress range
of the histogram data, but did not have sufficient freedom to fully match
skewness and kurtosis. It is noted that the Rayleigh distribution, having
a fixed coefficient of variation, could match satisfactorily 'only the mean
and maximum stress. |

Drawing upon the fact that there exist scaled or normalized parameters
to represent E(Sm) that are useful analysis tools, and to extend work by
Ang and Munse where a random stress factor was introduced, the concept
of. the random stress analysis factor (RSAF) was developed. RSAF repreéents
a coefficient which when used to modify the mean stress range plus the
standard deviation yields an effective stress level which when raised to
the mth power equa]S the quantity E(Sm). The RSAF was found to be largely
independent of mean stress level for all bridge types and measurement
locations among the 42 histogram sets studied. RSAF has low variance as
a random variable. Further it was seen that the RSAF could be related by
Tinear regression to the m value over a range of 3 to 5. In brief, the RSAF
concept permits the mean fatigue 1ife to be expressed in terms of the mean

histogram stress, coefficient of variation and the RSAF, which can be assigned
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on the basis of fatigue parameter, m, and engineering judgment reflecting
the bridge type and other circumstances. This was demonstrated for a
range of distribution shapes, including selected simple density function
models of triangu]ar'and rectangular shape.

- Using the RSAF concept to describe stress range histogram character-
istics and predict the mean fatigue life (using the Miners hypothesis),
the cbncept was further tested by study of the fatigue reliability of
selected gage locations for the three design lives specified in the AASHTO:
| 100,000, 500,000, and 2,000,000 cycles. The computed reliability levels
were seen to be realistic in that with the lTow mean stress levels no
difficulty was predicted in the adequacy of the fatigue design of these
bridges: the reliability levels were on the order of 99.9 percent or
greater, that is, with probabilities of failure, against specified design

3 t0 107, Thus the RSAF concept for estimating

fatigue lives, of 10~
E(Sm) may be introduced into both the expression for mean fatigue 1ife and
the reliability formulation and will be a useful parameter to represent
the meaured histogram data. |

For use in design and analysis the following method is suggested for
estimating mean fatigue life:

1. Using the RSAF concept, choose a value of RSAF = 1.2 and modify
according to a linear rule to take into account m-values other than m = 3.
The results presented in Section 4.3 can be used, or an alternative rela-
tionship can be established based on additional field data.

2. Establish the design mean stress range level and coefficient of

variation. The mean stress range can be calculated on the basis of a mean
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gross vehicle weight adequate for the 1ocation; based on current experience,
a mean vakof 50 kips {s not unreasonable. The coefficient of variation
can be calculated directly using field data if available, or the coefficient
of variation of the GVW histograms can be used as an approximation, although
there are difficulties with this assumption. A representative value of
c.0.v. = 0.45 could be used: this is suggested on the basis of a central

value representing the data presented herein.

mean (1+c.o0.v.)
RSAF

3. Calculate E(S") = [ 1™ and the corresponding mean
fatigue Tife n = c/E(S™).

4. Finally, compare the predicted mean fatigue 1ife with the specified
design fatigue 1ife using a fatigue reliability analysis or an appropriate
"factor of safety".

The field measurement program‘inc1uded study of an urban location
with very high volume traffic, the 18th Street Bridge on the Dan Ryan
ExpressWay; the results suggest several problems which need further research.
Locations such as the Dan Ryan Expressway require continuous 24 hour
recording and cannot be analyzed with a method which is based upon the
'identification of individual truck crossing events. A rainfall counting
scheme incorporated into the field data collection would be particularly
uéefu] in this situation. There are micro-processor based field data
acquisition systems (8) for doing rainfall counts on single data Channe]s
which can be placed in the field and do not require an instrumentation van.
This type of device should be acquired and tested in future studies. The
rainfall counting method can be implemented with the present field equipment,

but will require changes in recording technique to aid the editing of long

duration records.
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There remains an ongoing need to obtain additional information on
live Toad stress histograms in bridges under a wider variety of traffic
conditions. The data presently are not complete enough to establish with
statistical validity'the dependence of stress range on dai]y or seasonal
traffic conditions, or shifts in stress levels to be associated with
systematic changes in vehicle speed patterns or gross weight trends or
legislation. Of course, a high degree of correlation between gross truck
weight mean stress range has been established. A limited number of field
test sites, with high quality truck data, traffic survei]]ancé and bridge
stress measurements would be most fruitful.

Finally, the RSAF concept is seen to be useful in linking field
measurements to the design process. The technique has been used as a
design concept when defined in terms of maximum design stress levels (6)
or defined in terms of the mean stress level (12). The RSAF approach is
more stable if used in a formulation involving both mean stress and
variance. Ways in which this can be introducedvihto fatigue design
specifications should be investigated. A1ternative1y, the beta density
function model is seen to be adequate for representing the stress history
data. Its applicability to design formulations (7) is supported by the
field measurements.

The use of the beta function to model the bimodal nature of both the
gross weight histogram and the resulting stress range déta should be
explored. It would be appropriate to investigate the applicability of
extreme value statistics to predicting the very highest stress levels to
be forecasted for extreme (perhpas illegal or permit type) highway bridge

vehicle loadings.
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TABLE B.1 DATA FOR STRESS RANGE HISTOGRAMS
GREEN RIVER BRIDGE

STRAIN GAGE= 121 DAY= 2 TOTAL EVENTS= 129
MEAN STRAIN  STD.DEV. MEAN STRESS . STD.DEV.

. (MPA) (MPA)
7:1.992 56.696 14.3984 11.3392

COEFFICIENT OF VARIATION= 0.788

*%**NO COUNTS AFTER 25 -~TH INTERVAL***

STRAIN STRESS (MPA)

INTERVAL © INTERVAL COUNT FREQUENCY
10 -2 3 0.023
20 4 19 0.147
30 6 13 0.147
40 8 6 0.047
50 10 - 12 0.093
60 12 10 0.078
70 14 8 0.062
80 16 9 0.07
90 18 6 0.047
100 20 2 - 0.016
110 22 8 0.062
120 24 6 0.047
130 26 2 0.016
140 28 1 0.008
150 30 3 0.023
160 32 3 0.023
170 34 1 0.008
180 36 1 0.008
190 38 3 0.023
200 40 1 0.008
210 42 1 0.008
220 44 2 0.016
230 46 1 0.008
240 48 1 0.008
250 50 1 0.008

o e e wm o em om0 o o oo o o e e e o o o e e s e



- 147

TABLE B.2 DATA FOR STRESS RANGE HISTOGRAMS
. GREEN RIVER BRIDGE

STRAIN GAGE= 122 DAY= 2 TOTAL EVENTS= 130

MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
~ . (MPA) (MPA)
92.508 65.781 - 18.5016 - 13.1562

COEFFICIENT OF VARIATION= 0,711

***NO COUNTS AFTER 29 ~TH INTERVAL***

STRAIN - STRESS (MPA) ,
INTERVAL INTERVAL COUNT FREQUENCY

10 2 2 0.015
20 4 | 14 0.108
30 6 14 0.108
40 ~ 8 7 0.054
50 10 8 0.062
60 12 4 0.031
70 14 2 0.015
80 16 10 - 0.077
90 18 | 4 . 0.031
100 20 , 11 0.085
110 .22 5 0.038
120 24 9 0.069
130 26 14 0.108
140 28 6 0.046
150 30 1 0.008
160 32 0 0

170 34 2 0.015
180 36 2 0.015
190 38 4 0.031
200 40 1 0.008
210 42 0 0

220 44 2 0.015
230 46 1 0.008
240 48 2 0.015
250 50 0 0

260 52 1 0.008
270 54 1 0.008
280 56 2 0.015
290 58 1 0.008
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TABLE B.3 ~ DATA FOR STRESS RANGE HISTOGRAMS
GREEN RIVER BRIDGE

STRAIN GAGE= 123 DAY= 2 TOTAL EVENTS= 131
MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
(MPA) (MPA)
75.962 46.297 15.1924 9.2594

COEFFICIENT OF VARIATION= 0.609

*%%¥NO COUNTS AFTER 21 ~TH INTERVAL¥**%

STRAIN STRESS (MPA)

INTERVAL - INTERVAL COUNT FREQUENCY
10 2 4 0.031
20 . 4 14 0.107
30 ' 6 9 0.069
40 8 11 0.084
50 10 3 0.023
60 12 14 0.107
70 14 13 0.099
80 16 8 0.061
90 18 11 0.084
100 20 4 0.031
110 - 22 5 0.038
120 - 24 7 0.053
130 26 ) 0.069
140 28 6 0.046
150 30 4 0.031
160 ' 32 3 0.023

- 170 ‘ 34 2 0.015
180 36 3 0.023
190 38 0 0
200 40 0 0
210 42 1 0.008
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TABLE B.4 DATA FOR STRESS RANGE HISTOGRAMS
GREEN RIVER BRIDGE

STRAIN GAGE= 124 DAY= 2 TOTAL EVENTS= 128

MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
(MPA) (MPA)

106.68 71.923 21.336 14.3846

COEFFICIENT OF VARIATION= 0.674

*%¥%*NO COUNTS AFTER 31 -TH INTERVAL**¥*

STRAIN ~ STRESS (MPA)

INTERVAL . INTERVAL COUNT FREQUENCY
10 2 0 0
20 4 7 0.055
30 6 12 : 0.094
40 8 5 0.039
50 10 : -4 0.031
60 12 12 0.094
70 ' 14 10 0.078
80 16 11 0.086
90 18 ~ 5 0.039
100 20 12 0.094
110 ‘ 22 2 0.016
120 - 24 5 0.039
130 ' 26 1 0.008

‘140 28 4 0.031
150 30 3 0.023
160 32 3 0.023
170 34 6 0.047
180 36 3 - 0.023
1380 38 3 0.023
200 40 2 0.016
210 42 2 0.016
220 44 2 0.016
230 46 4 0.031
240 48 3 0.023
250 50 2 0.016
260 52 1 0.008
270 54 1 0.008
280 56 1 0.008
290 58 0 0
300 60 1 0.008
310 62 1 0.008
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TABLE B.5 DATA FOR STRESS RANGE HISTOGRAMS
GREEN RIVER BRIDGE

STRAIN GAGE= 125 DAY= 2 TOTAL EVENTS= 123
MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
. . (MPA) (MPA)
97.748 79.58 - 19.5496 15.916

COEFFICIENT OF VARIATION= 0.814

***NO COUNTS AFTER 36 ~TH INTERVAL***.

STRAIN - STRESS (MPA)

INTERVAL - INTERVAL COUNT ' FREQUENCY
10 2 1 0.008
20 4 10 0.081
30 6 8 0.065
40 8 13 0.106
50 10 12 0.098
60 12 9 0.073
70 14 6 0.049
80 16 10 0.081
90 18 8 0.065
100 20 7 0.057
110 - 22 5 0.041
120 24 3 0.024
130 26 0 0
140 28 2 0.016
150 30 0 0
160 32 3 0.024
170 34 2 0.016
180 36 2 0.016
190 38 3 0.024
200 40 1 0.008
210 42 3 0.024
220 44 1 0.008
230 46 0 0
240 48 3 0.024
250 50 4 0.033
260 52 1 0.008
270 54 0 0
280 56 1 0.008
290 58 1 0.008
300 60 1 0.008
310 62 1 0.008
320 64 0 0
330 66 0 0
340 68 1 0.008
350 70 0 0
360 72 1 0.008
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TABLE B'6 DATA FOR STRESS RANGE HISTOGRAMS
GREEN RIVER BRIDGE

STRAIN GAGE= 126 DAY= 2 TOTAL EVENTS= 127
i .
MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
, , (MPA) (MPA)
95.228 74.811 . 19,0456 14.9622

COEFFICIENT OF VARIATION= 0.786

#%**NO COUNTS AFTER 33 -TH INTERVAL***

STRAIN STRESS (MPA)

INTERVAL " INTERVAL COUNT : FREQUENCY
10 2 1 0.008
20 4 , 11 0.087
30 6 14 0.11
40 8 10 0.079
50 10 10 0.079
60 12 4 0.031
70 14 10 0.079
80 16 8 0.063
90 18 5 0.039
100 20 11 0.087
110 .22 2 0.016
120 24 6 0.047
130 26 3 0.024
140 28 2 0.016
150 30 5 0.039
160 32 2 0.016
170 - 34 4 0.031
180 .36 3 0.024
190 38 1 0.008
200 40 1 0.008
210 2 2 0.016
220 ‘ 44 0 0

230 46 3 0.024
240 48 1 0.008
250 50 0 0

260 52 2 0.016
270 54 0 0

280 56 0 0-
290 58 3 0.024
300 60 0 0

310 62 2 0.016
320 64 0 0

330 66 1 0.008
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TABLE B.7 DATA FOR STRESS RANGE HISTOGRAMS
GREEN RIVER BRIDGE

STRAIN GAGE= 127 DAY= 2 TOTAL EVENTS= 130

MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.

S (MPA) (MPA)
41.523 27.881 - 8.3046 5.5762

COEFFICIENT OF VARIATION= 0.671

*%%*NO COUNTS AFTER 12 -TH INTERVAL**%*

STRAIN - STRESS (MPA) '
INTERVAL INTERVAL COUNT ' FREQUENCY
10 2 15 0.115
20 | 4 24 0.185
30 6 15 0.115
40 8 14 0.108
50 10 20 0.154
60 12 17 0.131
70 14 8 0.062
80 16 1 0.008
90 18 4 0.031
100 20 5 0.038
110 22 4 0.031
120 24 3 0.023
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TABLE B.8 DATA FOR STRESS RANGE HISTOGRAMS
GREEN RIVER BRIDGE

STRAIN GAGE= 114 DAY= 2 TOTAL EVENTS= 127

MEAN STRAIN = STD.DEV. MEAN STRESS STD.DEV.
(MPA) (MPA)
107.378 70.396 21.4756 - 14.0792

COEFFICIENT OF VARIATION= 0.656

**%*NO COUNTS AFTER 31 ~TH INTERVAL*#*%*

STRAIN STRESS (MPA)
INTERVAL - INTERVAL COUNT FREQUENCY

10 2 0 0

20 4 8 0.063
30 6 8 0.063
40 8 6 0.047
50 10 3 0.024
60 12 9 0.071
70 14 13 0.102
80 16 10 0.079
90 18 11 0.087
100 20 8 0.063
110 22 3 0.024
120 24 4 0.031
130 26 7 0.055
140 28 1 0.008
150 30 2 0.016
160 32 4 0.031
170 : 34 5 0.039
180 36 1 0.008
190 38 3 0.024
200 40 1 1 0.008
210 42 4 0.031
220 44 4 0.031
230 46 1 0.008
240 48 4 0.031
250 50 3 0.024
260 52 1 0.008
270 54 1 0.008
280 56 0 0

290 58 1 0.008
300 60 0 0

310 62 1 0.008



154

TABLE B.9 DATA FOR STRESS RANGE HISTOGRAMS
GREEN RIVER BRIDGE

STRAIN GAGE= 115 DAY= 2 TOTAL EVENTS= 129
MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
, (MPA) (MPA)
79.806 58.683 15.9612 11.7366

COEFFICIENT OF VARIATION= (0.735

*¥%**NO COUNTS AFTER 26 =TH INTERVAL**%

STRAIN ' STRESS (MPA)

INTERVAL  INTERVAL COUNT FREQUENCY
10 2 0 0

20 | 4 1 0.085
30 6 10 0.078
40 8 21 0.163
50 10 12 0.093
60 12 11 0.085
70 14 9 0.07
80 | 16 11 0.085
90 18 7 0.054
100 20 2 0.016
110 22 2 0.016
120 24 2 0.016
130 26 5 0.039
140 28 5 0.039
150 30 2 0.016
160 32 2 0.016
170 34 1 0.008
180 36 1 0.008
190 38 5 0.039
200 40 4 0.031
210 42 2 0.016
220 44 0 0

230 46 2 0.016
240 48 0 0

250 50 1 0.008
260 52 1 0.008

o o e o m > e e s o e o e e e e e w @



155

TABLE B.10 DATA FOR STRESS RANGE HISTOGRAMS
CAMP CREEK BRIDGE (II)-Phase 1

STRAIN GAGE= 121 DAY= 2 TOTAL EVENTS= 87

MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
, (MPA) (MPA)
18.598 9,385 - 3.7196 1.877

COEFFICIENT OF VARIATION= 0.505

*%**NO COUNTS AFTER 8 ~TH INTERVAL¥**%*

STRAIN  STRESS (MPA)
INTERVAL  INTERVAL COUNT FREQUENCY
10 2 6 0.069
20 4 - 55 0.632
30 6 20 0.23
40 8 4 0.046
50 10 1 0.011
60 12 0 0
70 14 0 0
80 16 1 0.011
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TABLE B.11 DATA FOR STRESS RANGE HISTOGRAMS
'CAMP CREEK BRIDGE (II)-Phase 1

STRAIN GAGE= 122 - DAY= 2 TOTAL EVENTS= 87
MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
. (MPA) (MPA)
21.069 11.023 - 4.2138 2.2046

COEFFICIENT OF VARIATION= 0.523

*¥%%*NO COUNTS AFTER 8 ~TH INTERVAL**%*

STRAIN " STRESS (MPA)
INTERVAL INTERVAL COUNT FREQUENCY
10 2 3 0.034
20 4 52 0.598
30 . 6 21 ‘ 0.241
40 8 7 0.08
50 10 1 0.011
60 . 12 1 0.011
70 14 1 0.011
80 16 1 0.011
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ITABLE B.12 DATA FOR STRESS RANGE HISTOGRAMS
CAMP CREEK BRIDGE(II)-Phase 1

STRAIN GAGE= 123 DAY= 2 TOTAL EVENTS= 85
MEAN STRAIN = STD.DEV. MEAN STRESS STD.DEV.
' 4 (MPA) (MPA)
42.188 28.23 . 8.4376 5.646

COEFFICIENT OF VARIATION= 0.669

***NO COUNTS AFTER 19 ~TH INTERVAL***%*

STRAIN STRESS (MPA)

INTERVAL INTERVAL COUNT FREQUENCY
10 2 , 1 0.012
20 ’ 4 6 0.071
30 6 25 0.294
40 8 - 23 0.271
50 10 13 0.153
60 12 5 0.059
70 14 6 0.071
80 16 1 0.012
90 18 1 - 0.012
100 20 0 0
110 - 22 1 0.012
120 24 0 0
130 26 0 0
140 28 1 0.012
150 30 1 0.012
160 32 0 0
170 34 0 0
180 36 0 0
190 38 1 0.012
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TABLE B.13 DATA FOR STRESS RANGE HISTOGRAMS
CAMP CREEK BRIDGE (II)-Phase 1

STRAIN GAGE= 124 DAY= 2 TOTAL EVENTS= 85
MEAN STRAIN STD.DEV, MEAN STRESS STD.DEV.
. (MPA) (MPA)
94.588 42.175 18.9176 8.435

COEFFICIENT OF VARIATION= 0.446

*%**NO COUNTS AFTER 23 ~TH INTERVAL**%*

STRAIN STRESS (MPA)

INTERVAL * INTERVAL COUNT FREQUENCY
10 2 1 0.012
20 4 3 0.035
30 6 0 0
40 8 2 0.024
50 10 6 0.071
60 12 9 0.106
70 14 9 0.106
80 16 8 0.094
90 18 5 0.059
100 20 3 0.035
110 22 7 0.082
120 24 5 0.059
130 26 9 0.106
140 28 5 0.059
150 30 7 0.082
160 32 2 0.024
170 34 2 0.024
180 36 0 0
190 38 1 0.012
200 40 0 0
210 42 0 0
220 44 0 0
230 46 1 0.012
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TABLE B.l4 DATA FOR STRESS RANGE HISTOGRAMS
CAMP CREEK BRIDGE(II)-Phase 1

STRAIN GAGE= 125 DAY= 2 TOTAL EVENTS= 83

MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
o (MPA) (MPA)
99.819 43.76 . 19.9638 8.752

COEFFICIENT OF VARIATION= (0.438

¥%**NO COUNTS AFTER 19 -TH INTERVAL***

STRAIN STRESS (MPA)

INTERVAL - INTERVAL COUNT FREQUENCY
10 2 1 0.012
20 4 2 0.024
30 6 1 0.012
40 . 8 0 0
50 10 7 0.084
60 12 6 0.072
70 ‘ 14 11 0.133
80 16 7 0.084
90 18 5 0.06
100 20 3 0.036
110 22 3 0.036
120 24 2 0.024
130 26 7 0.084
140 28 6 0.072
150 30 11 0.133
160 32 6 0.072
170 34 2 0.024
180 36 2 0.024
190 38 1 0.012
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TABLE B.l15 DATA FOR STRESS RANGE HISTOGRAMS
CAMP CREEK BRIDGE (II)-Phase 1

STRAIN GAGE= 126 DAY= 2 TOTAL EVENTS= 84

MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
‘ {MPA) ' (MPA)
76.274 35.056 ' . 15.2548 7.0112

COEFFICIENT OF VARIATION= 0.46

*%%*NO COUNTS AFTER 16 -TH INTERVAL***

STRAIN STRESS (MPA)

INTERVAL INTERVAL COUNT FREQUENCY
10 2 0 | 0
20 4 4 0.048
30 6 2 .o 0.024
40 8 7 ~ 0.083
50 10 12 0.143
60 _ 12 10 0.119
70 14 5 0.06
80 16 6 0.071
90 18 10 0.119
100 20 6 0.071
110 22 4 0.048
120 24 6 0.071
130 26 6 0.071
140 28 3 0.036
150 30 2 0.024
160 32 1 0.012
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TABLE 5,16 DATA FOR STRESS RANGE HISTOGRAMS
CAMP CREEK BRIDGE (II)-Phase 1

STRAIN GAGE= 127 DAY= 2 TOTAL EVENTS= 84
MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
: (MPA) (MPA)
32.179 9.752 . 6.4358 ~1.9504

COEFFICIENT OF VARIATION= 0.303

*%*%*NO COUNTS AFTER 6 -TH INTERVAL**¥

STRAIN . STRESS (MPA)
INTERVAL INTERVAL COUN FREQUENCY
10 2 0 0
20 4 | 9 0.107
30 | 6 34 0.405
40 8 19 0.226
50 10 19 0.226

60 12 -3 0.036
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TABLE B.17 DATA FOR STRESS RANGE HISTOGRAMS
CAMP CREEK BRIDGE(II)-Phase 1

STRAIN GAGE= 114 DAY= 2 TOTAL EVENTS= 86

MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
' (MPA) (MPA)
30.372 12.673 . 6.0744 2.5346

COEFFICIENT OF VARIATION= 0.417

*%**NO COUNTS AFTER 8 ~TH INTERVAL**#*

STRAIN . STRESS (MPA) ,
INTERVAL INTERVAL COUNT FREQUENCY

10 ‘ 2 1 0.012

20 ' 4 16 0.186

30 6 31 0.36

40 8 24 0.279

50 10 7 0.081

60 12 4 0.047

70 ‘ 14 2 0.023

80 16 1 0.012
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TABLE B.18 DATA FOR STRESS RANGE HISTOGRAMS
CAMP CREEK BRIDGE (II)-Phase 1

STRAIN GAGE= 115 DAY= 2 ~ TOTAL EVENTS= 85
MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
: (MPA) (MPA)
49.694 26.761 . 9.9388 5.3522

COEFFICIENT OF VARIATION= 0.539

*%*%*NO COUNTS AFTER 11 -TH INTERVAL*#*%

STRAIN - STRESS (MPA)

INTERVAL INTERVAL COUNT FREQUENCY
10 2 : 0 0
20 4 8 0.094
30 6 ‘ 23 0.271
40 8 12 0.141
50 10 4 0.047
60 12 - 6 0.071
70 14 9 0.106
80 16 8 0.094
90 18 9 0.106
100 20 3 0.035
110 22 3 0.035
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TABLE éJ9 DATA FOR STRESS RANGE HISTOGRAMS
' CAMP CREEK BRIDGE (II)-Phase 1

STRAIN GAGE= 224 DAY= 2 TOTAL EVENTS= 86
MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
. (MPA) (MPA)
85.186 32,703 - 17.0372 6.5406

COEFFICIENT OF VARIATION= 0.384

***NO COUNTS AFTER 17 -TH INTERVAL*#*#*

STRAIN . STRESS (MPA)

INTERVAL . INTERVAL COUNT FREQUENCY
10 2 S 0.012
20 4 2 0.023
30 6 1 0.012
40 8 1 0.012
50 10 6 0.07
60 12 14 0.163
70 14 8 0.093
80 16 4 0.047
90 18 9 0.105
100 20 14 0.163
110 22 4 0.047
120 24 11 0.128
130 26 5 0.058
140 28 2 0.023
150 30 1 0.012
160 32 2 0.023
170 34 1 0.012
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TABLE B.20 DATA FOR STRESS RANGE HISTOGRAMS
CAMP CREEK BRIDGE (I1)-Phase 2

STRAIN GAGE= 121 DAY= 1 TOTAL EVENTS= 43
MEAN STRAIN STD.DEV. ~ MEAN STRESS STD.DEV.
(MPA) (MPA)

17.209 7.03 3.4418 1.406
COEFFICIENT OF VARIATION= 0.409

*%%NO COUNTS AFTER 5 ~-TH INTERVAL***%*

STRAIN STRESS (MPA)
INTERVAL - INTERVAL COUNT , FREQUENCY
10 2 2 0.047
20 4 » 30 0.698
30 6 9 0.209
40 - 8 1 0.023

50 10 1 0.023
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TABLE B.21 DATA FOR STRESS RANGE HISTOGRAMS
CAMP CREEK BRIDGE (II)-Phase 2

STRAIN GAGE= 122 DAY= 1 TOTAL EVENTS= 43

MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
. (MPA) (MPA)
22.279 10.135 . 4.4558 2.027

COEFFICIENT OF VARIATION= 0.455

*%**NO COUNTS AFTER 6 ~TH INTERVAL***

STRAIN STRESS (MPA)

INTERVAL INTERVAL COUNT FREQUENCY
10 2 1 ' 0.023
20 ' 4 24 0.558
30 6 11 0.256
40 8 -4 0.093
50 10 2 0.047
60 i2 1 0.023
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TABLE B.22 DATA FOR STRESS RANGE HISTOGRAMS
CAMP CREEK BRIDGE (II)-Phase 2

STRAIN GAGE= 123 DAY= 1 TOTAL EVENTS= 43

MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
_ (MPA) (MPA)
50.256 21.614 . 10.0512 4.,3228

COEFFICIENT OF VARIATION= 0.43

*¥%**NO COUNTS AFTER 14 -TH INTERVAL***%*

STRAIN STRESS (MPA)

INTERVAL INTERVAL COUNT FREQUENCY
10 2 0 -0
20 4 1 0.023
30 6 6 0.14
40 : 8 7 0.163
50 10 10 - 0.233

- 60 12 8 0.186
70 - 14 6 0.14
80 16 2 0.047
90 18 0 0
100 20 2 0.047
110 22 0 0
120 24 0 0
130 26 0 0
140 28 1 0.023
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TABLE B.23 DATA FOR STRESS RANGE HISTOGRAMS
CAMP CREEK BRIDGE (II)-Phase 2

STRAIN GAGE= 124 DAY= 1 TOTAL EVENTS= 43
MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.

. (MPA) (MPA)
1 87.023 27.712 ~ 17.4046 5.5424

COEFFICIENT OF VARIATION= (0.318

*#%*NO COUNTS AFTER 15 -TH INTERVAL¥***

STRAIN . STRESS (MPA) :
INTERVAL . INTERVAL COUNT FREQUENCY
10 2 0 0
20 4 0 0
30 6 0 0
40 ‘ 8 1 0.023
50 10 4 0.093
60 12 4 0.093
70 o 14 6 0.14
80 16 4 0.093
90 18 4 0.093
100 20 5 0.116
110 22 5 0.116
120 24 5 0.116
130 26 3 0.07
140 28 1 0.023
150 30 1 0.023
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TABLE B.24 DATA FOR STRESS RANGE HISTOGRAMS
CAMP CREEK BRIDGE (II)-Phase 2

STRAIN GAGE= 125 DAY= 1 TOTAL EVENTS= 43
MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
(MPA) : (MPA)
77.767 28.124 15.5534 5.6248

COEFFICIENT OF VARIATION= 0.362

***NO COUNTS AFTER 14 -TH INTERVAL**¥

STRAIN ~ STRESS (MPA)

INTERVAL - INTERVAL COUNT - FREQUENCY
10 2 -0 0
20 4 0 0
30 6 1 0.023
40 8 4 0.093
50 10 5 0.116
60 12 3 0.07
70 14 3 0.07
80 16 5 0.116
90 18 6 0.14
100 20 5 0.116
110 22 7 0.163
120 24 2 0.047
130 26 1 0.023
140 28 1 0.023
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TABLE B.25 DATA FOR STRESS RANGE HISTOGRAMS
CAMP CREEK BRIDGE (II)-Phase 2

STRAIN GAGE= 126 DAY= 1 TOTAL EVENTS= 43
MEAN STRAIN  STD.DEV. MEAN STRESS STD.DEV.
‘ (MPA) ' (MPA)
70.186 27.062 -~ . 14.0372 5.4124

COEFFICIENT OF VARIATION= 0.386
*%¥NO COUNTS AFTER 11 ~TH INTERVAL***

STRAIN . STRESS (MPA)

INTERVAL - INTERVAL COUNT FREQUENCY
10 2 0 0

20 4 0 0

30 6 4 0.093
40 ‘ 8 3 0.07
50 10 4 0.093
60 12 6 0.14
70 " 14 3 0.07
80 16 5 0.116
90 18 7 0.163
100 20 2 0.047
110 22 9 0.209
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TABLE B.26 DATA FOR STRESS RANGE HISTOGRAMS
CAMP CREEK BRIDGE (II)-Phase 2

STRAIN GAGE= 127 DAY= 1 TOTAL EVENTS= 42
MEAN STRAIN  STD.DEV. MEAN STRESS  STD.DEV.
o (MPA) (MPA)
36.548 11.742 7.3096 2.3484

COEFFICIENT OF VARIATION= 0.321

***NO COUNTS AFTER 8 -TH INTERVAL***

STRAIN  STRESS (MPA)
INTERVAL INTERVAL COUNT ' FREQUENCY
10 , 2 0 0
20 4 : 4 0.095
30 6 10 ~0.238
40 8 11 0.262
50 10 13 1 0.31
60 12 o3 0.071
70 14 0 0

80 16 1 0.024
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TABLE B.27 DATA FOR STRESS RANGE HISTOGRAMS
CAMP CREEK BRIDGE (II)-Phase 2

STRAIN GAGE= 114 DAY= 1 TOTAL EVENTS= 41
MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
. ‘ (MPA) (MPA)
32.488 11.074 . 6.4976 2.2148

COEFFICIENT OF VARIATION= 0.341

#**NO COUNTS AFTER 6 <-TH INTERVAL***

STRAIN . STRESS (MPA) :
INTERVAL - INTERVAL COUNT - FREQUENCY
10 2 0 0
20 4 6 0.146
30 6 ‘ 13 0.317
40 8 11 0.268
50 10 9 0.22

60 12 2 A 0.049
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TABLE B.28 DATA FOR STRESS RANGE HISTOGRAMS
CAMP CREEK BRIDGE (II)-Phase 2

STRAIN GAGE= 115 - DAY= 1 TOTAL EVENTS= 43
MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
' ‘ _ (MPA) (MPA)
51.721 18.609 : . 10.3442 - 3.7218

COEFFICIENT OF VARIATION= 0.36

*¥%*NO COUNTS AFTER 9 ~-TH INTERVAL***

STRAIN ~ STRESS (MPA) , ‘
INTERVAL INTERVAL COUNT FREQUENCY
10 2 0 )
20 4 1 0.023
30 6 6 0.14
40 - 8 7 0.163
50 10 6 0.14
60 12 5 0.116
70 ' 14 10 ~ 0.233
80 16 7 0.163
90 18 1 0.023
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TABLE B.29 DATA FOR STRESS RANGE HISTOGRAMS
CAMP CREEK BRIDGE (II)-Phase 2

STRAIN GAGE= 224 ‘DAY= 1 TOTAL EVENTS= 42

MEAN STRAIN STD.DEV.F MEAN STRESS STD.DEV,
(MPA) {MPA)

89.31 31.754 . 17.862 6.3508
COEFFICIENT OF VARIATION= 0.356
*%*NO COUNTS AFTER 15 -TH INTERVAL*#*%

STRAIN STRESS (MPA)

INTERVAL - INTERVAL COUNT FREQUENCY
10 2 0 0

20 . 4 0 0

30 6 1 0.024
40 .8 0 0

50 10 5 0.119
60 . 12 6 0.143
70 : 14 5 0.119
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TABLE C.1 HISTOGRAM DATA FOR STRESS RANGE
DAN RYAN BRIDGE--18TH STREET

STRAIN GAGE= 125 NOTE= 2 TOTAL EVENTS= 90
MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
(MPA) (MPA)
47.678 21.517 9.5356 4.3034

COEFFICIENT OF VARIATION= 0.451

*%**NO COUNTS AFTER 10 -TH INTERVAL¥***%*

STRAIN STRESS (MPA)

INTERVAL INTERVAL COUNT FREQUENCY
10 2 0 0]

20 4 ~ 13 0.144
30 6 7 0.078
40 8 20 0.222
50 10 10 0.111
60 12 12 0.133
70 14 6 0.067
80 16 i8 0.2
90 18 2 0.022

100 20 2 0.022
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TABLE C.2 HISTOGRAM DATA FOR STRESS RANGE
DAN RYAN BRIDGE--18TH STREET

139

STRAIN GAGE= 125 NOTE= 3 TOTAL EVENTS=
MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
(MPA) (MPA)
40 25.086 8 ' 5.0172
COEFFICIENT OF VARIATION= 0.627
*¥*¥*NO COUNTS AFTER 10 ~-TH INTERVAL¥***
STRAIN STRESS (MPA)
INTERVAL INTERVAL - COUNT FREQUENCY
10 2 0 0]
20 4 42 0.302
30 6 20 : 0.144
40 8 21 0.151
50 10 11 ‘ 0.079
60 12 9 0.065
70 ' 14 11 0.079
80 16 16 0.115
90 18 7 0.05
100 20 2 0.014
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TABLE C.3 HISTOGRAM DATA FOR STRESS RANGE
DAN RYAN BRIDGE--18TH STREET

STRAIN GAGE= 125 NOTE= 4 TOTAL EVENTS= 112
MEAN STRAIN 'STD.DEV. MEAN STRESS STD.DEV.
, (MPA) (MPA)
48.67 20.339 9.734 4.0678

COEFFICIENT OF VARIATION= 0.418

*%¥*NO COUNTS AFTER 10 ~TH INTERVAL**%¥

STRAIN STRESS (MPA)

INTERVAL INTERVAL COUNT FREQUENCY
10 2 0 0

20 4 ‘ -9 : 0.08
30 6 16 0.143
40 8 15 0.134
50 10 19 0.17
60 12 18 0.161
70 14 14 0.125
80 . 16 15 0.134
20 18 - 4 0.036

100 20 2 0.018
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TABLE C.4 HISTOGRAM DATA FOR STRESS RANGE
DAN RYAN BRIDGE--18TH STREET

STRAIN GAGE= 125 NOTE= 5 TOTAL EVENTS= 177
MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
(MpPA) (MPA)
52.486 23.143 10.4972 4.6286

COEFFICIENT OF VARIATION= 0.441
¥%**NO COUNTS AFTER 12 -TH INTERVAL**%*

STRAIN STRESS (MPA)

INTERVAL INTERVAL - COUNT FREQUENCY
10 2 0 0
20 4 15 0.085
30 6 18 0.102
40 8 34 0.192
50 10 27 0.153
60 12 17 0.096
70 14 13 0.073
80 16 29 0.164
90 18 19 0.107
100 20 3 0.017
110 22 1 0.006

120 24 1 0.006
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TABLE C.5 HISTOGRAM DATA FOR STRESS RANGE
DAN RYAN BRIDGE--18TH STREET

STRAIN GAGE= 125 NOTE= 6 TOTAL EVENTS= 234
MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
o (MPA) (MPA)
48 . 564 23.513 9.7128 4.7026

COEFFICIENT OF VARIATION= 0.484

*¥**NO COUNTS AFTER 11 ~TH INTERVAL¥***%

STRAIN STRESS (MPA)

INTERVAL INTERVAL COUNT FREQUENCY
10 2 0 0

20 4 - 25 0.107
30 6 42 0.179%
40 8 ' 37 0.158
50 10 ' 24 0.103
60 12 36 0.154
70 14 23 0.098
80 : 16 20 0.085
S0 18 14 0.06
100 20 ] 0.038

110 22 4 0.017
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TABLE C.6 HISTOGRAM DATA FOR STRESS RANGE
DAN RYAN BRIDGE--18TH STREET

STRAIN GAGE= 125 NOTE= 7 TOTAL EVENTS= 192
MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
: (MPA) : (MPA)
46 .367 22.197 9.2734 4.4394

COEFFICIENT OF VARIATION= 0.479
***NO COUNTS AFTER 12 -TH INTERVAL**%*

STRAIN '~ STRESS (MPA)

INTERVAL INTERVAL -COUNT FREQUENCY
10 2 0 ' 0

20 4 27 0.141
30 6 31 0.161
40 8 37 0.193
50 10 25 0.13
60 12 25 0.13
70 14 16 0.083
80 16 13 0.068
90 18 16 0.083
100 20 1 0.005
110 22 0 0

120 24 1 0.005
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TABLE C.7 HISTOGRAM DATA FOR STRESS RANGE
DAN RYAN BRIDGE--18TH STREET

STRAIN GAGE= 125 NOTE= 8 TOTAI, EVENTS= 149

MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
(MPA) (MPA)

39.101 20.268 7.8202 4.0536

COEFFICIENT OF VARIATION= 0.518

***NO COUNTS AFTER 9 -TH INTERVAL**%*

STRAIN STRESS (MPA)

INTERVAL INTERVAL COUNT FREQUENCY
10 2 0 0
20 4 .31 0.208
30 6 33 0.221
40 8 24 0.161
50 10 14 0.094
60 12 ' 15 0.101

- 70 14 18 0.121
80 16 12 0.081
90 18 2 0.013
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TABLE C.8 HISTOGRAM DATA FOR STRESS RANGE
DAN RYAN BRIDGE--18TH STREET

92

STRAIN GAGE= 125 - NOTE= 9 ~ TOTAL EVENTS=
MEAN STRAIN STD.DEV. MEAN STRESS STD.DEV.
; (MPA) (MPA)
42.239 20.365 8.4478 4.073
COEFFICIENT OF VARIATION= 0.482
*%*%¥NO COUNTS AFTER 11 -TH INTERVAL¥*%%*
STRAIN STRESS (MPA)
INTERVAL INTERVAL COUNT FREQUENCY
10 2 0 0
20 4 20 - 1 0.217
30 6 9 . 0.098
40 8 19 - 0.207
50 10 ’ 14 0.152
60 12 12 0.13
70 14 7 0.076
80 16 7 0.076
90 18 3 . 0.033
100 20 ‘ 0 0
110 22 1 0.011
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