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Abstract

In January 1992, the outside girder of the east bound lane of the Holston River Bridge
experienced a "full height tear through the flanges and web" due to fatigue failure (2),
caused by out of plane distortion. The girder was subsequently jacked back into place and

spliced.

The Department of Civil Engineering at the University of Tennessee has since been
conducting a study of the fatigue life of the Holston River Bridge, funded by the Tennessee
Department of Transportation. One of the primary purposes of the study was to establish
stress ranges at critical details of the bridge superstructure and to predict the remaining

fatigue life of the bridge using the stress range test data.

Since the remaining fatigue life of the bridge is a function of its individual structural
members, each critical member was analyzed separately. The floor beams were selected
primarily because of the coped flanges; a factor which would make the floor beams
susceptible to fatigue cracking. It was the objective of this thesis to: 1) study the critical
details on the floor beams for potential fatigue problems; 2) analyze the stress data; and 3)
estimate the remaining fatigue life of the floor beams based on the cﬁrrent and estimated
future usage. This thesis describes the data collection process, presents the information

obtained, and provides an estimate of the remaining fatigue life of the bridge floor beams.
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Chapter 1

Introduction

1.1 Bridge Description and History

The Holston River Bridge is located on Interstate 40 approximately four miles east of
downtown Knoxville, Tennessee. The bridge is approximately 1193 feet in length and
consists of eight spans. The spans vary in length from 100 to 240 feet (figure 1.1). The
bridge superstructure consists of four continuous longitudinal girders. The girders are
approximately 7.5 feet in depth at span two and decrease to 5.75 feet throughout the other
spans. Within the 240 foot span, cross-frames at 22 feet on center provide lateral support
and transfer load from the concrete deck to the girders. On the remaining spans transverse
floor beams span between the girders. The cross frames and floor beams support stringers.
The girders and stringers support a 7.5 inch ribbed concrete deck which acts compositely
with the girders. The exterior girders have cantilever braces (outriggers) supporting an

outside stringer which provides an additional traffic lane or shoulder (figure 1.2).

While the bridge was under construction, the design was changed to accommodate a
potential increase in traffic. Cantilever braces were added to the exterior girders to provide
room for an additional traffic lane. In January 1992, the outside girder of the east bound
lane experienced a "full height tear through the flanges and web" due to fatigue failure (2),

caused by out of plane distortion.

The girder was subsequently jacked back into place and spliced. Additional web and
stiffener plates were added to the outside girder where the cantilever braces frame into the

girder web.
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1.2 Purpose of Research

Since August 1992, the Department of Civil Engineering at the University of Tennessee has
been conducting a study of the fatigue life of the Holston River Bridge, funded by the
Tennessee Department of Transportation. The purpose of the study was to: 1) identify
controlling fatigue details; 2) determine the stress induced fatigue effects on the cross-
frames, floor beams and main girders due to the retrofit repairs; 3) estimate the portion of
the bridge fatigue life expended by the structure at the time of failure; and 4) estimate the

remaining life of the bridge based on current and estimated future usage (2).

Since the remaining fatigue life of the bridge is a function of its individual structural
members, each critical member must be analyzed separately. It was the objective of the
work leading to this thesis to determine the stress history and the remaining fatigue life of
the Holston River Bridge floor beams. This report describes the data collection process,
presents the information obtained, and provides an estimate of the remaining fatigue life of

the floor beams.

1.3 Methodology (2)

The methodology to obtain and analyze this information was as followS:

(A) Review of pertinent literature - A thorough review of literature was performed. This
review consisted of obtaining information that would help in estimating the amount of
fatigue experienced to date by the bridge.

(B) Location and installation of the strain gages - After reviewing the bridge plans and
physically inspecting the bridge, with input from Dr. John Fisher, the locations of the
critical members were determined. The members were then instrumented with strain gages
at critical design details.

(C) Data Acquisition - After the gages were installed, field data were gathered for one hour

4



intervals over a 48 hour period in July 1994. The data acquisition system used was the

Optim Megadac data collection system. The Megadac system was connected to a Zenith
personal computer that utilized the TCS 3000 software.

(D) Analysis of data during testing period - Two programs were created to separate and
analyze the data. The results of these programs categorized the stress events at each strain
gage. The data provided information relative to the magnitude and frequency of occurrence
of the stresses in the bridge. These data were used to predict the remaining life of the
bridge floor beams.

(E) Results and Conclusions - This thesis presents the results of the tasks above. It
provides conclusions in the following areas:

1. Identification of potential fatigue problems at critical details on the floor beams from the
dynamic response of the structure.

2. Analysis of the measured stress data obtained.

3. Estimated remaining fatigue life of the floor beam based on current and estimated future

usage.



Chapter 2

Literature Review

2.1 Structural Fatigue

The fatigue life of a structural member is defined as "the length of time before an initially
microscopic flaw in a critical structure detail develops into a crack of a certain length and
becomes detectable by normal non-destructive inspection techniques” (8). The fatigue life
is affected by a combination of factors. The most important considerations are the fatigue
strength and type of structural detail, the magnitude of the stress ranges (live load and

impact), loading history, and loading expectation (stress history).

2.2 Fatigue Strength and Types of Structural Details

If a repeated load is large enough to cause a fatigue crack, the crack will start at a point of
maximum stress. This maximum stress is often due to a stress concentration. Stress
concentrations can occur most often due to abrupt geometry changes in structural members
(10). The effects of a geometry change (in this case a typical floor beam) on the stress

distributions due to loadings are shown in figure 2.1.

As shown in figure 2.1, the coped flange causes an abrupt reduction in the section modulus
(Ic) at section B of the beam. Since the geometry change is not gradual, a stress

concentration is created with a maximum stress of magnitude Gynax.

It is difficult to determine the maximum stress, Gpnax, at a stress concentration by
theoretical analysis. It is also difficult to measure this stress, since it would require an
infinitely small strain gage due to large stress gradients. However, it can be determined by

applying a factor to the nominal stress obtained from the load-stress relationship of a
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particular detail. Such a factor is called a Stress Concentration Factor (SCF), k, and has

been determined experimentally for many bridge structural details. The SCF is the ratio of

the maximum stress to the nominal stress:

SCF (k) = Omax/Onom = Maximum stress/ nominal stress

Therefore, the estimation of the fatigue life of a detail can be determined from the

measurement of the nominal stress range at the detail, Opom, and the experimental value of

the SCF, k.

The fatigue life of a detail is based on experimental studies conducted at Lehigh University
(5) and adopted by AASHTO (1). To account for the different degrees of stress
concentration factors, different details are classified into eight detail categories, namely A,

B,B,C,D,E E, and F.

Each fatigue detail has a characteristic stress range versus cycle (SN) curve (figure 2.2),
developed with data corresponding to test specimens subjected to zero-tension loading.
The resulting test curves indicate the number of cycles, N, at a given stress range, S,
required to bring the specimen to failure (also known as the Fatigue Strength). Category A
represents details with the highest fatigue strength while category E' represents details with
the lowest fatigue strength. Floor beams have a history of fatigue cracking and are usually

classified as an E category, due to the flange terminations (copes).

The mean stress range, S, a member can sustain for a given number cycles, N, is given by
the equation
Nsb=d (equation 1)

When plotted on a log-log scale, a straight line with an intercept d and a negative slope b is
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Figure 2.2 - AASHTO fatigue design curves for categories A to E’



obtained. There is considerable scatter in the fatigue data on which equation 1 is based, as
shown in figure 2.3. Consequently, for design purposes the allowable nominal stress

ranges are usually defined two standard deviations below the mean stress ranges, where

NS, P=A (equation 2)

in which A is the intercept for the allowable design curve and Sgs is the stress range two-

standard deviations below the mean (4).

For all detail categories, Fisher (§) proposed that the slope be taken as -3.0 and the
intercépt A is 20,000,000 cycles. The value of A and the slope of -3.0 defined the fatigue
strength of each category and was the basis for the present AASHTO allowable fatigue
stresses. Therefore, in the evaluation procedure the remaining fatigue life of a structural

member is the remaining safe life when utilizing the AASHTO fatigue curves.

2.3 Determination of Stress Range Magnitude

To determine the amount of stress each fatigue prone detail experiences, an estimate of the
stress range must be made. The SN curves are referenced to constant amplitude stress
cycles. However, the stress cycles experienced by the actual bridge structural detail vary
over a considerable range because of the variation of truck weights, truck configurations,
truck speed, and location of the vehicles traversing the bridge relative to the location of the
detail in question. Therefore, an equivalent constant amplitude stress range is used to

assess the fatigue damage under variable range spectrum.

2.3.1 Equivalent Stress Range
Various methods have been used to arrive at a reasonable value for the equivalent constant
amplitude stress range. Three such methods are as follows: the Single Truck Method, the

AASHTO Design Stress Method and the Direct Measurement of Stress Range Method.
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The method used for a specific case is dependent upon site-specificity, effort, funding, and

the degree of accuracy required.

The Single Truck Method is based on the observation that most of the stress cycles in a
bridge structure are caused by single vehicle passages. Because a high percentage of the
fatigue damage in a typical bridge in the United States is done by 4 and 5 axle semitrailers,
the axle spacing and axle load distributions of the proposed "fatigue truck" approximate the
spacing and load distribution for such trucks. "Fatigue Trucks" such as the HS-20 truck
proposed by Fisher (8) and the HS-15 proposed by Moses et al (18) are aimed at a quick
determination of an approximate value for the equivalent stress. Both take into account the
infrequent occurrence of extreme stress ranges by relating the fatigue truck load to the

variable load spectrum. Reference 18 lists details of the method.

The AASHTO Design Stress Method uses the AASHTO design live load and impact stress
as the basis for fatigue evaluation. The method is explained in detail in reference 1. In
general, the actual stress ranges in a structure are significantly lower than the live load and
impact stresses predicted from the design method. In addition, this method does not
distinguish between the maximum stress experienced by the detail, St,.max, and the

equivalent stress Sye; therefore this method leads to very conservative results (8).

The most site-specific and accurate method for stress range estimation is the Direct
Measurement Method. It requires that fatigue prone details be instrumented with electrical
resistance strain gages. The strains are monitored and recorded over a period of time which
would realistically represent actual traffic patterns. A strain-time record resembles that of
an influence line with superimposed strain fluctuations due to vibrations of the structure

caused by moving loads (figure 2.4). A stress range spectrum (figure 2.5) is then

12
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developed from the strain-time record, which shows the frequency of stress magnitudes

over a period of time.

Bridge structures undergo many cycles of stress having many different magnitudes applied
in a random manner. Miner's cumulative damage theory allows these factors to be
considered when fatigue data are analyzed (17). In Miner's theory, it is hypothesized that
if a material is subjected to n; cycles at a constant stress-range level S;, where its expected
fatigue life is N; cycles, the fractional fatigue life used up is n/N, It is further assumed
that, if a material is subjected to a stress range spectrum Sy1, Spz. Sy3,...Syi,... and if the
cycles are applied ny, ny, n,..., n,... times at the respective stress range level, then fatigue
failure will occur when
o Ni =1 (equation 3)

where n; = number of stress cycles with stress range magnitude, S

and  N; = fatigue life corresponding to constant stress, S;

Since the slope of a typical SN curve for steel has a gradient of -1/3, the equivalent constant
amplitude stress range based on Miner's theory is the "root-mean-cube" value of the

variable stress ranges (17):

Sresrme = (X 05 Sri3) 13 (equation 4)

where a; =2 n; /Ni = fraction of occurrence of constant stress range, S;; .

Once the equivalent constant amplitude stress range (S;e) is calculated, the maximum stress
range (Smax) is compared with the “fatigue limit” for that particular detail. The "fatigue
limit" is defined as "the constant amplitude stress range below which the detail will be able
to endure an unlimited number of cycles without developing fatigue cracks" (8). The

“fatigue limits" of various details categories are specified in table 10.3.1.A of the AASHTO

14



Bridge Specifications, as the allowable stress range, Fsr, on an SN diagram (Figure 2.6).

The "fatigue limit" of a category E detail is 4.5 ksi.

If all random variable stress ranges are below the fatigue limit, i.e., Symax< Fsr, cumulative

fatigue damage will not develop and fatigue life is infinite.

If Srmax> Fir, fatigue cracking is expected after a number of stress cycles and the total
fatigue life is not unlimited. It is based on the equivalent stress range S, which may be
less than Fg. To estimate the fatigue life in this case the SN design curve is extended
below Fg; and this extension is used to evaluate the total fatigue life. As shown in figure

2.6, Ny represents the total fatigue life.

2.4 Estimation of Stress History and Remaining Fatigue Life

In order to accurately estimate the remaining life, the stress history of the bridge must be
determined. Past traffic history can be obtained from DOT traffic counts listed in DOT
publications or from the traffic engineer’s office. Present day traffic data can be obtained
from an on-site survey. Future traffic projections can be determined using linear
regression. Since historical information does not always exist for some bridges, reference
7 provides a Design Method which may be used if the Present Average Daily Traffic, the

truck traffic percentage and a national average truck traffic growth rate of 4.5% is assumed.

Figure 2.7 depicts an example of the ADTT (Average Daily Truck Traffic) volume versus
time based on available data. The area under the ADTT curve multiplied by 365 days/year
represents the total number of trucks experienced by the bridge to date. Depending on the
characteristics of the bridge and the vehicle type, each truck causes one or more stress

cycles per truck crossing (8). Therefore, the number of stress cycles experienced by the
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bridge to date, Np, is calculated from the ADTT curve and an estimate of the number of

stress cycles per truck, where

Np(cycles) = Np'(trucks) x Avg. cycles/truck
The remaining fatigue life Nr is the difference between the total fatigue life of the member,
Ny, and the cumulative fatigue damage experienced to date, Np, i.e.,

N.=N - Np (equation 5)
The conversion of Nr into a length of time is dependent upon the projected ADTT curve,
the average number of cycles per truck and the remaining fatigue life, N;, where

Nr
PADTT x (Avg. no. cycles/truck) x 365

Yni/time(hr)

Remaining Life (yrs) =

(16).

and where the Avg. no. cycles/truck =
no. trucks/time(hr)
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Chapter 3

Data Acquisition

3.1 Location of Strain Gages
After a review of the bridge plans and a physical inspection of the bridge with input from
Dr. John Fisher, the locations of the strain gages on the floor beams were determined.

These locations were based on details susceptible to fatigue and the development of stress

concentrations.

The floor beams in span one were chosen to be instrumented for the study because its'
design was typical of the other spans and it was easily accessible. Also, the floor beams in
this span may possibly exhibit high stresses due to the impact loads, since it is adjacent to

the bridge abutment.

From an examination of the floor beams, it was determined that the floor beam web-girder
connections were areas of concern. Due to differential deflection of the girders, the partial
fixity of the connections in conjunction with the coped floor beam flanges would cause
high stresses near the flange weld toe. Therefore, six strain gages were placed on the floor
beams as shown in figure 3.1. In order to more closely measure the nominal stress of the
detail, the gages were placed a distance of two inches from the ends of the flanges in the
vicinity of lower stress gradients. However, even at these locations the strains measured
may still be affected by both the bending due to partial fixity and strain concentration at the

flange weld toe.

A previous study (13) has indicated that a distance of two inches from the ends of the

flanges is far enough so that the strain measured is not at the point of maximum stress and
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is near enough so that measurements reflect the strain response at the end of the flange.

3.2 Stress Data Collection

3.2.1 Instrumentation

As discussed in the previous section, six electrical resistance foil strain gages were
mounted on the floor beam as shown in figure 3.1. The gages used were of the 0.25 inch
350 ohm type manufactured by Micro-Measurements. The metal surfaces were stripped
clean of paint and mill scale and the gages installed according to the manufacturer’s

instructions.

The system used for measuring the frequencies and magnitudes of strain range occurrences
was the Optim Megadac system. Basically, the Megadac system consisted of a wheatstone
bridge and modules (card types) which convert analog voltage signals from the strain gages
into digital values. It has the capability to take measurements at a sampling rate of 25,000

samples per second, and had a capacity of 48 channels of input for the system used (19).

The Megadac was hooked up to an IBM personal computer (PC) installed with Optim’s
TCS (Test Control Software) package. TCS is a data base managerhent package which
defines the test parameters, definition of channels, calibration, recording and reviewing of
test data. The Megadac could be triggered to start and stop the event measurements from

the PC function key while using TCS.
During bridge testing, the sample rate was 50 samples per second. A total of 13 hours of

data per strain gage was recorded over a 48 hour period at the bridge site. The

measurements were recorded on the PC hard drive.
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Data reduction programs were written to categorize the stresses seen by each gage. The
programs analyzed and categorized the data according to two separate cycle counting
methods, as discussed in the next section: the Mean Crossing Peak and Rainflow Methods.

The MCP program logic is described in detail in reference 16.

3.2.2 Separation of Data and Cycle Counting Methods

The strain-time response data consisted of a variable amplitude loading situation which
must be separated and evaluated in order to develop a stress spectrum. It was necessary to
take the response data over a period of time and determine the number of cycles developed

for a specific stress range caused by trucks.

Several methods have been developed and are in common use. The two methods used in
this report are the Rainflow Counting and the Mean Crossing Peak methods. Basically, the
Mean Crossing Peak method counts stress peaks and level crossings, while the Rainflow

method counts stress ranges.

3.3.2.1 Rainflow Counting Method

The Rainflow method assumes plasticity at the crack tip and counts closed hysteresis loops
on the strain diagram for the material in the plastic zone. The relationship between the
strain-time plot and a stress-strain hysteresis plot at the crack tip where plasticity has

developed is seen by comparing figures 3.2 and 3.3.
The stress-time curve can be seen to have three half-cycles a-d, d-e and e-f and one full

cycle, b-c-b’. The same results are obtained by using the analogy of rain running down a

series of roofs.
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Figure 3.3 - Stress-strain hysteresis loop for a crack tip
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The general rules for the Rainflow Counting method are as follows (4):

1. Rainflow begins at the beginning of the stress response and successively at the inside of
every peak.

2. Flow initiating at a maximum drips down until it comes opposite a maximum more
positive than the one from which it started. Flow initiating at a minimum drips down until
it comes opposite a minimum more negative than the minimum from which it started.

3. Rain stops when it meets rain from the roof above.

4. The beginning of the sequence is a minimum if the initial straining is in tension.

5. The horizontal length of each rain flow is counted as a half cycle at that stress range.

In figure 3.3, rain (strain) initiates at a, flows to b, drips to b’, flows to d, and finally stops
opposite e, because e is more negative than a. Rain initiating at d flows to e and stops at
the end of the record and flow initiating at e flows to f and stops at the end of the record.
The number of cycles counted equals two and one half, resulting in a total of two and one

half stress ranges.

3.3.2.2 Mean Crossing Peak Counting Method

The Mean Crossing Peak (MCP) method produces a mean (zero) axis, then counts the
number of predetermined cycles that go above and below the mean axis. During testing the
gage signal will drift. Therefore, as time passed during testing some cycles would not be
counted that do not fall below the established zero axis. A data program was developed by
Mayhew (16) which corrected for this problem by calculating the average of the first 20 and
the last 20 data points; then it created a straight line between these two sets of twenty. That

line was assumed to be the zero axis.

The program also checked to see if each data point was positive (indicating a crossing of
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the zero axis). The high and low strain data points were counted as a cycle, the times were

recorded, and the strain difference was calculated. Stress was computed by multiplying the
strain difference by Young’s modulus for steel (29,000 ksi). The stress calculated was
categorized and a stress spectrum developed. Details of the procedure are given in

reference 16.

3.3 Test Results

A strain-time response curve of a 352 truck obtained during testing at gage 120 is shown in
figure 3.4. It depicts the passage of the front axle and each of the tandem axles over the
floor beam. In effect, the truck is moving from left to right, and the curve indicates the
time that the axles cross the floor beam. The amplitude of the residual vibration after the
truck has gone off the bridge was small in this test. However, in other tests, stress ranges
of magnitude 500 psi and less appeared to be due more to instrumentation noise than
significant loadings. Also, it is accepted practice to exclude stress magnitudes less than
1000 psi, since these stresses contribute very little to the effective stress range and are non-
contributors to fatigue damage (10, 21). Therefore, once the stress ranges were
categorized for both the Rainflow and MCP methods, any stress ranges less than 1000 psi
were deleted from the spectrum. Periodically, a cycle of high magnitude occurred (15,000
psi). If the frequency of occurrence and the magnitude was determined to be a perturbation

at the particular gage location, it was excluded from the spectrum.

From the 13 hours of test data, 5.75 hours were eliminated due to spontaneous axis drifts.
Tables 3.1 and 3.2 show the results of test data accumulated for 7.25 hours from
approximately 4329 trucks of the category 2D and larger using the Rainflow and MCP
methods.  Figures 3.5 through 3.12 show the stress range spectrums for each gage

location that resulted from the two counting methods. A comparison indicates that the two
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Figure 3.4. Typical strain-time response curve of a floor beam strain gage due to a 3S2
loading condition.
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Table 3.1 - Estimated damage accumulation and effective stress range using the Rainflow

method.
Rainflow Method
Stress Range Gage No.
Sri(psi) G105 G106* G120 G121
No. Cycle|Freq.(%)|No. Cycle|Freq.(%) | No. Cycle |Freq.(%){No. Cycle|Freq.(%) \
1000-1500 | 1344 52.87 253 58.03 1821 41.30 1036 5847
1500-2000 383 15.07 81 18.58 747 16.94 398 22.46
2000-2500 221 8.69 48 11.01 419 9.50 275 15.52
2500-3000 266 10.46 26 5.96 305 6.92 60 3.39
3000-3500 225 8.85 18 4.13 230 5.22 3 0.17
- 3500-4000 72 2.83 8 1.83 192 4.35 0 0.00
4000-4500 24 0.94 2 0.46 136 3.08 0 0.00
4500-5000 4 0.16 0 0.00 121 2.74 0 0.00
5000-5500 3 0.12 0 0.00 91 2.06 0 0.00
5500-6000 0 0.00 0 0.00 70 1.59 0 0.00
6000-6500 0 0.00 0 0.00 48 1.09 0 0.00
6500-7000 0 0.00 0 0.00 48 1.09 0 0.00
7000-7500 0 0.00 0 0.00 37 0.84 0 0.00
7500-8000 0 0.00 0 0.00 38 0.86 0 0.00
8000-8500 0 0.00 0 0.00 32 0.73 0 0.00
8500-9000 0 0.00 0 0.00 28 0.64 0 0.00
9000-9500 0 0.00 0 0.00 18 0.41 0 0.00
9500-10000 0 | 000 0 0.00 9 0.20 0 0.00
10000-10500 0 0.00 0 0.00 8 0.18 0 0.00
10500-11000 0 0.00 0 0.00 4 0.09 0 0.00
11000-11500 0 0.00 0 0.00 2 0.05 0 0.00
11500-12000 0 0.00 0 0.00 2 0.05 0 0.00
12000 - 12500 0 0.00 0 0.00 0 0.00 0 0.00
12500 - 13000 0 0.00 0 0.00 1 0.02 0 0.00
13000 - 13500 0 0.00 0 0.00 2 0.05 0 0.00
13500-14000 0 0.00 0 0.00 0 0.00 0 0.00
14000-14500 0 0.00 0 0.00 0 0.00 0 0.00
Time (hr) 7.25 5.20 7.25 7.25
SUM(Sri>1000)| 2542 | 100.00 436 100.00 | 4409 100.00 | 1772 | 100.00
Total no. trucks | 4329 3407 4329 4329
Sre(Sri>1000) | 2196.90 1945.19 3728.30 1695.68
Nt (cycles) 1.14E+08 1.65E+08 2.34E+07 2.49E+08
Np(cycles) 3.21E+07 7.01E+06 7.04E+07 2.24E+07
Nr (cycles) 8.23E+07 1.58E+08 -4.70E+07 2.26E+08
Nr (years) 24 211 -8 95

* Two hours of poor test data were deleted from the G106 results.
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Table 3.2 - Estimated damage accumulation and effective stress range using the Mean

Crossing Peak method
Mean Crossing Peak Method
Stress Range Gage No.
Sri(psi) G105 G106* G120 G121
No. Cycle|Freq.(%)|No. Cycle|Freq.(%) |No. Cycle |Freq.(%)|No. Cycle|Freq.(%)
1000-1500 | 1414 42.15 349 58.66 1341 26.92 2113 75.79
1500-2000 653 19.46 159 26.72 765 15.36 523 18.76
2000-2500 531 15.83 77 12,94 486 9.76 138 4.95
2500-3000 513 15.29 9 1.51 506 10.16 14 0.50
3000-3500 202 6.02 1 0.17 448 8.99 0 0.00
3500-4000 33 0.98 0 0.00 454 9.11 0 0.00
4000-4500 9 0.27 0 0.00 317 6.36 0 0.00
4500-5000 0 0.00 0 0.00 231 4.64 0 0.00
5000-5500 0 0.00 0 0.00 156 3.13 0 0.00
5500-6000 0 0.00 0 0.00 97 1.95 0 0.00
6000-6500 0 0.00 0 0.00 58 1.16 0 0.00
6500-7000 0 0.00 0 0.00 41 0.82 0 0.00
7000-7500 0 0.00 0 0.00 30 0.60 0 0.00
7500-8000 0 0.00 0 0.00 12 0.24 0 0.00
8000-8500 0 0.00 0 0.00 14 0.28 0 0.00
8500-9000 0 0.00 0 0.00 14 0.28 0 0.00
9000-9500 0 0.00 0 0.00 6 0.12 0 0.00
9500-10000 0 0.00 0 0.00 5 0.10 0 0.00
10000-10500 0 0.00 0 0.00 1 0.02 0 0.00
10500-11000 0 0.00 0 0.00 0 0.00 0 0.00
11000-11500 0 0.00 0 0.00 0 0.00 0 0.00
11500-12000 0 0.00 0 0.00 0 0.00 0 0.00
12000 - 12500 0 0.00 0 0.00 0 0.00 0 0.00
12500 - 13000 0 0.00 0 0.00 0 0.00 0 0.00
13000 - 13500 0 0.00 0 0.00 0 0.00 0 0.00
13500-14000 0 0.00 0 0.00 0 0.00 0 0.00
14000-14500 0 0.00 0 0.00 0 0.00 0.00
Time(hrs) 7.25 5.20 7.25 7.25
SUM(Sri>1000)] 3355 | 100.00 595 100.00 | 4982 100.00 | 2788 | 100.00
Total no. trucks| 4329 3407 4329 4329
Sre(Sri>1000) | 2128 1642 3554 1466
Nt (cycles) |1.26E+08 2.74E+08 2.70E+07 3.85E+08
Np(cycles) |4.24E+07 9.56E-+06 6.30E+07 3.53E+07
Nr (cycles) |8.34E+07 2.65E+08 -3.60E+07 3.49E+08
Nr (years) 18 260 -5 93

* Two hours of poor test data were deleted from the G106 results.
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methods give approximately the same distribution from the test data. In all cases, more

stress cycles resulted from the MCP counting procedure. Secondary stress cycles are
accumulated to a much greater extent with Rainflow than with the Mean Crossing Peak
Method (16). However, many of these cycles are less than 1000 psi; therefore, a bulk of
the Rainflow cycles were deleted from the spectrum. This in turn increases the magnitude
of the effective stress range. As a result, the two factors of decreased stress cycles and

increased effective stress range tend to offset each other.

The data from gages 103 and 104 were not included in the data results since the stress
responses were not significant enough to cause potential fatigue problems (i.e., less than

1000 psi).

3.4 Stress History

The bridge stress history was necessary to determine the number of significant loadings
(stress cycles) the bridge has experienced to date. This information made possible an
estimate of the probable remaining fatigue life due to present day traffic and predictions for
future fatigue behavior should the traffic volume increase. The parameters required in the

stress history estimation were the traffic volume and traffic characteristics on the bridge.

The assumption that pick-ups and other two axle vehicles were non-contributors to fatigue
was verified while collecting the data. Therefore, only the truck volume history and truck

traffic characteristics were estimated.

3.4.1 Truck Volume History and Truck Traffic Characteristics
The truck volume history was determined from the known Average Daily Traffic (ADT)

counts taken approximately 1.5 miles east of the bridge site (reference 22) from prior years
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and applying factors to account for the truck traffic characteristics. Since the characteristics

of the HRB were not recorded from years past, several assumptions were made: 1) the
truck traffic characteristics of the HRB in 1974 were similar to that of West Knoxville
bridges on I-40 in 1974; 2) the truck volume growth rate as a percentage of total traffic
increased linearly from 1974 to the present; and 3) the projected truck volume growth will
increase linearly. Based on these asshmptions, the truck traffic over the HRB was

determined as described in the following paragraphs.

The Average Daily Truck Traffic (ADTT) characteristics in prior years were determined
from a previous study of West Knoxville bridges in 1976. The study was conducted by
Goodpasture (9) in which the truck traffic was approximately 11% of the ADT based on an
estimated 1974 ADT of 40,000 vehicles (figure 3.13) for a bridge located in West
Knoxville on I-40. Since the assumption was made that the characteristics of the HRB in
1974 were similar to other Knoxville bridges in 1974, 11% of ADT was used as the truck
traffic characteristics of the HRB in 1974.

The Present Average Daily Truck Traffic (PADTT) characteristics over the HRB were
determined by a permanently installed counter located within 1.0 mile of the HRB. Data
were taken over a five day period. The good data were separated and multiplied by

appropriate seasonal factors. The results are shown in figure 3.14.

A comparison between figures 3.13 and 3.14 depicts an increase of 11% to 31.3% in
ADTT as a percentage of total truck traffic over Knoxville Bridges. Furthermore, it shows

an approximate increase from 46.4% to 86.8% ADTT in 3S2 trucks crossing the bridge.

Based on this information and the assumption of a linear truck volume growth rate, the
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truck volume as a percentage of ADT was factored into the known ADT for each year from

1974 to 1994. From these data, a least squares linear regression analysis was performed to
obtain the "best fit" curve. The resulting ADTT variation over time for the HRB is shown
in figure 3.15. From this graph, the total number of trucks (east and west bound
directions) the HRB has experienced to date (20 years) was estimated at 54,750,000

trucks.

3.4.2 Cycles Per Truck Passage
The correlation between fatigue cycles and truck traffic volume was determined by counting
the number of trucks that crossed the bridge during the testing period versus the number of
stress cycles computed for the test period. For each strain gage the number of cycles per
truck was estimated from test data by,
Avg. no. cycles/truck =Xni /T
where
Zni = total number of stress cycles computed for the strain gage location over
the test period, t
T = total number of truck crossings during test period, t.
The cumulative number of cycles the strain gage has experienced to date was then estimated
from the equation,
Np = Avg. no. cycles/truck x 54,750,000 trucks

The results for each strain gage location are tabulated in Tables 3.1-and 3.2.
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Chapter 4

Interpretation of Data
4.1 Floor Beam Design and Behavior
Span one is located between the HRB abutment and pier one. Three floor beams run
perpendicular to the longitudinal girders in this span and distribute the loads from the deck

and stringers to the girders, in addition to providing lateral bracing and stability.

The floor beams each consist of a 3/8”x42” web fillet welded to 3/4”’x9” top and bottom
flanges (figure 4.1). Bearing stiffeners are located underneath the stringers and
intermediate stiffeners are located at 4 foot intervals along the beam, which increase the

strength of the web to carry shear. All material is A36 steel.

The floor beam web is connected to a transverse connection plate on the girder by
seventeen 7/8 inch diameter high strength bolts (figure 4.2). To facilitate the attachment of
the web to the transverse connection plate on the girders, the floor beam flanges were
coped. The behavior of the coped flanges were of particular interest, since the coping
causes an 80-90% reduction in bending resistance (4). The combination of coping and
bending in the floor beams was expected to lead to stress concentrations and subsequent
fatigue cracking. The copes were categorized as an AASHTO fatigue design detail
Category E, which includes the ends of the longitudinal welds at the flange copes. On this
detail, a fatigue crack was expected to initiate at the longitudinal weld toe termination of the

flange cope and propagate into the web.

A gusset plate for lateral bracing is connected to the bottom flange of the outer floor beams
and welded to the girder web (figure 4.1, Section A). The lateral bracing was designed to

provide lateral stability to the bottom of the girder. The plate connection reduces the stress
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Figure 4.2 - Floor beam connection
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in the floor beam bottom web cope, since some of the bending stress is transferred from the

flange through the gusset plate to the girder web.

The deck and girder top flange act compositely and, therefore, are not susceptible to lateral
displacement. The high end restraint due to this composite action was expected to cause
greater stresses at the floor beam top web cope than the bottom web cope, since the
embedded girder top flange resists the floor beam cyclic end rotation. Higher stresses were
also expected in the top web cope, since the transverse connection plate was welded to the

top girder flange and not to the bottom flange (figure 4.2).

Knee stiffeners are provided on the compression part of the outer floor beams adjacent to
the outriggers. The stiffeners are designed to reduce out of plane distortion caused by the
cantilever action of the outriggers. Even though the stiffeners will increase the end
moment, M, of the floor beams, the section beam section modulus is significantly

increased. Therefore, no significant stresses were expected in these locations.

4.2 Comparison of Measured versus Calculated Stresses on the Floor
Beam |

4.2.1 Measured Stresses

The strain responses were obtained at each of the gage locations due to a 352 truck in each
of the lane loading conditions depicted in figure 4.3. The results are shown in figures 4.4
through 4.15, respectively. The strain responses were converted to stresses and tabulated
in Table 4.1. The strain responses of gages 103 and 104 were not significant (i.e., less
than 1000 psi) and, therefore, were not included in the Table.

4.2.2 Calculated Stresses

A two dimensional floor beam model (Appendix A) was used to interpret the measured
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Figure 4.4 - Strain responses for gages 105 and 106 due to a 3S2 truck - west bound right

lane
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Figure 4.5 - Strain responses for gages 120 and 121 due to a 3S2 truck - west bound right

lane
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Figure 4.6 - Strain responses for gages 105 and 106 due to a 3S2 truck - west bound
middle lane

micro-strain (in/in)

1319 1328 15321 1322 1323

test time(sec)

Figure 4.7 - Strain responses for gages 120 and 121 due to a 3S2 truck - west bound
middle lane

44



micro-strain (in/in)

Figure 4.8 - Strain responses for gages 105 and 106 due to a 3S2 truck - west bound left
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Figure 4.10 - Strain responses for gages 105 and 106 due to a 352 truck - east bound left

lane

Figure 4.11 - Strain responses for gages 120 and 121 due to a 3S2 truck - west bound left

lane
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Figure 4.12 -
middle lane
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Strain responses for gages 105 and 106 due to a 3S2 truck - east bound
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Figure 4.13 - Strain responses for gages 105 and 106 due to a 3S2 truck - east bound

middle lane
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Figure 4.14 - Strain responses for gages 105 and 106 due to a 3S2 truck - east bound right
lane
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Figure 4.15 - Strain responses for gages 120 and 121 due to a 3S2 truck - east bound right
lane
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stresses. The model was run using a "fixed" girder-floor beam connection and a "semi-
rigid" connection. The stress values for both conditions were calculated for the six lane
loading conditions depicted in figure 4.16. The two concentrated loads were determined to
be the static equivalent of the live and impact wheel loads of the 3S2 trucks which caused
the measured stresses (Appendix B). The model was run for each loading condition and
the stress distributions were obtained. The resultant stresses at the gage locations are

tabulated in Table 4.1.

The comparison of calculated versus measured stresses shows that the calculated stress
magnitudes were consistently larger. This was expected since a "fixed" floor beam

connection will have a larger bending moment and therefore greater stresses.

The west bound middle and left lane loadings of the measured stresses produced some
unexpected results. These loadings consistently caused compressive stresses at gages 105
and 106 during the passage of a 382 truck. It was expected that the stresses would be
opposite in sign. These stress results indicate that there was a large amount of compressive
stress in the bottom and a small amount of tensile stress in the top of the center floor beam.
Since this floor beam was 5.0 inches higher in elevation than the outer floor beams, the
compressive stress was transferred to the outer floor beam, while the tensile stress was

transferred to the girder web connection.

4.3 Interpretation of Floor Beam Stress Results

A series of qualitative conclusions can be made from the interpretation of the measured and
calculated stress results:

1) Bending, caused by differential girder deflection, produced significant stress

concentrations at the coped flanges. This was due to the partial fixity of the floor beam
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Figure 4.16 - Lane loading conditions with an equivalent truck for the calculated stresses
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connection and the reduction in section modulus at the coped flange.

2) Gages 105 and 120 exhibited stress ranges of magnitudes greater than gages 106 and
121, respectively, since the bottom portion of the transverse connection plate has greater
lateral displacement than at the top during an applied load. This is due to the higher end
restraint of the girder-deck composite action and the floor beam web-girder connection plate
top flange weldment. The higher end restraint can be seen in figure A.10, where the
bottom flange of the girder exhibits lateral displacement during an applied load.

3) Gage 106 exhibited stress ranges of lower magnitude than gage 105. Some of the
bending stress in the floor beam bottom flange is transferred to the lateral gusset plate
connection, thereby lowering the stress at gage 106.

4) Gages 103 and 104 did not exhibit significant stresses due to the knee stiffeners and the

lateral gusset plate connection.

All of these conclusions were expected from knowledge of the floor beam design and were
exhibited by the measured and calculated stresses. This indicates that the measured stress

data used in the fatigue life estimation of the floor beam were reliable.

4.4 Estimation of the Remaining Floor Beam Fatigue Life |

The remaining fatigue life estimates of the floor beams were compiled in Tables 3.1 and
3.2. The estimates indicated that a fatigue crack should have started to propagate in the
center floor beam at the location of Gage 120 approximately seven to eight years ago.
There are two reasons why a crack has not appeared, each involving conservative
assumptions used throughout the fatigue life calculations:

1) The AASHTO fatigue design tables which relate the stress range, S, to the number of
cycles, N, which can be resisted, were derived from test data. The tables, as described in

the literature review, are derived to expect that 97.5% of the experimental data would
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survive. The floor beam is obviously within the 97.5% category.

2) The procedure used to estimate the fatigue life of the floor beam was based on the
nominal stress range, neglecting stress concentrations caused by the flange cope and partial
fixity of the beam. None of the gage locations precisely meet this condition. The stress
concentration created by the flange cope will increase the measured effective stress ranges,

thereby decreasing the estimated remaining life.

There were also sources of uncertainty in calculating the stress history:

1) The first was the uncertainty in the number of cumulative cycles, Np, the floor beams
have experienced to date. This value was determined from a linear extrapolation of data
collected from present day and past traffic estimates, all of which required assumptions.

2) The second source of uncertainty was the correlation of the number of cycles generated
by a number of trucks at an effective stress range. Present day data were used to determine
the effective stress range and the number of cycles per truck, whereas, in actuality these
values have varied over the history of the bridge, since the truck traffic characteristics have
been changing. The tendency has been toward a greater number of 3S2 trucks, hence
heavier loads. There have also been increases in the legal truck weight limit from 72,000 to
80,000 pounds. These changes will result in a higher number of cybles per truck and a

higher effective stress range used in the fatigue life estimates.

The estimates for the gage locations of 106 and 121 indicate that there is no potential fatigue
problems, since all the stress ranges are below the fatigue limit, Fsr, for a category E detail
(4500 psi). Even though only a limited amount of data was collected over a brief period of
time, the estimates are probably valid. Any additional data collected is likely to result in

stress ranges greater than 4500 psi, especially at gages 106 and 121.
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Although the fatigue estimates are based on conservative assumptions and fatigue cracks at
the instrumented locations have not yet appeared, the fatigue life estimation was made in
accordance with the “State of the Art” Bridge Fatigue Estimation techniques (8) and
engineering judgment. Also, fatigue cracks have developed at the floor beam web copes in

the third span of the bridge.
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Chapter §

Summary
It was the objective of this thesis to: 1) study the critical details on the floor beams for
potential fatigue problems; 2) analyze the stress data; and 3) estimate the remaining fatigue
life of the floor beams based on the current and estimated future usage. The conclusions

are summarized as follows.

1) Floor Beam Critical Details - The results indicate that significant stresses developed at
the floor beam copes which cause fatigue problems. The stresses were caused by the
combination of girder differential deflection, partial fixity of the floor beam, and flange
coping. The elimination of coping is the simplest method of reducing potential fatigue
problems in design, for the three causes mentioned above. In the design of the bridge floor
beams, a simple span was assumed with only shear being transmitted to the girder through
the bolted connection. Therefore, the only requirement was to design for shear. The
simple span assumption is considered beneficial since it provides a conservative design,
and any partial fixity in the floor beam will increase the moment capacity. However, the
coping (i.e., reduced section modulus) in conjunction with the partial fixity of the

connection providing an applied stress range (moment) may cause fatigue cracking.

An acceptable floor beam to girder connection is shown in figure 5.1 (24), in which only
half of the flange is removed from the section. Here the connection provides a more

gradual reduction in the section modulus.

2) Data Results - A total of 7.25 hours of test data was analyzed from the strain gages on
the floor beams. The data was categorized using the Rainflow and Mean Crossing Peak

.methods. The stress range spectrums determined from the two methods are shown in
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Figure 5.1 - Acceptable floor beam to girder connection detail
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figures 3.5 through 3.12. At each gage location the spectrums were similar, which
provides an indication that the data are consistent and reliable. However, the total number

of stress range counts varied from 10% to as much as 50% due to the differences in the two

counting methods.

The Rainflow counting method counts half cycles, which significantly increases the
number of stress range counts at magnitudes less than 1000 psi. These lower stress ranges
were deleted from the data. The deletion results in an increased effective stress range for
both counting methods, but to a much greater degree for the Rainflow method. These two
factors of decreased stress cycles and increased effective stress range tend to offset each

other. Therefore, the two counting methods did produce similar fatigue life estimates.

In an effort to verify the measured stresses, a 2-D model of the floor beam was used to
calculate the stresses at the gage locations. In all loading conditions, the calculated stresses
were greater than the measured stresses. The differences ranged from 10% to 1000%. The
inaccuracy may have been due to the modeling of a "fixed" connection. Attempts were
made to model the connection as a "semi-rigid" connection which led to stresses of
approximately the same values. The inaccuracy from both models may be due to a greater
distribution of the truck loads to the adjacent girders and floor beams in the actual bridge.
There may also be inaccuracy in the determination of the equivalent loads. The 2-D model
did however verify the behavior and the locations of stress concentrations at the critical

details.

3) Fatigue Life Estimate - Using very conservative methods and assumptions, it was
shown that the floor beams are likely to develop fatigue cracks at the present time. The

Anspection program by the State DOT should pay particular attention to the floor beam
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flange-web fillet weld at the coped flange locations.
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Appendix A
Floor Beam Model
The floor beam cross section was modeled using a finite element program called
GTSTRUDL (Georgia Tech STRUctural Design Language). The program has the
capability to generate contours of principal stress distributions and calculate principal
stresses. This provided a method for identifying stress concentrations and approximating
|

stress magnitudes for each lane loading condition.

In the development of the model, the boundary conditions consisted of a spring constant at
the bottom of each girder to account for girder deflection. The spring constant value of ;
69.2kips/inch was calculated using GTSTRUDL (20). The floor beam and girders were ;
run in plane stress using “Iso-Parametric Quadrilateral Quadratic Displacement” elements,
with a steel modulus of elasticity equal to 29,000 ksi. The 7.5 inch concrete deck (E=3500
psi) was run as plane frame members and attached to the girders and floor beams by rigid
links.

The modeled structure is depicted below: |

CONCRETE DECK ' |

ST e T T T e T I
o == »‘ﬂgﬂjﬁ:b‘

SPRING CONST. SPRING CONST. SPRING CONST.

GIRDER
SPRING CONST.

Figure A.1 - Floor beam model

The floor beam girder connection was modeled under two conditions. The first utilized the
assumption of a "fixed" connection. The finite element mesh used for the connection is

shown in figure A.2. The structure was loaded in the six lane loading conditions as shown
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in figure 4.15. The resultant stresses are listed in table 4.1. The second condition involved
an attempt to model the connection as a "semi-rigid" connection. A detail of the finite mesh
is depicted in figure A.3. The results are listed in table 4.1. The stress distributions for
each lane loading condition are depicted in figures A.4 through A.9. An example of a

deformed structure with a magnification of 134 times is shown in figure A.10.
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Figure A.2 - Finite element mesh for “fixed” floor beam-girder connection

Figure A.3 - Finite element mesh for “semi-rigid” floor beam-girder connection




SXX MID CONTOUR STEP 0.300000 KIP/IN*+2
LD 1 MIN - 2.5776 MAX 1.9905
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Figure A.4 - Stress distribution of floor beam connection due to a 3S2 truck - west bound
right lane

SXX MID CONTOUR STEP 1.200000 KIP/IN**2
LD 2 MIN - 5.5563 MAX 11.2405 )

>
23.4286 HORIZONTAL IN UNITS PER INCH
X 23.4286 VERTICAL IN UNITS PER INCH

ROTATION: 2 0.0 Y 0.0 X 0.0

2

Figure A.S - Stress distribution of floor beam connection due to a 3S2 truck - west bound
middle lane
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SXX MID CONTOUR STEP 3.000000 KIP/IN**2
LD 3 MIN - 5.4917 MAX 25.;993

>
24.5714 HORIZONTAL IN UNITS PER INCH
X 24.5714 VERTICAL IN UNITS PER INCH

ROTATION: Z 0.0 Y 0.0 X 0.0
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Figure A.6 - Stress distribution of floor beam connection due to a 3S2 truck - west bound
left lane

SXX MID CONTOUR STEP 2.500000 KIP/IN**2
LD 4 MIN -10.9539 MAX 20.}173

>
24.5714 HORIZONTAL IN UNITS PER INCH
X 24.5714 VERTICAL IN UNITS PER INCH
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Figure A.7 - Stress distribution of floor beam connection due to a 352 truck - east bound
left lane
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Figure A.8 - Stress distribution of floor beam connection due to a 352 truck - east bound
middle lane
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Figure A.9 - Stress distribution of floor beam connection due to a 3S2 truck - east bound
right lane
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> plot deformed structure
**** TO ISSUE A PLOT COMMAND, TYPE

*END; PLOT..."
> overlay deformed dtructure
l 23.4286 HORIZONTAL IN UNITS PER INCH
**LOAD 2 MAGN 134.93 X 23.4286 VERTICAL IN UNITS PER INCH
>
ROTATION: 2 0.0 Y 0.0 X 0.0
(o] EERSER] O

Figure A.10 - Deformed structure at floor beam connection due to a 3S2 truck - west bound
middle lane
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Appendix B
Determination of Equivalent Loads for the 2-D Model
Equivalent loads to be placed on the 2-D model had to be determined in order to compare
calculated with the measured stresses. In the measured floor beam stress responses
(figures 4.3 through 4.14), the gross vehicle weights of the 3S2 trucks were unknown.
Also, the floor beam strain gage responses were not evaluated during the controlled load
tests (20). Therefore, equivalent loads were determined using the responses of gages
located at the bottom of the girder flange (G30 and G83). These responses were measured
during both the controlled load tests and during the floor beam stress tests. A ratio of these
values can be used to estimate the load which caused the measured floor beam stresses. The

procedure used was as follows:

1. The test truck was a 3D type truck of gross weight 77 kips. The test truck load was
positioned longitudinally along the influence line of a girder span for a maximum reaction at
the floor beam location. The maximum reaction was determined to be 54 kips from

moment distribution.

2. The 54 kip load was ratioed with the stress responses of the girder gages (G30 and
G80) during the controlled load and floor beam tests. Using this ratio, an equivalent load

can be estimated from any measured stress response in gages G30 and G80, where

Equivalent Load = 54 kips x Floor Beam Stress Response

Controlled Load Stress Response
These equivalent loads were then used for each of the lane loading conditions as shown in

figure 4.15.

A summary of the calculations is shown in the table B.1 below:
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Table B.1 - Determination of equivalent loads

Lane
(Gage 83 Stress Response)|(Gage 30 Stress Response)
west bound east bound
right | middle | left left | middle | right
. Controlled Load 2.61 1.85 1.17 1.35 2.13 3.19
ests (ksi) (=A)
. Floor Beam 0.667 | 1.102 | 1.16 0.87 | 0.899 [ 1.508
ests (ksi) (=B)
. Equivalent Load(kips) 13.80 | 32.17 | 53.54 | 34.80 | 22.79 | 25.53
=54xB/A)
. Wheel Load(kips) (=D/2)| 6.90 | 16.08 [ 26.77 | 17.40 | 11.40 [ 12.76
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