FATIGUE LIFE OF BRIDGES UNDER REPEATED
HIGHWAY LOADINGS
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An investigation was made to determine cumulative effects of vehicle load-
ings onthe useful life of steel-stringer highway bridges typical of those en-
countered on heavily traveled routes in Alabama. Three typical steel-
stringer bridges were selected for strain-gauge instrumentation and data
collection to obtain their in-service stress histories. Strain-event data
were collected at critical points on the steel stringers of each bridge until
a representative 24-hour around-the-clock sample was obtained. Truck
counts and classifications were made during the 24 hours of sampling to
estimate the annual volume of trucks producing significant stresses in the
steel stringers and to establish truck-type frequency distributions at each
bridge. Fatigue curves were developed for the steel stringers and were
used in conjunction with the stress histories and currently accepted fatigue
concepts to estimate the fatigue life of each bridge. Results indicated that
the bridges were not in present danger of fatigue failure. However, this
conclusion is limited to the 3 bridges investigated and the interpretation of
the cumulative effects of the stress events recorded at each bridge.

eTHIS REPORT is a study of cumulative effects of vehicle loadings on the useful life of
steel-stringer highway bridges typical of those encountered on heavily traveled highways
in Alabama. It is directed toward the experimental determination and interpretarion of
the ranges and frequencies of the dynamic live-load stresses produced in the steel
stringers of 3 such bridges under normal traffic conditions during a typical 24-hour pe-
riod at each location.

The main objectives of this investigation were to (a) determine the frequencies of var-
ious levels of stress at several selected critical points on the steel stringers of each
bridge; (b) relate the spectrum of truck types to the spectrum of dynamic live-load
stresses produced at selected critical points on the steel stringers of each bridge; and
(c) correlate the dynamic live-load stress events produced at selected critical points
by normal truck loadings with accepted fatigue concepts for predicting the fatigue life
of each bridge.

Each bridge is located on a 4-lane, divided highway carrying a traffic volume ineach
direction of 5,000 to 7,500 vehicles per day including 750 to 1,000 trucks other than pan-
els and pickups. Results from loadometer studies on these routes indicated that approx-
imately 10 percent of all trucks have loads heavier than those recommended by AASHO.
Approximately 19 percent of the single-unit, 3-axle trucks were found to be overloaded;
furthermore, about 6 percent of those were overloaded by 50 percent or more.

With continually increasing sizes, weights, and volumes of heavy trucks in highway
traffic, the Bridge Bureau of the Alabama Highway Department has been increasingly
concerned about the increased live-load dynamic stresses resulting from such traffic
and the probable effects such stresses have on fatigue life of its bridges, particularly
old bridges. This concérn about the fatigue life of bridges is shared by all other high-
way departments and the Federal Highway Administration. This study was aimed at
determining whether the 3 bridges investigated, which are typical of most steel girder
designs, were subject to structural distress from fatigue stresses in the rolled steel
girders.
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TEST BRIDGES

The 3 bridges selected for investigation had steel-stringer spans with diaphragms or
crossbeams connecting the individual stringers at the ends of the span and at interme-
diate points. Two of the bridges were simple-beam spans, and the third was the first
span of a 3-span continuous bridge. Each bridge had a reinforced concrete deck and
was designed for AASHO HS20-44 loading. The 2 simple spans were composite and the
3-span continuous was noncomposite construction. Each bridge had partial-length-
tapered end cover plates with continuous fillet welds all around. The test bridge num-
ber, location, type, and span length are given in Table 1.

INSTRUMENTATION

At each test bridge electrical resistance strain gauges were attached to the 2 steel
stringers in the primary traffic lane at the points of maximum moment and at points 4
in. from the ends of the cover plates. Previous study (1) has indicated that a distance
of 4 in. from the end of the cover plate is far enough so that the strain measured is not
at the point of maximum stress concentration and is near enough so that measurements
reflect the strain response at the end of the cover plate. All strain gauges were located
immediately below the web on the outer surface of the bottom flanges of the steel girders

DATA COLLECTION

In-service stress history for each of the 3 bridges was obtained by collecting strain-
event data concurrently from the 4 individual gauge locations for given time intervals,
ranging from 4 to 8 hours, until a representative 24-hour around-the-clock sample was
obtained. Truck counts and classifications were made ateach bridge during the 24 hours
of sampling to estimate the annual volume of trucks producing significant stresses in
the steel stringers and to establish truck-type frequency distributions at each bridge.

Preliminary monitoring at the 4 selected critical points on each bridge indicated that
panels, pickups, and automobiles caused no significant stresses at those selected points.
Therefore, the representative 24-hour samples were restricted to the truck types shown
in Figure 1, to buses, to tractors towing house trailers, and to any trucks not other-
wise classified or excluded. Sampling of the strain events began in April 1969 and was
concluded in June 1970. Samples were taken Monday through Thursday, excluding liol-
idays, during the months of April, May, June, and July.

FREQUENCIES OF TRUCK TYPES

Frequency distributions of the 5 most common truck types as determined from the
representative 24-hour sample for each bridge location are shown in Figure 2. In gen-
eral, these distributions were quite similar except for some minor variations. Type
I trucks were more frequent on bridge 1 than on the other bridges probably because
those trucks were used in coal mine operations in the immediate vicinity. It was not
unusual for this type of truck to cross the bridge 2 to 4 times daily between 8:00 and
3:00. Figure 2 shows that type 3S2 trucks were the most frequent on each bridge.

Figure 2 also shows the number of trucks counted during the representative 24-hour
sample. This 24-hour count, when multiplied by 365, was used to estimate the annual
truck volume causing possible significant stresses in the steel stringers.

STRAIN RESPONSE AND STRESS HISTORIES

A typical oscillograph record showing the strain response at the point of maximum
moment and at the end-of-cover-plate locations of both instrumented stringers of bridge
1 is shown in Figure 3. This response was caused by the passing of a heavily loaded,
type I truck traveling approximately 40 mph in the primary traffic lane of the bridge.
The strain response is characterized by a single maximum value with no significantre-
bound strain. The oscillograph record shown in Figure 3 is typical of the several thou-
sand strain events recorded for the test bridges. The stress range for a single event
is defined as the algebraic difference between the maximum and minimum stresses.



Table 1. Description of test bridges.

Span
Length
Bridge  (ft) Bridge Type Location
1 80 Simple span, rolled beams with tapered end Over Southern Railroad on road from Sayre to Alden
cover plates
2 50 Simple span, rolled beams with tapered end Over Warrior River on road from Kimberly to Blount
cover plates County line
3 80% First span of 3-span continuous, rolled Over Alabama River on road from Hunter Station to
beams with tapered end cover plates Prattmont
Figure 1. Truck Figure 2. Distribution of 5 most 607 BRIOGE 2
identification and codes. common types of trucks. j 24 np, e~
Type 2D
60 - BRIDGE |
B
_ 24 hr. sample =
> 622 irucks BRIDGE_3
40 60 1 =2 —=2=—~
@ g 3ro 24 hr. sample =
w 24 1048 trucks
Type III g 20
o 261
- o
GQD 20 281 252 3S2 Other
Type 2SI TRUCK  TYPE
IQ Figure 4. Distribution of stress range at
end-of-cover-plate point on interior stringer.
Type 252 40(
Qf_‘—m sdf
R
Type 352 B ]
S 20} BRIDGE |
w
=2
a
w
[:4
w 'o b
48 = T T | ] T T
Figure 3. Typical strain or stress response of
bridge 1. ]
S ) 30}
Stress Range, S,
£
Interior Stringer, >
Maximum Momenf g20f BRIDGE 2
LR it ]
- o
f 2
Sr Interior Stringer, *1of
N End of Cover Plate
5 ) o | NS RN N R B m—
v A 40,
Exterior Stringer,
Maximum Moment
. 30 ~—
r Exterior Stringer, T
End of Cover Plate £
o
Qzof BRIDGE 3
w
o
Time Scale ’-"Sﬁ-‘ w
v jof
Stress Scale E.OOO psi o \’——I_ﬂ_'_‘\—

1 | I I | 2!‘,, 1 i
250 1250 2250 3250 4250 5250 6250 7250
STRESS RANGE, psi



16

Summaries of the stress-range frequencies for the most critical point, insofar as
fatigue is concerned, on each bridge are shown in Figure 4. These stress-range fre-
quency distributions were determined from the strain events recorded during the 24-
hour sampling period for each bridge.

FATIGUE CURVES

Fatigue curves presented in this report for steel beams with partial-length cover
plates were developed from the Munse-Stallmeyer data (2) and the modified Goodman
law (3) to establish stress-range values and their corresponsing number of cycles to
failure. Munse and Stallmeyer presented test results demonstrating the effects of struc-
tural details on the fatigue behavior of welded flexural members. Included in the data
for partial- length tapered end cover plates welded all around were the stress range val-
ues at 2 x 10° cycles and 1 x 10 cycles for constant cycle zero-to-tension loading. The
stress-range values at 2 x 10° cycles and 1 x 10° cycles were reported as 11,400 and
34,000 psi respectively. These data were obtained from tests conducted on A 373 steel
rolled beams with partial-length-tapered end cover plates welded all around by using
ET7016 electrodes and manual arc welding.

The Munse-Stallmeyer fatigue data on partial-length-tapered end cover plates were
obtained by constant cycle zero-to-tension tests. The minimum stress during these
cyclic loading tests wes zero. In actuality, because of the weight of the bridge struc-
ture itself, there exists in the steel bridge stringers a minimum or dead-load stress of
other than zero. A loading test that includes a dead load or minimum stress is referred
to as a constant cycle dead load-to-tension loading test. The effect of this dead load or
minimum stress for a constant fatigue life is to reduce the corresponding stress range
value.

One procedure for determining the effect of a dead load or minimum stress for a
constant fatigue life on the stress-range value obtained from zero-to-tension loading
tests is shown in Figure 5. This procedure is known as the modified Goodman law or
modified Goodman diagram. These diagrams were constructed from the basic Munse-
Stallmeyer data by assuming an ultmnte tensile strength of 60,000 psi. The stress-
range value (3,800 psi) at 2 x 10° cycles for zero-to-tension loading (S,;, = 0) was calcu-
lated as ' the stress-range value at 2 x 10° cycles (S,, = 0) according to House Docu-
ment 354 (4). The diagrams shown in Figure 5 are plotied as straigit lines in such a
way that they converge on the ultimate tensile strength. As demonstrated by Grover,
Gordon, and Jackson (3), this straight-line approximation of fatigue behavior at various
lifetimes gives conservative values of stress range for minimum stresses below the
ultimate tensile strength.

Fatigue curves shown in Figures 6 and 7 were developed for the end-of-cover-plate
gauge locations only because the stresses determined at other gauge locations (at points
of maximum bending moment) were well below the endurance limit of the material. Thes«
fatigue curves were developed by using 2 methods in which dead-load stresses were both
neglected and considered. This procedure resulted in a total of 4 different curves de-
seribing the fatigue behavior at the end-of-cover-plate gauge locations. Dead-load
stresses at the end of cover plates were estimated from bridge plans, and an average
value of 7,500 psi was selected as being representative and was used in preparing the
fatigue curves.

Method 1 fatigue curves (Fig. 6) were developed by assuming a linear log-log rela-
tion between stress range and cycles to failure. Method 2 fatigue curves (Fig. 7) were
developed by assuming a linear relation between stress range and the logarithm of cycles
to failure.

FATIGUE LIFE

The service conditions of bridges require that the steel stringers undergo many cy-
cles of stress having many different magnitudes applied in a random manner. Miner's
cumulative fatigue damage theory allows these factors to be considered when fatigue
data are analyzed (5).



17

Figure 5. Modified Goodman diagram prepared from 60
Munse-Stallmeyer data for partial-length-tapered end cover
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Table 2. Estimated fatigue lives and Fatigue Life Considering Fatigue Life Neglecting

annual truck volume for test Annual Dead-Load Stress (year) Dead-Load Stress (year)
bridges. Truck
Bridge Volume Method 1 Method 2 Method 1 Method 2
1 227,030 1,329 2,118 2,160 3,516
2 382,520 2,599 4,198 4,516 6,640

3 426,685 6,181 8,536 10,742 12,226
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In Miner's theory it is hypothesized that, if a material is subjected to n, cycles at
a stress-range level S, where its expected fatigue life is N; cycles, the {ractional fa-
tigue life used up is n;/N, . It is further assumed that, if a material is subjected to a

stress-range spectrum Si, Sz, ..., S;,... and if the cycles are applied nj, nz, ...,
n,, ... times at the respective stress-range level, then fatigue failure will occur when
k
Yy n,/N, =1
i=1

Miner's cumulative damage theory was used in conjunction with each of the 4 fatigue
curves for determining the fatigue life of each bridge based on the stress-range fre-
quency distribution at the end-of-cover-plate gauge location on the mosthighly stressed
stringer. For each bridge the interior stringer was found to be most highly stressed.

Table 2 gives the predicted fatigue life of each bridge and the estimated annual truck
volume causing possible significant stresses in the steel stringers (details of procedure
used to determine fatigue lives and given in the Appendix.) The estimated annual truck
volume, determined by multiplying the 24-hour count by 365, and the stress-range fre-
gquency distributions were assumed to be constant for the entire life of each bridge in
determining the fatigue lives.

With both methods, the fatiguelives determined by considering dead-load or minimum
stress were significantly less than fatigue lives determined by neglecting dead-load
stress. Fatigue lives based on method 1 were less than corresponding ones based on
method 2. The several fatigue lives were calculated for each bridge to emphasize the
wide variations that exist depending on the particular relation assumed between stress
range and cycles to failure and whether minimum stresses are considered. The large
variations in fatigue life predicted by these several procedures would indicate that ad-
ditional experimental work is needed for determining more rational estimates of fatigue
life, thereby narrowing the range of uncertainty.

CONCLUSIONS

Only a casual inspection of the estimated fatigue lives given in Table 1 for the 3
bridges is required to see that in no case is the fatigue life less than 1,329 years, and
in most cases it is considerably longer. If it is assumed that either of the procedures
used for determining fatigue lives is reasonably valid, one would conclude thatcurrently
employed bridge design specifications lean heavily toward the conservative side. This
conclusion, however, is necessarily limited to the 3 bridges investigated and to the crit-
ical points considered on the stringers of these bridges.

The validity of the fatigue lives given in Table 1 is limited to the applicability of
the Munse-Stallmeyer data, Goodman's modified law, Miner's cumulative damage theory
and the interpretations explained in the body of this report.

The Munse-Stallmeyer data were extrapolated by assuming the stress range value
2 x 10® cycles to be s the stress range value at 2 x 10° cycles according to House Docu-
ment 354 (4). This extrapolation was necessary because no fatigue data in this range
were available.

The Munse-Stallmeyer data were restricted to stress-range values obtained from
constant cycle zero-to-tension loading tests. To incorporate the effect of a constant
dead-load or minimum stress on the fatigue lives, the modified Goodman law was used
to modify the stress-range values obtained from constant cycle zero-to-tension loading
tests.

Miner's cumulative damage theory assumes that fatigue damage is independent of the
order of application of the various stress levels. In reality, bridges are subject to ran-
dom loadings and hence random stresses, and the use of a fatigue damage concept ne-
glecting this fact may not be entirely valid.

Other factors that were not considered in this study and that could significantly af-
fect the fatigue life of the steel-stringer bridges include the effect of combined stresses,
surface roughness, residual stresses, temperature ranges, creep, and corrosion. Each
of these factors would tend to alter the fatigue life if their effects could be incorporated
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APPENDIX
EXAMPLE OF PROCEDURE USED TO DETERMINE FATIGUE LIVES

This example illustrates the calculations for determining the fatigue life of bridge 1
based on the stress ranges and frequencies at the end-of-cover-plate point on the most
highly stressed stringer; method 1 considering dead-load or minimum stress is used.
(Method 1 provides a more conservative estimate of fatigue life than method 2.) Other
fatigue lives given in Table 1 were determined in a similar manner.

1. From the proper stress-range frequency distribution (Fig. 4), determine the
stress ranges and their corresponding frequencies as given in Table 3, columns 1 and
2 respectively. The estimated annual truck volume causing possible significant stresses
was estimated from the 24-hour count to be 22,030.

2. Multiply each of the stress-range frequencies by the annual truck volume to de-
termine the annual number of damage cycles at each of the stress-range levels as given
in column 3 of Table 3.

3. From the proper fatigue curve (Fig. 6), determine the fatigue life at each of the
stress-range values given in column 4 of Table 3.
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Table 3. Fatigue life factors for bridge 1. 4. Divide each of the annual damage
g cycles by the corresponding fatigue life

Stress Stress-Range Annual Fatigue Annual as given in column 5 to obtain the annual

Range Frequency Damage Life Damage d fact t h

(kksi) (percont) Cyeles (10”) (107%) amage factor at eachof the stress-range

.25 0.64 4643 0.7 0.192 Velues

3 .645 1,464.3 761 1

Rt 0 1096.6 Ao o ' 5. Add all the a.nnual damage factors

6.25 0.967 2,195.4 1.418 0.155 in column 5 to obtain the total annual

5,75 1.130 2,565.4 2.011 0.128

5.25 0.483 1,096.6 2.945 0.037 damage.

4.75 1.130 2,565.4 4,480 0.057 : el : N

495 9,410 5.471.4 7 142 0.077 The fatigue life is determined by tak

ing the reciprocal of the total annual fa-
tigue damage that corresponds to the fa-
tigue life given in Table 2. For this ex-
ample the total annual fatigue damage
was found to be 0.752 x 10~® or 0.000752. This means that 0.000752 represents the frac-
tional part of the fatigue life of bridge 1 that is used up annually. Therefore, the esti-
mated fatigue life of bridge 1 is as follows:

Total 0.752

Fatigue life = 1/total annual fatigue damage
=1/(0.752 x 107°) = 1,329 years

The fatigue life calculated in this example and those given in Table 2 were determined
by assuming a constant annual volume of trucks causing possible significant stresses.
If the annual truck volumes were to increase, there would be a corresponding decrease
in the bridge fatigue lives.

If it is assumed that the annual truck traffic at the end of the bridge fatigue life is 10
times the present 227,030 and if it is further assumed that the increase is linear with
time, it would mean that the average annual truck volume would be 5.5(227,030). The
average total annual fatigue damage would be 5.5 times the present 0.752 x 10-°. Based
on these assumptions, therefore, the estimated fatigue life of bridge 1 would be
1/5(0.752 x 10-") = 241 years.

If the annual volume of truck traffic at bridge 1 were to remain constant from year
to year, its estimated fatigue life by method 1 considering minimum (dead-load) stress
would be 1,329 years. But if it is assumed thai iie annual truck traffic increascs
linearly with time and reaches 10 times the present volume at the end of the bridge fa-
tigue life, the estimated fatigue life would be reduced to 241 years.

Because a tenfold increase in the annual truck traffic is not likely to be reached, it
would appear that the estimated fatigue life of bridge 1 would be somewhere between
241 and 1,329 years. If perfect maintenance, no change in vehicle weights and compo-
sition of truck traffic, and a more moderate increase in such traffic are assumed, the
theoretical fatigue life of bridge 1 would probably be between, say, 500 to 600 years.



