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FATIGUE CRACK GROWTH IN HIGHWAY BRIDGES

By Chitoshi MIKI*, Jun MURAKOSI** and Masahiro SAKANO***

The fatigue crack growth behavior in the visinity of AK,, under computer simulated
variable amplitude loads of highway bridge is studied experimentally. Fatigue crack
growth under these load fluctuations is evaluated by using the linear damaged rule with
paris law and AKj;, including the influence of stress cycles below AKy, with adequate
accuracy.
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1. INTRODUCTION

Fatigue damage at various parts of steel highway bridges has recently become conspicuous’™?, It has
been considered in the past that there was little possibility of fatigue damage to highway bridges occurring
in Japan, and in designing, except for cases of orthotropic steel decks, safety against fatigue had not been
checked®. However, when the conditions of traffic loads in recent years is considered, it is felt necessary
for thorough attention to be paid to fatigue in future design and in maintenance and care of existing highway
bridges.

Fatigue cracks in bridge membeérs are formed at parts of acute stress concentration such as toes of fillet
welds, and from defects in welding such as lack of fusion or slag inclusion Accordingly, for evaluation of
fatigue strength and service life of bridge members, the use of a so-called fracture mechanics concept
employing the relationship of the fatigue crack growth rate (da/dN) of the material and the stress
intensity factor range (AK) will be effective. In such case, since various types of vehicles with various
weights travel on the bridge in irregular order and at irregular intervals, the variations in stresses
produced at the various parts of the bridge are extremely complex. Consequently, it is of great importance
to investigate the fatigue crack growth properties under such variable stresses for performing fatigue life
analyses using the fracture mechanics.

There are many studies that have been made in the past regarding fatigue crack growth under variable
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stresses, and in the region where the Paris law holds good under constant-amplitude stress fluctuations, it
is indicated that a fatigue crack growth rate on average under variable-amplitude load fluctuations can be
predicted by using an equivalent stress range deduced by the linear damage rule, or by using
root-mean-square and root-mean-cube values which are close to the above?~1V. However, for evaluation of
the fatigue life of a bridge member, the fatigue crack propagation property in the vicinity of the fatigue
crack growth threshold stress intensity factor range, A K, is of importance. When the equivalent stress
intensity factor range for variable-amplitude load fluctuations including numerous repetitions of small
stress ranges where the values will be not more than AK,, in a constant-amplitude stress range is obtained,
even though the value may be below AK,,, apparently, fatigue cracks will grow?~?)_ Under
variable-amplitude load fluctuations, it will be a hypothesis on the conservative side to consider that AK,,

will disappear or to ignore its existence. However, for an evaluation of fatigue life of good accuracy to be
made, it is necessary to find how cycles of stress of which stress intensity factor is less than AK,, under
constant stress will affect fatigue crack growth,

The fatigue crack growth behavior in the vicinity of the fatigue crack growth threshold is complex and
many factors such as sequence of stresses and average stress will exert influences, Therefore, it is
necessary for fatigue crack growth characteristics to be investigated in a stress condition as close as
possible to the stress fluctuations produced in actual bridge members?~*_ In this study, traffic load
simulations were made with the array and weights of vehicles, and spacing between vehicles as random
variables, and fatigue crack growth tests were conducted with stress variations produced in bridge
members when the load sequence passes were directly made input signals, and particularly, the growth
behavior in the vicinity of AK,, was studied.

2. STRESSES OCCURRING IN HIGHWAY BRIDGE MEMBERS AND STRESSES
USED IN TESTS

An example of stress histories at the bottom flange when a truck travels across a plate girder bridge is
illustrated in Fig. 1%, In the United States, stress ranges are read from such records by the peak-to-peak
method with the objective of evaluating fatigue damage. In this case, the difference between the maximum
and minimum stresses resulting from passage of a single truck was the stress range, In effect, a single
stress range was produced by a single truck, and the other components of stress fluctuations were not
counted. The frequency distribution of the stress range determined in this manner was considered as
agreeing well with Rayliegh distribution, and many subsequent fatigue tests or fatigue crack growth tests
of welded joints and structural elements have employed Rayleigh distributions,

Recently, actual stress measurements on long-term bases have been going on at highway bridges of Japan
also. In these cases, stress-time records are A-D transformed and cycle counts of stress ranges are
performed by the rain flow method. Fig.2 shows
distribution curves on parts of the results of measure-
ment made by the Ministry of Construction where the
abscissa of the frequency distributions are divided by
the maximum stress ranges, with furthermore, the
total number of cycles as 10° times®. The ordinates
were made logarithmic. All of the distribution curves

Stress range

Stress

MYV AAAAA S A i
are of roughly the same shapes being slightly concave

from straight lines, This means that the frequency
distribution of stresses actually acting are more in

lower stress ranges than exponential distriburtions, to Time

indicate extremely one-sided shapes. Fig.1 Stress history at plate girder bottom flange when
The results of stress fluctuation waveforms gener- a truck travels across the bridge.

372s



Fatigue Crack Growth in Highway Bridges L 157

e :Bridge A F Vehicle type (7%’:) ‘
5 ——— S automobile 2 75
B I o g b 05 small truck L 12
ez 0 S = 2 axes large truck : 10
— M €S - 3 axes " v 2
- 104 NS Nl e oo —_ 1045- 4 axes trailer 01
9 = F : Bottom flange. I =2 (500 vehicles / hr)
Q - S : Stiflener upper end. o -
> S 10m
£ mlL 33 span
= E
g F g r
@ 5 B
dg; IOZE: %’_ IOZE—
< = b -
i - it -
lﬂlg ]Dlg—
IR R T T A RO \r | IS TN AR TUNT WOERE U SRR S W
0.0 0.5 1.0 - 0.0 ‘ 0.5 1.0
Non-dimensional stress range Sr/Srmax Non-dimensional stress range Sr/Srmax
Fig.2 Actual stress range frequency distributions in Fig.3 Stress range frequency distributions generated
highway plate girder bridges. by simulation.

ated by the computer simulation method® used in this study treated in the same manner are shown in Fig. 3.
The frequency distribution shape of stress ranges of simulated wave is very close to the shape according to
measurements, and it may be said that stress fluctuation waveforms by computer simulation adequately
represent actual stress waveforms, ‘

Fatigue crack growth tests were performed in this study with fluctuations in bending moment occurring
at the middle of a 20-m span of simply supported girders when a column of vehicles obtained in simulations
under the conditions given in Table 1 passes over as input waveforms. The number of vehicles producing
bending moments in the simulation was 100 000. Fatigue crack growth experiments were conducted using
waveforms deleting fluctuation waveform components below a certain proportion from the maximum values
of fluctuation waveforms produced with the purposes of saving the time required for fatigue crack growth
tests and to investigate the influences of low stress cycles, The method of deletion is shown in Fig, 4.

Deletion of fluctuation waveforms on the low side in this manner corresponds to ignoring stress components
produced when lightweight vehicles pass over the bridge singly.

Parts of the respective variable stress waveforms used in the tests and the results of cycle counting by
the rain flow method are shown in Fig, 5. There are stress ranges lower than the designated stress deletion
level counted in the frequency distribution diagram, but these are small stress fluctuation components
superposed on high stresses, and comprise a characteristic of using test waveforms in the form of
_preserving actual stress variations as much as possible.

Table1 Vehicle compésition of simulation used
for fatigue tests,

(1) set Smin

A -5-7-=--¥%- smin

Vehicle type Percentage J{
automobile 10
small truck 5 (2) delete LS A VS 0
2 axes large truck 25
3 axes large truck 50 l/ Testing waveform
4 axes trailer 10 (3) shorten

(1500 vehicles/h)

Fig.4 Deletion of low stress cycles.
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Fig.5 . (b) Frequency distribution diagrams of variable load range.

3. METHOD OF TEST

(1) Specimens

The tested steel was SM 58 of plate thickness 12.5 mm. The mechanical properties and chemical
composition are given in Table 2. The configurations and dimensions of specimens are shown in Fig. 6,
Fatigue damages in steel bridges occur at locations where high tensile residual stresses exist. Therefore,
tensile residual stresses were introduced in the specimens performing welding in a derection perpendicular
to cracking as shown in Fig, 6. The specimens were cut out from a flat plate, one side of which was bevelled
and welded, followed by gouging on the other side and welding, after which the thickness was reduced for
finishing. The welding conditions are shown in Table 3. The cracks, as they grow, pass the parts of heat
affected zone (HAZ) and base metal (BM). The HAZ parts were used for introducing precursory cracks
and measurements of crack propagation were done in the BM parts,

The residual stress distribution and the condition of redistribution accompanying crack growth are
shown in Fig.7. It can be seen that a high tensile residual stress exists at a tested section.

(2) Method of Test :

The fatigue crack growth tests were performed using an electro-hydraulic servo fatigue testing machine
of dynamic capacity 5 ton. The fatigue crack growth threshold stress intensity factor range under the
condition of constant-amplitude stress was obtained by AK decreasing tests. Stress ratio is zero in all
constant-amplitude loading tests. Fatigue crack lengths at this time were obtained by compliances
measured by strain gages attached at the backs of the specimens, with the loads reduced approximately 5
percent when the cracks had grown a designated amount (0. 15 mm in this particular study). These tests
were all performed automatically by personal computer (NEC PC9801). Crack lengths were also
measured supplementary by traveling microscope (50x). The stress intensity factor range AK was
determined by the following equation %
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Table 2 Mechanical properties and chemical compositions.

Mechanical properties Chemical compositions _. 300
yield  tensile elon- | C. Si. Mn P S = 0ok
strength strength gation @
(MPa) (MPa) (%) x100(%) x1000(%) 4 100
640 690 34 8 24 166 20 4 E
2 OF
&
8l 25 100
HAZ WM HAZ

2nd side : 3204 oo

arc voltage 1st side : 29V A e
2nd side : 31V HAZ (Back)

‘ 2 Table 3 Welding conditions. —
S 0 20 40
ri .T, wire YM-60A, ¢1.2 Dimension  (mm)
RN o shield gas | Ar 90% + CO 10%
5 7 A B Gage
i % welding current | 1st side : 250A s ¢ o O(Face) ‘

16,13 dimension : mm welding speed | 1st side : 20cm/min Cross Section
2nd side : 20cm/min . . . : .
Fig.6 Specimen with weld perpendicular (1ot side = face) Fig.7 Residual stress dlstrlbutxops of
to cracking. o specimen,
AK=AP/BvYW 2+a)/(1—a)*/*X(0.886+4.64 a—13.31 >+ 14.72 a*—5.6 a*) -+ (1)

where, AP is load range, B is plate thickness of specimen, g is crack length, W is width of specimen,
and ¢ is a/W (see Fig.6).

4. TEST RESULTS AND CONSIDERATIONS

(1) Constant-Amplitude Load Tests ;

The relationship between fatigue crack grwth rate da/dN and stress intensity factor range AK is
illustrated in Fig.8. The two have a linear relationship on logarithmic paper at the part of
da/dN>5%10""mm/cycle, and it can be seen that the Paris law is valid. As for da/dN, it is reduced
sharply from around 1X10~7 mm/cycle. The fatigue crack growth threshold stress factor intensity range
 AKy, is 2.1 MPay/m. ,

On application of the method of least squares to test results of fatigus crack growth rate above
10° mm/cycle, ‘

da/dN=1.03X10"* (4K)*"
is obtained.

Fig. 9 illustrates the relationship between backside strain and load, This figure shows that compliance is
constant and linear up to the point of minimum load and that closure of crack has not occurred,

The equivalent stress intensity factor for variable-amplitude load fluctuation described in the subsection
below is calculated by Egs. (2) and (3).

C‘AKm (AK>AKth)

da/dN= o AR AR i B il s i (2)
A/ AN = C (AR ™ AR D) cwonvereenresssssesssss st (3)

In general, Eq. (3) is said to express the fatigue crack growth behavior very well around the vicinity of
AKs, better, The two relationships are shown in Fig, 8, and compared with experimental values, it can be
seen that Eq. (2) is on the higher side and Eq. (3) on the lower side in the vicinity of AK;,. However, the
difference between the two equations is small according to the experimental results here since there is a
linearity in the da/dN — AK relationship due to the influence of tensile residual stress. Incidentally, on
obtaining the sum of the squares betweem experimental values and estimated values according to the
regression equation at growth rates below 107° mm/cycle, the ratio between the two is 1.0004.
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amplitude loading.

(2) Equivalent Stress Intensity Factor Range

Fatigue crack growth behavior under variable load is expressed dividing according to a certain number of
cycles of stress, or block, and obtaining the average-type behavior for the block. The equivalent stress
intensity factor range AK., deduced by the linear damage rule is used at this time.

AKeqz[(ZAKim Nz/ZNi)]l/m ]

(3) Fatigue Crack Growth under Variable-Amplitude Load Fluctuations

The relationship between average crack growth rate dg/dN and the equivalent stress intensity factor
range AK., is shown Fig. 10. The solid line in the figure is the mean line, 4, of fatigue crack growth rate
under constant-amplitude load, and the broken lines are 4+2 ¢ (¢ : standard deviation). The solid marks
in the figure indicate the test results for AKpyn> AK,,, that is, all stress cycles are above AK,, and the
open marks the results for AKun<AKu<AKmpax. Hereafter, the former will be called Case I and the
latter Case Il (see Fig.11), and the test results are examined divided into these two domains.
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Fig.10 Relationship between da/dN and AK., (AKmn>AK.,, solid marks) .
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a) Case I

When all stresses are above AK;,, it has been as
certained even in past studies that the linear damage rule is
valid irrespective of type of load or sequence of load such as
random or block, and the same results have been obtained in
these tests also. In effect, the relation between AK.,
determined by the experiments shown in the figure and
(da/dN)es: coincides with the fatigue crack growth
behavior under constant-amplitude load.

b) Casel

The fatigue crack growth behavior under variable loads
straddling the threshold is shown in Fig, 12. The abscissa
shows the equivalent stress intensity factor AK,, obtained
from all AK.

The growth rate (da/dN) gradually decreases with all
variable amplitude loading tested as AK,, declines, and a
sudden reduction in da/dN is not seen as in the neighbor-
hood of AK,, in constant-amplitude load tests. That is,
even when AK,, is below AK,,, there is apparently crack
growth, If it is considered that AK,, does not vary as

Fatigue crack growth rate da/dN

Frequency

161

Casel

Sy
(&)
foud
(9]
-
o
@
j .
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AKth

Stress intensity factor range AK

Fig. 11

Schimatic of AK frequency distribution
Case] and Case I,

excessively small stresses are repeated, it may be considered that the fatigue crack growth threshold value
for AK., is when the maximum value AKyay amongst variable loads is equal to AK,,. Consequently, the
higher that the deletion level of the testing variable stress is made, the higher will be AK,, in relation to
AKwmax, and the growth threshold value will be apparently high. Because of this, different fatigue crack

growth curves will be produced depending on the stress spectrum.

The three curves in Fig, 12 respectively predict fatigue crack growth amounts applying the linear damage

rule according to one of the following
D AK., is ignored,

@ The growth rate is expressed by two straight lines (Parls law and AK,,).

(® Curve including AK,, (Eq. 3)
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In the estimation according to () in which the threshold is not considered, the evaluation will be on the
conservative side. Regarding the estimated value according to (3), the experimental value is larger. In
contrast, it may be seen that the estimated value (da/dN) es: according to (2) in which evaluation is made
on somewhat the conservative side near AK,, predicts well the fatigue crack growth behavior under
variable load. Because of this, it is thought that near the threshold there is an acceleration effect albeit
slight due to repetitions of stress below the growth threshold value in relation to the same AK compared
with the condition under a constant-amplitude load. This trend is seen for all stress spectra,

Fig. 13 is a rearrangement of experimental data considering that only components above AK + amongst
variable-amplitude load fluctuation components contribute to fatigue crack growth, In this figure, the
abscissa gives the equivalent stress intensity factor range AK,,* obtained for values of AK higher than
AK:s, and the ordinate the amount of crack growth for cycle above A K. Experimental values arranged by
such a method coincide with the fatigue crack growth relationship (solid line : average y; broken line :
average u+2 o) under constant-amplitude stress. Hence, it is clear from this also that the influences of
acceleration effects due to excessively small stresses below the threshold A K;» are so small as to be of no
significance,

According to the foregoing, a slight acceleration effect due to cycles of stress lower than A K, can be
seen under variable load compared with the fatigue crack growth behavior under constant-amplitude load.

It may be said that fatigue crack growth rate under such a condition can be estimated with ample accuracy
by the method of (2. ‘

5. CONCLUDING REMARKS

Variable stresses occurring in highway bridge members due to traffic loads were obtained by computer
simulations, and the fatigue crack growth behaviors when subjected to such variable stresses, especially
centering on the vicinity of the fatigue crack growth threshold AK,,, were studied. In this study, assuming
welded joints, specimens pieces such that tips of fatigue cracks in specimens would always be tensile
residual stress fields were used. '

The principal results obtained in this study were the following

(1) In case stress ranges of variable stresses are all higher than A K., the relationship between the

equivalent stress intensity factor range AK,, determined by the linear damage rule and the fatigue
crack growth rate da/dN on average coincides with the da /dN-to AK relationship under
constant-amplitude load, :
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(2) In case many stress ranges in which variable stresses will be less than AKj, are contained, there

is slight acceleration effect due to cycles of stress below AK;, seen, but this is of a degrée that can
be ignored, )

(3) When the linear damage rule is applied using the Paris law and AKj, obtained in fatigue crack

growth tests in a constant stress range, it is possible to estimate fatigue crack growth under
variable amplitude load fluctuations, including the influences of cycles of stress below AK,,, with
adequate accuracy. )
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