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Fatigue Design of the Honshu-Shikoku Bridges in Japan

Dimensionnement a la fatigue des ponts de Honshu-Shikoku au Japon

Ermiidungsfestigkeitsnachweis der Honshu-Shikoku Briicken in Japan

Y. MATSUZAKI

Director

Honshu-Shikoku Bridge Authority
Tokyo, Japan

K. MURAKAMI

Chief of Design Division
Honshu-Shikoku Bridge Authority
Tokyo, Japan '

SUMMARY

H. SHIMOKAWA

Director

Honshu-Shikoku Bridge Authority
Tokyo, Japan

This report describes the fatigue design concepts used for the Honshu-Shikoku steel bridges. In particu-
lar, design load conditions, fatigue strength of wetded joints and welding conditions in fabrication are

discussed.

RESUME

Cet article décrit les bases du calcul & la fatigue utilisées pour le dimensionnement des ponts métalliques
de Honshu-Shikoku. || commente en particulier les charges de calcul admises, la résistance a la fatigue
des assemblages soudes ainsi que les conditions de soudure lors de la fabrication.

ZUSAMMENFASSUNG

Der Beitrag beschreibt die Bemessungskonzepte, die bei den Honshu-Shikoku Stahlbriicken angewendet
wurden. Insbesondere werden die Lastannahmen und die Ermidungsfestigkeit geschweisster Verbin-
dungen sowie die Schweissbedingungen wahrend der Herstellung beschrieben.
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1. INTRODUCTION

Of the Honshu-Shikoku bridges on the three routes, the bridges on the Kojima-Sakaide route are
designed to be of the highway and railway combination type, and the total number of trains within 100
years of the service life is expected to be 9.5 x 10®. And as the quenched and tempered high strength
steel of 58 ~ 80 kg/mm? class which is rarely used for bridges will be used in the Honshu-Shikoku
bridges considerably, the fatigue design is one of the important problems.

Therefore, Honshu-Shikoku Bridge Authority has conducted fatigue tests on many small specimens
made with quenched and tempered high strength steel, furthermore, the Authority has conducted
fatigue tests on large scale specimens of truss models and various kinds of welded joints made with
quenched and tempered steel since 1975, by using a large scale fatigue testing machine specially
provided which has a capacity of 400 tons dynamic loading.

This report describes the basic idea of the fatigue design of the Honshu-Shikoku bridges which has

been decided as a result of consideration of such tests.

2. TRAIN LOAD

Construction of highway with four lanes and railway with four tracks (two for ordinary line cars and
two for Shinkansen cars) are planned on the bridge on the Kojima-Sakaide route (Fig. 1), but the limit
of simultaneous passage of two trains has been considered on the design of a suspension bridge in point
of view of economy. The train load adopted is the same with the one provided in the design standards
of the Japanese National Railways as shown in Fig. 2. As the loaded length of the influence line of the
stiffning truss, tower and cable of suspension bridge is comparatively long, only the load of the pulled
cars needs to be considered. Therefore, for simplification of calculation, it has been decided to design

by the use of equivalent uniform loads.

30.000 |

Highway

Figl. Cross-Section of suspension bridge (Kojima-Sakaide Route)
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Fig.2. Train load

2.1 TRAIN LOAD FOR STATIC DESIGN

The load of the Shinkansen has been set at an average load intensity of 3.8 t/m of a passenger train P19
(300 per cent of the passenger capacity) and the maximum loaded length at 320 m (train of 16 cars).
The load intensity of the ordinary line has been set at 3.8 t/m, same as that of the Shinkansen line in
consideration of real weights and wheel distance of cars etc., and the maximum loaded length at 370 m

in consideration of the tractive force of locomotive engines.

2.2 TRAIN LOAD USED FOR FATIGUE DESIGN

It has been decided that 2.7 t/m per one track (maximum loaded length 400 m), average load intensity
obtained by the modified Miner’s rule, is to be used as the train load used for fatigue design in
consideration of frequency distribution and the simultaneous passage of trains to be limited to a single
track. And it has also been decided that, in order that the cumulative effects of the passage of various
kinds of trains on a single and double tracks may be considered, allowable fatigue stress is to be

modified according to the degree of cumulative effects.
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3. ALLOWABLE FATIGUE STRESS

The joint details have been classified into four grades with-respect to the normal stress and three grades
with respect to the shearing stress based on many test data and the fatigue strength, and the allowable
fatigue stress at 2 x 10° loading cycles has been fixed for each of grades,

Furthermore, in order that the cumulative effects of various trains within 100 years of the service life
may be considered, the S-N curve of each grade has been fixed and modified coefficients of allowable

fatigue stress have also been fixed by using the modified Miner’s rule.

3.1 CLASSIFICATION OF JOINTS

Table 1 shows the classification of grades of representative joints and Table 2 the allowable fatigue

stresses.

Table1 Classification of joint details

Category

Joint  details 41 ~53kg/me’ |58~ 80 kg/mm-

Class Steels | Class Stests

/

%/g A | B

B | c s

@m c

% Regular bead shape of fillet weld

Table2. Fatigue aliowable stress {R=0)

Catagory Fatigue allowable stress

A 16.3 kg/mm?

12.76 kg/mm?

8.0 kg/mm?

B
C 105 kg/mm2
D
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The test results of longitudinal groove welded joints made with quenched and tempered steel
indicated that the fatigue strength of the large scale truss model specimens was considerably low due to
welding defects (blowholes etc.) at the corner welding of truss chord member. And the tests of
longitudinal groove welded and box section specimens revealed that the fatigue strength of the box
section specimens was considerably lower than that of the longitudinal groove welded specimens. The
limits of defects of longitudinal groove welded joints have been fixed by these test results and the
longitudinal groove welded joints made with quenched and tempered steel has been classified as the
category “B” shown in Table 2.

With respect to transverse fillet welded joint, the results of tests indicated that the fatigue strength
with large specimens tends to be lower than small ones. In the case of quenched and tempered steel,
since the use of low hydrogen electrodes for welding makes bead convex and reduces the fatigue
strength, the category has been classified as ““C” same as mild steel on condition of use of improved

electrodes to make good bead shape of fillet weld.

3.2 S-N CURVE

The fatigue tests of large specimens revealed that fatigue cracks are formed at an extremely early stage
of the repeated load and nearly all their lives until failure are spent for the growth of fatigue-cracks. The
curve of the S-N line to be used for design will be assumed —1/m (m means the fixed number of the
Paris’s rule). Judging from the many test data in Japan, the value of m was fixed at 4 to mild steel (41
~ 53 kg/mm? grade) and 3 to quenched and tempered steel (58 ~ 80 kg/mm? grade). Then, the S-N
curve (Fig. 3) of each grade has been fixed on the assumption that the value of AKg, (the threshold

stress intensity factor for fatigue-crack propagation) is zero.
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4. STANDARDS FOR FABRICATION OF STEEL BRIDGES

Results of fatigue tests of large specimens have been reflected on the standards for fabrication of bridge
members. On these standards, the accuracy and cleanness of the groove and the limits of welding
defects have been fixed, furthermore the welding tests on the chord members having two panels with
actual scale of bridge should be obliged prior to the fabrication of bridge. With respect to the
longitudinal groove welding, it has been introduced that defects in the root section are to be inspected
by splitting and exposing the section, and with respect to the fillet welding to install diaphragms, it has
been introduced that the shapes should be examined. And also welding conditions must be determined

by each fabrication plant.

5. POSTSCRIPT

This report is a summary of studies and discussions by the committee for structural problems of
Honshu-Shikoku bridges in Japan Society of Civil Engineers. The authors wish to express their

appreciation to each member of the committee.
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Fatigue Evaluation of Existing Steel Highway Bridges
Evaluation de la fatigue dans les ponts-routes existants en acier

Abschatzung der Ermidungsfestigkeit bestehender Strassenbriicken aus Stahl

IVAN J. DVORAK DONALD C. ZIMMER
Chief Bridge Engineer Chief Engineer

Teng and Associates, Inc. IL State Toll Highway Auth.
Chicago, IL, USA QOak Brook, IL, USA
SUMMARY

In 1978 numerous fatigue cracks were found in various components of a major interchange structure
carrying expressway traffic in the Metropolitan Chicago Area. As a result of these findings, a project
dealing with an evaluation of accumulated fatigue damage and predictions of fatigue life expectancy
of all steel bridges within this system was initiated.

RESUME
En 1978 de nombreuses fissures de fatigue furent trouvées dans différents éléments de la structure d'un

important échangeur de trafic de la région de Chicago. Conséquence de ces découvertes, une étude fut
entreprise afin de permettre I'évaluation des dommages cumulés de fatigue ainsi que I'espérance de vie

de tous les ponts réalisés selon ce systéme.

ZUSAMMENFASSUNG
Im Jahre1978 wurden an verschiedenen Teilen einer wichtigen Briickenkonstruktion (iber eine Auto-

bahn im Gebiet von Chicago Ermidungsrisse festgestellt. Diese Feststellung fiihrte zu einem Forschungs-
projekt, welches den akkumulierten Schaden und die zu erwartende Lebensdauer aller Stahlbriicken des

Autobahnsystems Hlinois untersucht.
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INTRODUCTION

Thirty-three cracks in bent connection plates and brackets supporting
expansion bearings were found during inspection of Bridge Structures No. 209
and 210, carrying the Tri-State over the East-West Illinois State Toll
Highway. The useful life of these original components was exhausted after 20
years in service, and the safety of these structures was questioned.

Detailed analysis and field testing have identified most of the cracks as
having been caused by fatigue.

As a result of these findings, a project dealing with evaluation of
accumulated fatigue damage and prediction of fatigue life expectancy of all
steel bridges owned and maintained by Illinois State Toll Highway Authority
was initiated.

This project consisted of the following: review of drawings, preparation of
inventory sheets for each structure, design stress range calculation, research
of loading history of these structures, instrumentation of selected details,
evaluation of actual stress ranges, calculations of accumulated fatigue damage
and fatigue life expectancy, field inspection of selected details, and
recommendations of retrofitting methods.

Relatively inexpensive retrofitting is possible when the early discovery of
fatigue cracks is made.

2. FATIGUE EVALUATION OF 82 STEEL HIGHWAY BRIDGE

2.1 Preliminary Review

The 82 steel bridges at 50 different sites on the Tollroad System were
reviewed and analyzed according to current AASHTO Specifications. The
findings were presented in one or two-page reports called "Fatigue Location
Inventory."

The fatigue stress category and its allowable stress range for each location
were determined according to the design detail and the applicable repetitive
loading and compared with the design stress range determined by preliminary

analysis.

As a final step in this phase, a table was prepared which summarizes the
findings of the "Fatigue Location Inventory'" and which lists all reviewed
steel bridges with the following information:

a) Structure number and location of structure;

b) Loading case - number of cycles;

c) Stress range due to the design load;

d) Category of allowable fatigue stress range at the section where the
stress range was calculated;

e) Allowable stress range for the particular category;

£) Overstress, based on the design load, expressed in percentage of
allowable stress range; and

g)  Remarks.
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2.2 Detailed Analysis of Ten Structures

Only ten structures were selected for detailed analysis due to the limited
scope of this project. Overstress based on the design load, expressed in
percentage of allowable unit stress, and a locationm of the details in respect
to the positive or negative moment region were the only criteria used in
selection of these structures. It is known that continuous span structures,
consisting of steel stringers and concrete decks which were designed as
non-composite, do actually act as a composite section provided the bond
between concrete and steel beam is not destroyed. Therefore, the structures
with details susceptible to fatigue crack located in negative moment region
were not selected for further detailed analysis because the actual stresses
would be only a fraction of design stresses calculated on assumption of
non—composite section.

Only the structures with highest overstress and with the details susceptible
to fatigue cracks located in positive moment region were selected (Table 1).

DES IGN ALLOWABLE
STRESS FATIGUE STRESS
LOADING RANGE STRESS RANGE %
STR. NO. CASE N/mm2 CATEGORY N/mm2 QOVERSTRES S REMARKS
1147, I 131 D 48 272 Low Traffic
1148 80 E' 18 444 Volume
367, 1 83 D 48 172 {+) Moment
368 80 E' 18 444 Region
355, I 84 D 48 175
356 46 E 34 135 Intermittent
61 E' 18 339 Fillet Welds
209, I 52 E' 18 289 (+) Moment
210 Region
191, 1 102 D 48 212 (+) Moment
192 50 E' 18 277 Region
83 E' 18 461 (~) Moment
Region
TABLE 1

All of these bridges were built between the years 1958 and 1971. The typical
cross section is shown in Figure 1. The stringers were from wide flange
rolled sections. The simple or continuous spans were from 18.9 m to 31.4 m.

. ——SYMM. ABOUT ¢

S S G e e e e o
] ] | [

Figure 1 —— Typical Section
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F
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Figure 2 -- Typical End Detail of Welded Cover Plate

All structures selected for detailed analysis have welded cover plates. Their
end details belong to Category E' with allowable 18 N/mm? stress range for
over 2,000,000 cycles.

The typical end detail of welded cover plate is shown on the Figure 2.

Stress ranges for these structures were analyzed by the computer at various
desired locations. The overstress, based on the design load and expressed in
percentage of allowable unit stress, ranges from 444 percent on structures No.

1147 and 1148 to 277 percent on structures No. 191 and 192.

2.3 Strain Measurement

Based on the detailed analysis, structures No. 355, 356, 367, and 368 were
selected for instrumentation. The purpose of such testing was to measure
strains due to the actual live load and to determine actual stress ranges in
the detail under investigation. These actual stress ranges and estimated
number of their occurrences were used to determine the cumulative fatigue
damage of these structures and to estimate their useful life expectancy. The
strains were recorded continuously for 24 hours; field data from the gages was
conditioned and recorded on a Sangamo 3500 magnetic tape recorder. The
recorded analog data was replayed on an Analog-to-Digital conversion system.

During processing time, the time history data of the strains which enter as
analog values is converted to digital values and written on a digital magnetic
tape. At the start of processing of any given vehicle traversal, a special
identifying data block is written which includes, among other parameters, a
count of the particular vehicle. This block labels and separates the data
representing individual vehicle crossings. Thus, a compressed reel of data
written in digital form is produced which contains only the crossing

information and which has been stripped of the vast amount of zero traffic
time.



I.5. DVORAK — D.C. ZIMMER

507

This data is then further processed by Peak—-to-Peak Method. The individual
groups of data for each specific crossing are checked to obtain the strain
range values. The initial values of all gages are used as an arbitrary zero,
and succeeding strain values are checked for the maximum and minimum values
which are retained. The strain range is then the algebraic difference of
these two values.

The range of strain so determined for each gage then is used to add one count
to a table of the number of occurrences at given levels of strain for each

gage.

10.0 -
= N s Sge = 17.6 N/mm?
> — H | { No. of Cycles=2,507)
O — —
b4 -
W
-
o
w
(v
L
0.0 T T | |

1 J 1 {
o 3.5 ' 0.5 14 175 21 245 28 3.5 35

STRESS RANGE (N/mm?2 )

Figure 3 -- Histogram of Stress Range Spectrum for Gage No. 6

The processed strain data was used in preparation of stress range histograms.

Figure 3 shows the stress range histogram for stresses recorded at gage No. 6,

recorded on the Bridge No. 367.

Figure 4 —— Typical Strain Response at Gage No. 6

Figure 4 shows a typical record of strain measured on gage No. 6. A certain
percentage of the recorded strains on gage No. 6 were observed to look like
those shown on Figure 5.

Figure 5 -- Strain Response on Gage No. 6

Additional field inspection revealed that the open expansion joint at the
south end of the bridge has the following deficiencies:
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a) excessive opening;
b) vertical misalignment; and
c) depression at the adjacent approach slab.

These deficiencies cause a truck's axles to become airborne, landing with
considerable impact at various points of the span, depending on the speed of
the truck. Such type of loading causes the structure to get excited and to be
stressed approximately 40 percent more than the adjacent structure whose
expansion joint is in good condition and, therefore, does not experience such
loading.

Once the structure becomes excited with a relatively low damping, it is
possible for one passing truck to cause approximately 15 cycles of relatively
high stress ranges as shown in Figure 5. Thus, the fatigue life expectancy of
such structures is dramatically reduced due to the higher stress and
additional stress range cycles.

It is obvious that maintenance of the bridge and approach slab surfaces as
well as the alignment of expansion joints are extremely important factors in
the determination of the structure's fatigue life expectancy.

2.4 Traffic Data

The next step in this project was to determine the traffic volume and the axle
loadings which have occurred on the sections of the tollway system since its
opening to the traffic and to predict the future traffic magnitude to which
the bridges in these sections will be subjected. This data is then used to
calculate accumulated fatigue damage and predict fatigue life expectancy off
steel bridges under investigation. Traffic volume figures were obtained from
the study based on traffic data obtained from the Illinois Tollway's annual
traffic reports. This data was used to prepare a table of actual traffic
growth of commercial vehicles using Illinois Tollway system between the years
1959 and 1990.

Of next importance was to find statistics on cross vehicle weight and axle
load. Weight measurements were conducted on over 10,000 vehicles of rural
interstate truck traffic in the state of Illinois during the period 1968
through 1976 by the University of Illinois.

This data of traffic volume and axle load was used to determine fatigue life
expectancy of any tollroad bridge.

2.5 Accumulation of Fatigue Damage

The accumulated damage to any structure could be determined if the loading
history and spectrum of actual stress ranges these loads are inducing into
this structure are known.

The spectrum of stress ranges caused by the actual traffic was measured on
four structures. The measurements were taken in the vicinity of the details
which are susceptible to fatigue cracks. These measurements and loading
history data were used in the detailed evaluation of accumulated fatigue
damage and prediction of fatigue life expectancy of these structures.
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As a final result of this evaluation, the number of trucks required to cross
the bridge in order to initiate a fatigue crack at the end of welded cover
plate has been calculated. This calculated number of trucks was then compared
with the table of annual and accumulated transactions, and the year during
which the first fatigue cracks on this detail will appear was provided.

2.6 Field Inspectiomns

All ten structures which were selected for detailed analysis have the critical
areas susceptible for fatigue cracking at toes of welds of cover plate
termination. Thus, the areas needing examination are relatively small.

Two methods were used during the course of this field inspection to detect
cracks, the visual examination with a 10X magnifying glass and the dye
penetration examinations. .

According to accumlation of fatigue damage calculations, the fatigue cracks
alaready should have started at the end of cover plates on structures No. 367
and 368. All those details were sandblasted and examined by 10X magnifying
glass. Approximately 2 mm long fatigue cracks were found on every one of them.

2.7 Suggested Repair Procedure

The following three methods were considered for improving the fatigue life and
for arresting the progress of fatigue damage:

a) Grinding the weld toe to remove the slag intrusions and reduce the
stress concentration;

b) Air-hammer peening the weld toe to introduce compression residual
stresses; and

c) Remelting the weld toe using the gas tungsten arc process (GTA), also
commonly referred to as the TIG or tungsten inert gas process.

Out of these three methods, only peening 1s considered an effective
retrofitting method which improves the fatigue life expectancy of the detail.
The other effective method of retrofitting is splicing with A-490 high
strength bolt.

3. SUMMARY AND CONCLUSION

Findings of serious fatigue cracks in structures, described in the
INTRODUCTION of this paper, were instrumental factors in the initiation of the
fatigue evaluation program of all steel bridges owned and maintained by
I1linois State Toll Highway Authority. There are 82 steel bridges within this
system, all of which were built between the years 1958 and 1971.

Required fatigue inventory documentation for all these bridges was prepared
based on the review of drawings, calculations, and field inspection.

Ten structures with E' category detail were selected for detailed fatigue
evaluation.
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Preliminary field inspection did not uncover any fatigue cracks of such
magnitude as those described in the INTRODUCTION of this paper.

The actual stress ranges were obtained from the measured strains. The
existing traffic studies were used to determine the loading history of each
structure.

The fatigue life expectancy for each structure was calculated based on the
actual stress ranges and loading history of the structure.

The analysis of structures No. 367 and 368 revealed that the fatigue cracks
already should have started at the end of welded cover plates.

During the detailed field inspection of these structures, approximately 2 mm
long fatigue cracks were found at the weld toes of the cover plate ends. This
confirmed the theoretical findings.

As a final step on this project, repair procedures were proposed to arrest the
progress of fatigue damage and to improve the fatigue life of the structure.
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Prediction of Fatigue Life in a Steel Bridge
Prédiction de |la durée de vie dans un pont métallique

Varaussage der Lebensdauer einer Stahlbricke

P. MAREK
Assoc, Prof,
Czech Technical University
Praha, CSSR

SUMMARY

The paper presents the fatigue life investigation of a temporary, high strength steel bridge for tram
traffic. The loading as well as response history was considered and a fatigue criterion, based on the
stress-range concept, was applied. In agreement with the safe service life estimate supported by a
simple fracture mechanics study, fatigue cracks were observed in the bottom flange after about three
and a half years of use. The bridge was removed,

RESUME

L'article présente I'examen de ia durée de vie d'un pont temporaire en acier a haute résistance soumis
au trafic de trams. Les charges aussi bien que leurs évolutions ont été considérées et un critére de
fatigue, basé sur le concept amplitude de contraintes, a été appliqué. Des fissures ont été observees
dans l'aile inférieure aprés environ trois ans et demi de service, et ceci en accord avec |'estimation de |a
durée de service fiable et avec une étude simple de mécanique de la rupture. Le pont a été enleve.

ZUSAMMENFASSUNG

Dieser Artikel beschreibt eine Lebensdauerberechnung einer provisorischen Briicke aus hochfestem
Stahl, welche von Strassenbahnen befahren wird. Die Lasten sowie das Tragverhalten und ein Ermi-
dungskonzept, welches die Spannungsdifferenz beriicksichtigt, wurden in Betracht gezogen. In Uber-
einstimmung mit einer Lebensdauerabschatzung, welche sich auf bruchmechanische Uberlegungen
abstitzt, wurde nach einer Betriebsdauer von 3 1/2 Jahren ein Ermiidungsriss im unteren Flansch ge-
funden. Die Briicke wurde fiir den Verkehr gesperrt.
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1+ INTRODUCTION

In order to solve a local public transportation problems a tempoe
rary four-span tramway steel bridge was built over Vitava river
in Prague.Simple supported plate girders = see Fig,1 - made of
“ ** ‘* ;; high strength steel were exe
% posed to heavy traffic.While
L 45000 7 Zhe thz.aoretlcal data (design.
Rl ccording the current specifi=-

Fige,1 Scheme of the 1824 mm high cations) and experimental re-

T plete mimer (X - 1 1090~ aults (losding test of @ con-

pect tc fatigue ) pleted bidge) proved the re-
quired safety with respect to the strength criterion, the predic-
tion of fatigue life had to be prepared considering the actual
loading and response history.
Thig paper presents a brief review of the investigation and of the
obtained results.

2, FATIGUE STRENGTH CRITERION

In czechoslovak specifications /1/ the fatigue criterion is based
on the stress range concept(since 1976=/3/).Recently the bi-linear
S-n curves were proposed for steel bridges /5/ - see Fig.2.The in=-
Aﬁvlpqu] Fig.2 Se-n curves in &SN /3/,/5/ :::tiizzlon of
RIS gue life
103 in the case of
- the tramway bridge
™~ was based on the

9,
-:::::éz actuel stress

spectrum related
to the location X
(see Fig.l),0n
the application
of Palmgren-Miner
rule and Se-n cur=-
MRS ves shown in Fig.
105 106 1d7 108 109 tfo 2.,The main attam-
tion was focused on the end zones of cover plates (lower flange
of the girder),on the end zones of vertical stiffeners and on the
errection joints, (Yield strength 500 MPa - gteel grade OsSN 15222)
The results were compared with resulta according ISO and SIA specs,

10!
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3+ STRESS HISTORY

According to the traffic rules just one train was allowed to move
on the bridge at one time -~ the mess of the train was about 16,5 ¢
(empty) respe. 30,5 £ (full loaded),.The speed was limited to 20 km/
h.

The investigation of loading and respose history was conducted in

following parts :

a = full scale loading {est of the bridge allowed the comparison
of the stress ranges in selected locations obtained from theo-
retical analysis and from actuel measurements,

b - the dynemic test (train mouving 20 km/h ) sllowed to estima-
te the dynamic response,

¢ - the 24 hours siress recording(using strain gages in selected
locations) allowed to estimate & "typical" working day stress-—
range spectrum - see Fig.3 and Pig.4,

d - considering tremway time schedule,traffic forecast,etc. the
one year stress range spectrum was estimeted -~ see Fig.5

904 A MPd]

801
70

& 0 12 % 16 8 20 22 % 2 4 6.8 ¢
Mb’

+ 4 { } —+ 4 t { 1, ¢ e

Fig.3 Results of 24 hour stress range recording in location X :
-——-= (&)= average stress range (half hour intervels)
(b)= number of cycles in half hour intervals

| n

n pnumber of 1

gp}cycles n Fig.4 One - dey 300004 Fig.5 One year
80 T ===~ spectrum 1 spectrum
70. I b (estimate )
50, i | Y (as recorded ) 20000 [

504 ¥

40 ¥

30 10000 i |

207§ stress 2

1%- range | i

70 80 90 100 AC{MPd] 707 100 130 a®*MPd)
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4, FATIGUE LIFE

Using one=year spectrum,Palmgren-Miner rule and S-n curves &ccor=-
ding to czechoslovak specifications /1/ the fatigue life was deri-
ved for individual notch categories - see Fig. 6(a).Considering

the notch category "G" the four years limitation corresponds to the
spectrum as shown on Fig.5.

Agsuming the same stress range spwectrum as above,a comparison was
made using SIA /6/ and ISO /2/ specifications = see Fig. 6 (b),(c).

Fig.6 Life-time according
X to §SN,SIA and ISO
specifications
raf./1/

16/ /27

notch categories jnotch cat.

e

0 10 20 0 10 20 30
years years

Due to rather low predicted fatigue life & periodic checking of
the lower flange and some other locations was proposed after three
years of service,Using & simplyfied fracture mechanics model /4/
an adequate interval for checking = six months - was suggested.

5¢ CRACKS OBSERVATION
@
After about three and half service years cracks were detected on

several locations in the end zones of cover plates (lower flange)
eeZe sSee Fig,T. A slow crack propagation was observed in some
cases,After some complementary material tests (KIC,crack propage=-
tion rate,/T/) and with respect to the coming winter season it was
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decided to interrupt the traffic on the tramwey bridge and to
replace it by different bridge system.

After a necessairy checking,the removed bridge girders msay be
used again &s supporting parts of structural systems which are
not subjected to fatigue loads (e.ge roof systems).

6. SUMMARY

The application of current specifications based on stress range
concept and fracture mechanics study allowed to predict the fati=
gue life of a steel tramway bridge with suffieient accuracy.
Attention was paid to the investigation of the actual loading

and response history in order to estimate the stress range spec-
trum for important locations of the welded high strength plate
girder.
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Fatigue Failures of Steel Railway Bridges in China
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SUMMARY

This paper briefly describes the basic conditions of steel bridges on Chinese railway lines including
their date of construction and the materials, technology and specifications used. Fatigue cracks are
classified according 1o the age of the bridge at the time of their detection and then their causes ana-
lysed. Finally, examples are given of fatigue failure in bridges from every period of construction.

RESUME

Cet article donne un apergu des ponts-rails en acier réalisés en Chine, en mentionnant leur date de
construction ainsi que les matériaux, les techniques et les spécifications utilisés, Les fissures de fatigue
constatées sont classées d’aprés |'age de la construction au moment de leur apparition, et leurs causes
sont analysées. Enfin, des exemples de rupture de fatigue de ponts sont donnés pour chacune des pé-
riodes de construction.

ZUSAMMENFASSUNG

Die technischen Bedingungen und Bauzeiten der Eisenbahn-Stahlbriicken in China {Baustoffe, Techno-
logien und Entwurfsvorschriften) werden kurz beschrieben. Entsprechend dem Alter der Briicken und
dem Zeitpunkt der Entdeckung der Ermidungsrisse werden die Ermiidungsrisse klassifiziert und deren
Ursache analysiert. Im weiteren werden Beispiele von Ermiidungsbriichen verschiedener Altersstufen
nach Charakter, Rissstellen und Ursachen untersucht.
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1. fThe seriousness of fatigue failures

Failure accidents in the predicted service life of steel railway bridges may be
attributed to the following reasons: excessive deformation, bulking, fatigue,
fracture, vibration and other natural disasters. It is roughly estimated that
more than 70% of the failures are due to fatigue. So fatigue is a more danger=-
ous factor in the safety of steel bridges. According to investigations carried
out by Beljing Railway Administration on 851 steel girder spans over 1ll5 railway
bridges along the Beijing-Handan Line, as many as 65 gpans were found to have
‘¢cracks. That is 7,68 of the total number of girders investigated (Table 1).

Table 1
Period of Spans Spans with | Percentage | Percentage against
Construction investigated cracks the total number of
cracked spans
- 1937 177 29 16.4 44.6

1937 - 1945 190 22 11.6 33.8

1946 - 1949 72 2 2.8 3.1

1950 - 412 12 2.9 18.5

Total 851 65 7.6

To make studies of discovered fatigue cracks provides a great help to the devis-
ing of repair methods, the accumulating of experiences, the revision of fatifue
design specifications and technological procedures in preventing possible future
failures of fatigue. It is especially important that many Chinese old girders,
which have been in use 30-40 years, were fabricated in time when fatigue con-
cept was not yet sufficiently understood, os the fatigue problems could not be
fully considered in their designs. Under the circumstances that traffic den-
sity and weight have increased by wide margins, it is no wonder that fatigue
problems of various types should have appeared. Therefore it is high time to
pay attention to the investigation of fatigue failures and push on the research
work in calculating the fatigue life of existing bridges.

2. Basic conditions about steel railway bridges in China

In reference to construction date, the steel railway bridges may be classified
into two groups:

(1) Bridge built before 1949

Most of the steel bridges erected during this period are basically steel girders
from Burope, America, Russia and Japan. All of them are reveted structures of
variegated low carbon gteel materials including rimmed, semikilled and killed
steel or even wrought iron used in earlier years. Though the majority of these
bridges are still in service, some of them were strengthened, and a few were
altered as & result of insufficient loading capacity or serious fatigue cracks.

(2) Bridges built after 1950

Between 1950 and 1957, China was running short of steel. Emphasis was given to
the development of prestressed concrete bridges. Exceptions were a few very
long span bridges which were made of imported low carbon steel, with rivet con-
nections. The typical example.for these is the Wuhan Yantze River Bridge con-
structed in 1957,
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Since 1958 or so, our steel bridge industry has advanced on our own road. Step
by step, we use home-made low carbon steel (5 = 412 N/mm )}, and 16Mn. low
alloy steel (G' = 510 N/mm2) in place of imported materials. Rivet connection
has gradually given way to weld connection and bolt-and-weld connection. This
transition began in 1966 when the Chengdu-Kunming Railway Line was constructed.
During this period, new specifications were established. The typical examples
are the Nanking Yangtze River Bridge and Ying Shuicun tied arch bridge on Cheng-
du-Kunming Rajilway Line. The latter is a large bolt-weld bridge with the span-
length 112 M. In the course of developing railway bridges of longer span and
lighter weight, 15 MnVN high strength low alloy steel (&), = 588 N/aum?2) was
produced and used in conbination with 16 Mn steel on Baihe Bridge on the Shacheng
-Tongliao Railway Line in 1976. This bridge is a 3 x 128% pbolt-weld connected
continuous truss,

3. Classification and formation of fatigue cracks of steel railway bridges

Patigue cracks of steel railway bridges are caused mainly by structural stress
concentwzation as well as defects formed in manufacturing and welding. In
principle, fatigue cracks due to stress concentration can be avoided, since
degign specifications for fatigue have prescribed allowable fatigue stresses

for different types of structural joints. It takes a long time for crack to
propagate, even if the crack has appeared. But manufacturing and welding
defects are difficult to predicte in fatigue design, The cracks of this kind
generally appear in a short time after the structure is built. Hence, in order
to explain the causes of their formations, the paper assumes to identify fatigue
cracks according to the time of their appearance.

3.1 Cracks ocgurred in the early stage
The cracks occurred in the early stage are meant by that they are found within

a few months, up to 3-5 years at most, after the structure is put in service.
These cracks mostly occur at weld joints of various members in a short span
beam (or members having short loaded length of influence lines). They often
take place at these places where welding cracks or serious manufacturing and
welding defects have already existed.

It is known to all that the most important factors causing fatigue cracks are
the number of stress cycles and the distribution mode of stress frequency. The
former is related to the type of train load and calculated girder span or load-
ed length of influence line of the member concerned,The latter is influenced by
the magnitude of the wheel load, in addition to the above mentioned factors.
Field measurements show that, in case of long span girders (> 30 M), the girder
is subjected only to a single stress cycle during the passage of a train. As
for short span girders, under the loading action of a passing train, the number
of stress cycles varies with the number of axles and the number of bogies the
shorter the span, the greater the number of stress cycles. It is clear from
the above statement that though the stress level in short span girders caused
by the axle load of a train is generally low, even lower than the fatigue limit
of the joint, and has little consequence upon the formation of fatigue crack,
but it plays an active part in the propagation of an existing weld crack. What
is more, the greatly increased number of stress cycles speeds up the propagation
of the crack. This is the major cause which accounts for crack propagation
taking place in a very short period of time in the case of short span girders
with weld cracks.

3.2 Fatique cracks occurred after a long gervice pexriod
This form of cracks is referred tc those which occur after the structure has

been used for ten years to several decades. The causes of formation of such
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cracks may be mentioned as follow:
-— The train density and train load have greatly outpaced the original design

loading.

-= The design of certain structural details has not been considered comprehen-
sively.

-— The manufacturing technology and machining precision are not up to the design
requirements.

-= There are ocut-of-plane deformations which have not been considered in the
design, and secondary stresses generated as a result of restraint imposed upon
the deformations.

- Fairly high auxiliary stresses are generated at certain locations due to
abnormal displacement of bridge bearings.

These fatigue cracks generally go through a complete formation process (metal-
lurgical crystal lattice slide — microscopic crack -~ macroscopic crack =--crack
propagation). The time traversed under such circumstances will be much longer
than that with weld cracks.

4. Case study of fatigue failures of steel railway bridges in China

The following are some typical examples of different kinds of cracks on steel
railway bridges constructed in different historical periods.

4.1 Brittle fractures caused by repair welding

Bridge No. 248 on the Beijing-Baotou Railway Line was a rolled I-beam bridge
which was manufactured in Britain in 1898 and erected in 1903. 1Its original
length was 7 M and was cut down to 4.6 M in 1947 to be used as a simple span.
There were four drilled holes of 19 on the webs and two on the bottom flanges,
These holes were filled later by gas welding when it was cut. It so happened
that at about 1l o'clock in the mroning of November 30, 1967, after a heavy
snow fall, a large piece of flange metal broke off together with a portion of
the web. Fig 1 is a sketch of the girder and the failure location. Photo 1
is the fallen off piece. From the fracture surface, we could find that the
weld quality was very poor. Under repeated action of train load through a
long period of time, fatigue crack was initiated at tha notch (Photo 2),.

[ine 71fnuiun: .
/ DS 1
{ °
U sz )\ Boosl
A [ e 1750 i ' Y\ A 2000
4200 )

3 holes jil!ei by gas we/din}

Fig 1 Sketch of the girder bridge No. 248 and its failure location

Samples were taken from the girder for chemical analysis and mechanical test.
The steel strength was equivalent to that of the carbon steal but was high in
S, P and N content which made it difficult for welding. The ductility of the
material at low temperature was rather poor and the ageing effect tendency was
quite strong. U-notch impact test showed that the brittleness transition teme
perature was about +15°C - 0°C,
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Photo 1 The fallen off metal of Photo 2 Fatigue crack at the notch
bridge No. 248 of bridge No. 248

This accident once more teaches that direct repair welding on steel girders
must be strictly forbidden. Otherwise it would be very much likely that weld
defects or weld cracks should appear and deterioration, a decrease inductility
in particular of the weld metal and the heat affected zone would happen. And
these would certainly give rise for the formation of fatigue crack and brittle
fracture. This is an important problem we must pay attention to in the recon-
struction and maintenance of bridge in the future,

4.2 Fatique failures at riveted joint
One accident of this kind took place on Taizi River Bridge on the down line of
the Changchun-Dalian Railway. It was a 17 span simple through truss bridge.

On March 23, 1973, the fracture occured at the upper panel point of the first
diagonal of the 16th truss built in 1930, with a span length of 33.54 M.
Photo 3 show the location of the fracture.

Field investigation revealed that
fatigue crack took place at an early
stage in one of the diagonal chan-
nels. The other channel was pulled
to break with obwious appearance of
a bottleneck. The causes of the
formation of the fatigue cracks are
as follows:

At the time of design 50 years ago,
the fatigue behaviour of the riveted
joints was not clearly understood.
' The present train load and train
Photo 3 The form of the fracture member of load and train density (about 80
Taizi River Bridge trains per day) on the bridge were
much greater than those when the
bridge was first constructed. The lateral bracings were too weak, so the passing
trains caused the truss to produce great vibration in the horizontal direction.

4.3 Fatique cracks caused by improper detailing

In Fig 2 is indicated the fatigue cracks occuring at the angles connecting the
end cross beam and the main truss. In the original design, the bottom flange
of the end cross beam was placed directly against the bearing plate so that the
reaction force might be partly transmitted through the plate. However, after
many years of operation, a gap of 2-3 MM was formed between the bottom flange

of the cross beam and the top of the bearing plate, which had deformed and
worn out. As a result, the line of transmission of the reaction force was so
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altered that the stresses in the connect-
ing angles were greatly increased. This
wag the major cause of the fajigue cracks.

4.4 Longitudinal fatique cracks on the
upper flanges of plate girders directly

supporting wheel load
In some old-type riveted girders, both

the upper and lower flange cover plates
were provided in conformity to the mo-
ment diagram. Some of them often stop-
ped at a distance from the bridge sup-
port. The flange plate between the sup-
port and stopped point was rather thin
(8 MM only), but it cantilevered out as
many as 110 MM (Fig 3). This was why
longitudinal fatigue cracks often took

[ crafi

bearing plate

end crobs beam

bottom jlan;e of
the end cross beom

L~

clearance 2~z ™

place at this location. The two major Fig 2 Fatigue cracks occuring at the
connecting angles

cauges of the formation of this longi-
tudinal fatigue cracks are: (1) high
impact forces under the direct train
wheel load. (2} Transverse deflection
of the upper flange induced by the
vertical deforation of sleeper under
train load. The beam action of sleepers
on D.P.G. Bridges arose from a 4dif-
ference that existed between the center
to center distance of the main girders
which was 2 M and the gauge distance of
the rails which was 1.435 M,

4.5 Cracks at the toe of fillet weld
of vertical stiffeners of stringer of

firuss bridges Fig 3 Crack on the upper flange

L.angjiang Bridge on the Changsha -

Liuzhou Railway line, which was completed and opened to traffic on November 28,
1964, was the first bolt-weld railway through truss bridge using 16 Mn steel,
with a span length of 61.44 M. One hundred days later, a horizontal crack was
observed right beneath the manual weld, which connected the semi-automatic welds
on both sides of stiffener, at the end of the center stiffener of stringers on

March 8, 1965 (Fig 4).
I—I

I+

strufs

o
Fig 4 Crack at the end of the
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center stiffener

After the crack was revealed, the stringer was subjected to a test. Test result
showed that, under the long~term action of train load, the metal pieces, which
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were inserted in the gaps between the stiffener ends and flange, could hardly
keep bearing tight against the flanges. It was obvious that this type of struc-
tural detail would not meet the design requirements. In such a case, the vibra-
tion frequency measured on point 1 and 2, near the lower end of the center stif~
fener, was about 30 HZ, this location produced great vibration as the train pass-
ed. The maximum alternate stress at point 1 was observed to be ¥45.6 and -31.0
N/mn?., However, when the bottom flange of the stringer and the bottom lateral
bracing of the truss were held rigidly tog@ther, the vibration frequencies at
point 1 and 2 were measured to be 40-50 HZ and the alternate stress reduced

to less than +4.9 N/mm?.

Furthermore, out-of-plane deformation and angle of rotation are produced in the
stringer under the action of train load. The additional flexural stresses were
induced at the lower end of the vertical stiffener.

In addition to the above considerations, the welding technologies used for the
vertical stiffeners of the stringers were unfit. Employing manual welding to
connect the semi-automatic welds on both sides of the stiffener was apt to pro-
duce welding defects instead of any favourable effect. It may be concluded that
the horizontal crack or under cut (even it was very fine) at the lower end of
the vertical stiffener welds would propagate very fast under the action of the
above-mentioned additional stresses.

Since the Langjiang Bridge accident, the constructional detail of the stiffener
and the strut hastbeen modified., The lower strut of cross brace, instead of
being connected to the lower end of the vertical stiffener, was made to connect
to the bottom flange of the stringer through gussest plate, Furthermore, 1l6Mn
low alloy steel was used to make the stringers, the height of which was thus
reduced from 1,450 to 1,290 MM, After these modifications, no fatigue problem
has been encountered at this location.

4.6 Welding cracks on the fillet welds of stringer flanges of girder bridges
The Puyanjiang Bridge on the Hangzhou-Nanchang Bailway Line is a half-through

girder bridge with a total length of 166.9 M. The third span is 34.75 M in
length. The girder was made in September, 1975 and opened to traffic in 1976.

In July, 1979, the first crack was found at the toe of fillet weld of a stringer.
Bleven cracks at similar locations of the bridge were found in latter inspection.
The most serious one appeared at the
fillet weld near the end of the upper
flange of the stringer in the 8th
panel. The crack ran 25 MM along the
toe line and then turned an angle of
30%into the web 17 MM (See Big 5).

During manufacture, flame cutting of
the flanges and the web was done in
one operation. The cut face was not

:;%fi___ﬂ/// machined nor ground with disk sanderx.
fish plate Its zigzagged outlook showed that the
cutting quality was very poor and did

not meet the need of design. Consider-
ing the location of the crack, its

.Fig 5 Cracks at the toe of filled tendency and course of propagation,
welds of stringer flange and and the length of service time, it is
connecting plate between cross gquite possible that crack(1) owes its
beam and stringer. origin from the toe crack which devel-

oped under the effect of thermal
stress during flame cutting accompanied by a complicated state of residual
stresses +snduced around the crack. As a result, under the train load, first of
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all developed into the web plate, and then extended along the direction normal
to the principal stress in the web.

4.7 Cracks at the toe of fillet weld comnecting horizontal bracing with qusset

plate

; Fig 6 shows the cracks found at the

s St’jf ener g d'd e welds of the gusset plates of the

horizontal bracing on the deck girder
bridges of 22.0 M span in the Shenyang
Railway Administration. These bridges
were erected after being fabricated
in 1974-1975., Very soon thereafter,
the cracks were generally found. Dur-
ing an overall inspection in April,
1976, cracks of this kind were found

crack =

/wrfgon al brau'nj

Fig 6 Cracks at the toes of fillet at as many as 29 places on five of
welds of the gusset plate of the 22.0 M span girders on the No.3
horizontal bracing Anshanhe Bridge on the Changchun-

Dalian Railway Line. It was more
than four years from the cracks found up to now, they did not propagate. These
cracks, in the main, were essentially welding cracks at the toe of weld.

4.8 Crack he weld connecting horizontal and tical stiffeners
Fig 7 shows the crack found at the
toe of weld connecting the horizontal
=== horijonla/ @nd vertical stiffeners on welded
slifferer deck girder bridges. To avoid this
kind of welding cracks, aside from
that it is essential to select the
right type of welding rod, to strictly
gzggﬁr control the baking temperature of the
rod so as to reduce its hydrogen con-
tent, to reduce the assembly tolerance
as much as possible, and to clear the

ng{ﬁhqw

“”k“jkﬂﬂ steel plates of rust, it is also ad~-
gg&r = visable to modify the structural de-
T Joner side tails and to rearrange the welding

sequence., The horizontal stiffener
Fig 7 Cracks in the welds connecting can be made with a whole piece of the

horizontal and vertical stiffeners same length as the web passing through
the notches of the vertical gtiffeners,
and weld up the stiffeners after assembling before other welds are done. An
alternative is to leave the horizontal and vertical stiffeners unwelded as
arranged in the above-mentioned manner.

5. Conclusion

From the preceeding representative cases of fatigue fractures, it can be seen
that the periodical inspections of old bridges become highly necessary. The prob-
ability of fatigue crackes occurring within a short period of service time has
substantially increased on welded steel bridges with short spans in particular.
The fact shows that welding cracks, particularly cracks at the toe of the weld,
deserve proper attention even though they exist only in a small amount. For
repair of indicated cracks, welding is not preferred. Experience has shown that
high strength bolt is a better resort for repair of fatigue cracks and for
strengthening of steel girders.
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Fatigue Cracking in Two Steel Bridges
Fissures de fatigue dans deux ponts en acier

Ermidungsrisse in zwei Stahlbricken
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SUMMARY

A survey of welded details in some revealed fatigue cracking in load bearing stiffeners in two major
structures. In both cases analytical investigations were undertaken to identify the causes of the fatigue
damage and to determine suitable repair procedures. In-situ static load tests were also carried out and
the measured strains compared with the analytical results. The work has highlighted the difficulties in
predicting the behaviour of structures and in determining the actual stresses in welded details, and has
led the authors to question the current method of fatigue design and assessment.

RESUME

Dans le cadre d’un relevé de |'état de détails soudés de ponts routiers en acier, des fissures de fatigue
furent repérées sur des raidisseurs d'appuis dans deux ouvrages importants. Une étude analytique fut
entreprise en vue d’identifier les causes des dégats par fatigue et de déterminer les procedures de re-
paration appropriées. Des essais de charge statiques in situ furent effectués et les efforts mesurés furent
comparés aux valeurs calculées. Ces travaux mettent en évidence la difficulté de prédire le comporte-
ment de structures et de déterminer les sollicitations qui s'exercent effectivement sur les détails soudés.
Ils aménent les auteurs & mettre en question les méthodes actuelles de calcul et d'évaluation de la
fatigue.

ZUSAMMENFASSUNG

Anlasslich einer Untersuchung an geschweissten Teilen einiger Strassenbriicken entdeckte man Ermi-
dungsrisse in tragenden Versteifungselementen zweier bedeutender Briicken. In beiden Fallen wurden
Analysen ausgearbeitet, um die Ursachen der Ermidungsschaden zu finden, und um geeignete Repara-
turmassnahmen zu treffen. An Ort und Stelle wurden statische Belastungsversuche durchgefiihrt. Die
gemessenen Spannungswerte wurden mit den Resultaten der Analysen verglichen. Diese Untersuchung
machte wiederum deuttich, dass eine genaue Vorhersage des Ermidungsverhaitens von Bauwerken
schwierig ist. Die Autoren stellen deshalb die derzeitige Methode zur Berechnung des Ermidungsver-
haltens in Frage.
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1. INTRODUCTION

1.1 __Survey of Welded Steel Bridgzes

In 1976 the Department of Transport in the UK organised a selective in-situ
examination of typical welded joints in a number of steel bridges. The object
of the investigation was to see whether cracking or other deterioration was
occuring in the welded connections and to get some idea of how welded joints
were actually performing in service., Twelve major steel bridges were chosen

for the exercise, six being of box=girder and six of plate girder construction,
covering different design configurations and severities of traffic loading.

The bridges had been in service for from 8 to 20 years at the time of inspection.

For each particular structure critical areas were identified where it was
thought that the stresses would be high or that fatigue cracks were likely to
occur. The examinations, where possible, concentrated upon typical details
within these areas, although the area of inspection depended also on the availa=
bility of suitable means of access., The inspections were only intended to cover
a representative sample of typical welded joints., The methods used for
inspection included careful visual examination and appropriate non-destinctive
testing (NDT). The latter methods included magnetic crack detection and ultra—
sonic testing techniques. In some cases a8 a result of the initial findings
extira inspections were carried out and samples cut from the welds were subjected
to metalurgical examination in the laboratory.

1.2 Findings of Survey

Evidence of fatigue cracking was found in four of the bridges but in no case was
it considered sufficiently serious to stop traffic on them. In some cases the
cracking had been noted previously by the authorities respomsible for the
maintenance of the structurs.

Some examples were also found of cracking which was attributed to defects
originated at the time of welding, such as at the stop - start positions on
fillet welds. None of these were casidered to be of any great significance,

but as a precaution it was recommended that they should be monitored from time

to time, The fatigue cracking in two of the bridges, and the steps taken to
analyse the problems and develop suitable remedial measures, are discussed in this
paper.

2, BOSTON MANOR BRIDGE - DESCRIPTION

2=] History and Description of the Bridge

The bridge forms part of the elevated sectiom of the M4 motorway which runs from
the west into London and is very heavily trafficked. It was consiructed in

1964 and carries a dual 2 lane carriageway. The bridge consists of 4 eastern

and 10 western spans carried by 2 pairs of plate girders and a central section

of 3 spans carried by a pair of trusses (Fig 1). Some of the spans are continuous
and some are cantilevered with suspended spans. Although sections of the bridge
are curved in plan the girders themselves are straight between supports, with

the curvature being obtained by laterally displacing the cross~girders relative
to the main girder centre lines.

The deck consiruction is common to all spans and consists of an in=situ reine
forced concrete slab cast on precast concrete planks, This is supported on
cross-girders at 2,3m centres which bear directly on the top flanges of the main
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plate girders or on the top chords of the trusses, The deck is connected to

the cross=girders by means of stud shear connectors, The cross-girders are
fabricated from plates and have intermediate vertical stiffeners at 1.22m crs.
Over the main girders (or chords) there are full depth double bearing stiffeners
which are of heavier section and which are welded to both flanges (Fig 2)e The
intermediate crosswgirders are fastened to the main girders by means of threaded
studs which are welded to the main girder flanges, while the end cross-girders
are fastened by means of high strength bolis,

2,2 ing j ss=Girder Bearing Stiffener Welds

An earlier survey had revealed cracks at the top of many of the crosse~girder
bearing stiffeners at the extremities of the toe of the fillet weld to the top
flange. The report on the inspection attributed the cracks to fatigue and
noted that their length and number appeared to be increasing and that they were
also present at the bottom flange as well, Following this inspection the
maintenance authority conducted a visual survey of all the bearing stiffener
welds throughout the structure.

Three modes of structural action were considered as possible sources of strees
fluctuation and hence fatigue damage in the cracked components, namelys=

- longitudinal racking of the cross—girders under main girder deflections
due to there being no longitudinal shear connection between the concrete
deck and the main girders

~ rotation of the deck slab under wheel loading
~ moment restraint to cross—girders provided by each pair of main girders,

From a study of the cracking pattern it was considered that the first mechanism
was the most likely source of cracking and it was decided to examine this
hypothesis in more detail using both analytical and experimental methods.

3. BOSTON MANOR BRIDGE -~ FATIGUE ANALYSIS

321 Theoretical Stress Analysis

The object of the main theoretical analysis was to see whether a cracking
pattern could be predicted which was consistent with what had been observed.
The spans were first of all analysed under live load using a continuous beam
program, each main beam being assumed to carry a proportion of the load with

no composite deck action, in order to find influence lines for the beam rota=
tions. The next step was to establish the correct relationship between the
rotation of the main girder and the rotation of the cross-girder, the relatione
ship being dependant not only on geometry but also on the assumptions made
about the relative horizontal movement between the deck and the main girder
neutral axes. Three different assumptions were considered and it was found that
the one which assumed no relative movement best fitted the cracking pattern.

Further analyses were carried out, one of which considered the rotation of the
deck slab wnder the passage of a vehicle. It was found possible to derive an
equivalent beam to represent the slab and to use this to calculate the rotations
of the slab and cross—girders under load, but it was not possible, because of
the number of unknown parameters involved, to model the bearing stiffener to
deck slab joint precisely., The flexibility of this joint is important in
determining how rotations of the slab are transmitted into rotations of the
cross~girder, Analyses were also carried out to determine any possible contri-
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bution to the stiffness of the main girders arising from composite action pro=
duced by the shear resistance of the crossmgirder bearing stiffeners,

3.2 Static Load Tests

Two commercial vehicles were used for a series of static live load tests on the
bridge with the resulting deflectioms and strains at certain locations on the
crosswegirders and main girders being measured with deflection gauges and
electrical resistance gauges. The gauges not only measured strains in stiff=
eners and girders but also measured the relative displacements of flanges and
stiffeners as a result of the racking movements induced by the applied loading,
A large vehicle was used to load the main girder and produce the associated
global racking movements while a smaller lorry was used to obtain the local
effects due to the deflection of the deck slab itself, The measurements were
used to produce influence lines of the strains {or stresses) in the stiffeners
and cross-girders and the flange~stiffener separations at the fatigue cracks
caused by the racking movements.

3.3 Comparison of- Theoretical and Measured Results

Whilst there was fairly good matching between the predicted cross-girder rota~
tions and the observed pattern of cracking throughout the structure, the corre
lation between predicted and cbserved measurements in other cases was not so
good, For example the measured deflections of the main girders and the racking
movements were approximately § of the predicted values assuming no composite
action, although deflections of the deck slab under wheel loading agreed with
the results obtained by simple analysis, The greatest discrepancies were found
between the predicted and measured siresses in the bearing stiffeners themselves;
there were even differences found between the stresses measured in adjacent
stiffeners which would have been expected to have similar =iresses,

The normal design calculations assuming rigid joints between the cross-girder and
main girder, and between the cross-—girder and deck slab considerably over—
estimated the stresses in the bearing stiffeners., However this is not unexpected
since the stresses are very much dependant on the fit-up between the various
components, sequence of construction, shrinkage and creep of the deck concrete,
prestress in the holding-down bolts and studs and other parameters, Without
detailed knowledge of these items it proved impossible to achieve any better
correlation between the predicted and measured stresses,

34 Prediction of Fatigue Life

In addition to the stress analyses already described, some fatigue life calcula=
tions were carried out according to the latest UK fatigue design code, B3 5400:
Part 10, and using measured stresses, These calculations gave fatigue lives in
the bearing stiffeners which were much shorter than those actually observed,
and thus conservative. Part of the differences were thought to be due to the
fact that traffic flows were lower than assumed in the code and part due to the
difficulty in determining dead load stresses and the change of stresses them=
selves as a result of cracking, The code also predicted fatigue damage on other
stiffeners where no cracking has so far been found. The general indication was
that lives predicted by BS 5400 Part 10 were significantly shorter than the actual
lives,

3.5 Remedial Measures

Two possible approaches to remedying the fatigue damage to the cross—girders and
preventing further occurences were considered. These were:
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-~ 1o make the deck act compositely with the main girders

- to improve the articulation between the deck, crosswgirders and main
girders,

Both approaches would involve rewelding the damaged welds where appropriate and
necessary, The first solution was considered to be too expensive and so a solu=-
tion based on the second was devised. Two possible ways of providing better
articulation were considered; one was to encourage rocking rather than bending

at each end of the bearing stiffener, the other was to brace the cross—girders
rigidly to the deck so as to prevent all further racking movements and to provide
bearings under each cross—girder to allow sliding movements to take placee.

In the event it was decided to carry out irials on some of the spans using the
former approach with the results being monitored. The existing fillet welds were
cut out and replaced by full penetration butt welds. It was envisaged that the
heavier weld would not only improve the fatigue life of the joint but would AiSe
tort the flanges of the cross=girders sufficiently to pull the edges away from
the concrete deck slab and the main girders and thus remove the load path from
the stiffener tips. The repairs have been carried out and the resulting strains
and differential movements are being monitored so that the effectiveness of the
repairs can be assessed,

4. MAIDENHEAD BRIDGE - DESCRIPTION

4.1 History and Description of the Bridge

The Bridge is located on the M4 motorway where it crosses the River Thames, It
was constructed in 1961 and originally carried dual 2 lane carriageways with

cycle tracks and footpaths but in 1971 the cycle track was removed and the bridge
converted to dual 3-lane carriageways. The bridge consists of 8 main shaped plate
girders which are continuous over the main piers on the river banks and extend
over short spans to abutments at each end (Fig 3). The girders are deeply
haunched over the piers and the ends of the side spans are held down at the
abutments,

The deck consists of an in=situ reinforced concrete slab which acts compositely
with the main girders through inverted *U* bars welded to tee~shaped sections
which are in turn welded to the top flange of the main girder (Fig 4). The main
girders are interwconnected not only by the deck slab but also by a series of
transverse cross~frames, The main bearing stiffeners are constructed from
rectangular irough section and extend from the main bearing blocks to the top
flange and are welded to each side of the main girder webs,

4,2 Crackine in Bearing Stiffener Welds

The original sample survey covered 8 out of the 16 bearing stiffeners and in 3
cases revealed cracks at the toe of the fillet weld comneciing the bearing
stiffener to the top main flange, Some cracks were also discovered lower down
the stiffeners where temporary erection cleats had been welded to facilitate the
erection of the cross~bracing. A subsequent more comprehensive inspection revea~
led another 4 cases of toe cracks at the top of the bearing stiffeners. A sam=
ple was cut from one of the cracked welds and subjected to microscopic examinam
tion; the results indicated that the cracking was due to fatigue and it was
cansidered that it was probably due to rotations of the deck slab over each
girder under wheel loading.
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S« MATDENHEAD BRIDGE - FATIGUE ANALYSIS

5¢1 Theoretical Stress Analysis

Theoretical stress analyses were carried out to find the stresses in the regions
of the toe cracks at the top of the bearing stiffeners., In order to model the
interaction of the deck slab, the bearing stiffeners and the transverse bracing,
four separate 2D plane frame analyses of the cross-—section were carried out to
determine the stiffener stresses under wheel loads., The four analyses represented
the following assumptions about the rigidity of the moment connection between

the slab and the top of the bearing stiffener:

-~ bearing stiffeners rigidly connected to the deck slab

= stiffeners rotate with the slab but there is no significant resistance to
horizontal movement

- shear connectors offer transverse shear resistance but no rotational
restraint

-~ shear cannectors offer no tensile or shear resistance.

In these analyses the slab was represented as an equivalent continuous transverse
beam whose breadth was determined by further analysis.

A grillage model of a local 3 bay section of the deck slab was used to determine
a more precise relationship between longitudinal wheel positions and the rota=
tion of the slab at the bearing stiffener location. The opportunity was also
taken to examine the effect of the concrete haunching over the main girder flan-—
ges and the lateral bending stiffness of the flange itself. In the analyses
upper and lower bound values of stiffness were used based on 2 values of modular
ratio.

5‘2 Static Load Tesis

Two commercial vehicles were used for a series of static live load tests on the
bridge with the resulting deflections and sirains at various locations being
measured by transducers and resistance strain gauges, The strain gauges were used
to determine the stresses in the bearing stiffeners while the transducers were
used to determine the relative displacements of the girder flanges and the
concrete deck slab, The large vehicle was used for the majority of the tests,
being driven along a constant tracking position relative to the edge of the
carriageway. The smaller vehicle was used to examine the effect of different
wheel tracking positions on local stresses,

5,} Comparison of Theoreticg and Measured Results

All 4 plane frame analyses using the lower slab stiffness value predicted deflec-
tions which were substantially higher than those measured. However using the
analysis which assumed a fully rigid moment connection between the slab and the
stiffener and using the higher slab stiffness gave results which agreed reason-—
ably well with those measured. This was considered to indicate that the slab-
flange connection transmitted the slab rotations very effectively to the top of
the bearing stiffeners,

The peak stresses calculated on the bearing stiffener using the above preferred
method of analysis and the higher slab stiffness agreed well with the measured
stresses, However it should be noted that the assumed slab stiffness was some=
what higher than would normally be used in design and so the agreement was to
some extent rather artificial.
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5:4 DPrediction of Fatiﬂe Life

In addition to the sirels analyses some fatigue life assessmentis were carried out
in accordance with the latest UK fatigue design code BS 5400: Part 10, and

using the measured bearing stiffener stresses as a basis for the applied stress
spectrum. The vehicle flows and weights were based on census point records

from a location fairly close {0 the bridge. The object of the fatigue assessment
was to determine whether the theoretical probability of failure of the welds was
grealer or less than had actually occurred. It was found that agreement could
only be achieved if the stresses in the welds were considerably higher than the
values calculated from the measured bearing stiffener stresses. This discrepancy
was partly attributed to the uncertainty in determining the true weld throat size
which is dependent on fit-up and.the degree of root penetration. The general
indication was that fatigue lives calculated by BS5400: Part 10 were longer

than the actual lives,

5s5 Remedial Measures

Although various remedial measurss were considered, including repairing the cracks
by replacement welds with increased throat thickness, such a method of repair was
rejected in favour of some form of deck stiffening aimed at reducing the deck
rotations and cmsequent bearing stiffener weld stresses. The repair method
adopted consisted of providing twin lines of universal beams to support the deck
on both sides of the pier supports, These UB were fixed to the webs of the main
girders by means of bolted cleats. The beams were fixed to the slab at mid-
span by means of anchor bolts set in resin which were bolted to plates welded

to the top flange of the beams, Additionally a similar connection was made
between the top boom of the existing cross-bracing and the underneath of the

deck slab (at the line at the pier supports), No repair was done to the cracked
welde due to the risks involved in attempting such an operation on a highly
stressed tension flange.

6. DISCUSSION

Although the 2 examples of fatigue damage in existing major steel bridges are of
interest in themselves, there are a number of observations which can be made
regarding fatigue design and assessment in general.

6.1 Fatigue Behaviour of Existing Structures

In both bridges described the fatigue failures occured due to the stiructures
behaving in ways which had not been foreseen or allowed for in the design, In
one case it was the racking movement of the cross—girders and in the other it
was the rotation of the main girder top flange due to the deflection of the com~
crete decke In both cases the welds affected would not be classed as structural
welds since their purpose was to fix the stiffeners in place rather than to
carry a direct locad or shear force,

The examples described show the difficulties in determining the real stresses
occuring in structural details, particularly those arising from secondary causes.
In both cases different modes of structural behaviour had to be tried and it was
also found that the calculated stresses were very dependant upon the fiteaup
between the different elements, It was only because in-situ strain gauge
measurements were taken on the structures that it was possible {0 select the most
appropriate assumptions regarding the structural behaviour and obtain reasonablw
agreement between experiment and theory.
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The examples underline the importance of understanding the causes of any fatigue
failure before undertaking any repairs. By identifying the cause of a failure
it is possible to see for instance whether the crack should be rewelded or
whether other remedial actions, such as modifying the structural behaviour,
should be carried out, If such a study is not done then any repair welding may
be ineffective in prolonging the fatigue life of the structure.

Although cracking occured in both bridges, and was fairly exiensive in one
bridge, it was not cansidered serious enough to prevent the continued use of the
bridges cancerned. There is thus a difficult decision in such cases as to
whether to carry out repairs, which itself may be a costly and risky operation,
particularly if it is undertaken under trafficyor whether to just monitor the
cracking to see that it does not spread into a more semsitive part of the struce
ture. In one of the cases quoted the ¢racks were not repaired and the remedial
peasures were limited to carrying out strengthening to modify the stiructural
behaviour.

522 Implications for Fatigue Design

Unless the designer recognises the potential sources of fatigue damage in his
structure then the existence of up-to-date codes of practice or design standards
based on the latest fatigue testing data will be of little help in achieving
satisfactory structures. There is a need for education to help the designer
recognise the unlikely areas where fatigue damage can occur and particularly to
make him aware of the effects of displacements in producing secondary stresses
in any sort of welded connection,

The case studies have also highlighted the difficulties in deriving the real
stresses occuring in structural details, particularly those arising as a result
of secondary action. Stress levels have the major influence on fatigue damage
and yet at present a relatively small proportion of fatigue research is devoted
to the prediction of stresses, although there is some being done in connection
with off-shore structures. There is thus a need for a better balance in fatigue
research with more resources being devoted to the determination of stresses.

Tn this connection too there is a case for the testing of larger details which
are more truly representative of the details found in actual designs. At
present the majority of fatigue information is based an laboratory tests on
relatively small scale idealised specimens, and so there are added uncertainties
introduced in applying these results to real life structures, In other branches
of engineering such as mechanical and aeronautical the testing. of full scale
prototype design details is common and yet this is hardly ever done in general
canstruction although in the off-shore field large specimens are now being
tested. Perhaps this trend for larger scale realistic testing will be taken up
by the construction industry.

Finally there is a need to appraise the current approach to fatigue design, as
for example set out in the UK code BS 5400: Part 10, to see whether a more prag-
matic alternative approach might not be just as effective. There are many
uncertainties involved in the present fatigue calculations ranging from stress
prediction, loading, stress cycle comnting, detail classification and fit-up to
Miner's rule itself, so that the reliability of any fatigue calculation is very
much in doubt. And yet, as the survey revealed, the fatigue problems that have
been discovered have been in areas of secondary structural importance and have
pot been investigated at all for fatigue in the original design. There is a case
therefore for developing a Series of standard details or connectians which would
be shown by large scale tests or otherwise to have satisfaciory fatigue perfor-
mance under given load spectra. The approach would be one based on the adoption
of good and proven design practices rather than on detailed calculation and
assessment.
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SUMMARY

Unanticipated fatigue cracking has resuited because of out-of-plane distortions as a result of the three
dimensional behaviour of structures. This paper provides a summary of two separate studies. In one, a
recommendation is provided to minimize cracking in the web at diaphragm connection plates in right
bridges. The second reviews retrofit procedures for the cracking in longitudinal girder webs at floor
beam connection plates.

RESUME

Des fissures imprévues de fatigue ont été constatées & cause des distorsions hors de leur plan des 4mes
de poutres dues au comportement tridimensionnei des structures. Cet article fournit un résumé de deux
études séparées. Dans |'une, une proposition est faite en vue de diminuer le risque de fissuration dans
I'&me au droit des raidisseurs pour les ponts. La seconde présente des méthodes de réparation des
fissures se produisant a la liaison des dmes de poutres-maltresses avec les entretoises.

ZUSAMMENFASSUNG

Infolge der raumiichen Tragwirkung stefiten sich beim Anschluss der Quertréger an die Langstréger un-
erwartete Ermudungsrisse ein. Der Beitrag behandelt zusammenfassend zwei verschiedene Untersuchun-
gen. |n der ersten Studie wird eine Empfehlung gegeben wie die Ermiidungsrisse beim Anschluss der
Quertrager an die Stege der Brickenlangstrager auf ein Mindestmass beschrankt werden kdnnen. Die
zweite Untersuchung bespricht Reparaturmethoden fiir die Risse in den Stegen der Langstrager.
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1. INTRODUCTION

The past ten years have seen much with regard to the development of fatigue de-
sign criteria for bridges [1]. Design curves have been established for typical
details, and yet fatigue cracking of bridges still occurs. Most frequently, this
cracking has resulted because of unanticipated distortions as a result of the
three dimensional behavior of the structure. However, cracks have also devel-
oped from poor design details and large initial flaws which were not detected
nor recognizable as being significant at the time of fabrication. Most bridges
are designed for two dimensional behavior with slight provision, if any, listed
for consideration of the third dimensional effects on the structure [2].

This paper provides a summary of two separate studies. In one, an analysis and
recommendation to minimize cracking in the web at diaphragm connection plates of
right bridges is provided. 1In the second, retrofit procedures are suggested for
the cracking that has developed in the longitudinal girder webs at floor beam
connection plates.

The diaphragm connection plate is assumed to be welded to the web and compres-—
sion flange but cut short or tight fit to the tension flange. A comparable con-
dition existed at the floor beam connection plates. A review of a typical floor
beam girder bridge is given in Ref. 3, together with the results of an analysis
and summary of experimental measurements.

2. DESIGN CRITERIA FOR DIAPHRAGM CONNECTION PLATES

Figure 1 shows an example of a detail which
developed a fatigue crack. This crack is
caused by displacements in the third dimen-
sion which occur as a result of interaction
between primary (main girders) and secondary
members (cross-frames, diaphragms, lateral
bracings, etc.). This is the out-of-plane
displacement which is not considered in the
present design practice [2].

To define the interaction between the primary
and secondary members, and to determine the
extent of the contribution of various design
parameters to the stresses developed in the
web gap region (e.g. web thickness, flange
thickness, gap length, etc.), an analytical
S study was undertaken [4]. The scope and re-
Fig. 1 Cracking at Transverse sults of the study are too extensive to be

Diaphragm Web Connection completely covered in this paper. Thus, only
Plate (Skewed Bridge) the highlights of this study will be pre-

sented. A "typical" bridge was chosen to
be the prototype for the investigation (Figs. 2 and 3). All design dimensions
and details of the bridge reflect the current design practice in the U.S.A. This
structure was modeled using the finite element method and Program SAP IV [5]. The
primary finite element model accounted for all structural details. Subsequently,
the structural detail region of interest, the web gap region, was substructured
using a highly refined finite element mesh. Various design parameters were
changed to assess their effects on the stress concentration near the web gap re-—
gion. Some of these parameters were: different vehicular configurations, place-
ment of the vehicle, stiffness of the cross-bracings, connection details of the
cross-bracings, web and flange thickness of main girders, and web gap length.
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The study indicated that a large stress level exists in the web in the immediate

vicinity of the tip of the cut short stiffener.

idly along the length o

f the girder.

The stress buildup decays rap-
The cross-bracing introduces nonnegligible
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local deformations in the web of the girders. All common detail connections be-
tween the cross-bracings and the main girders were found to be "moment resistant
connections." It was also noted that practical changes in the dimensions of the
flange thickness do not appreciably change the magnitude of the stress level. It
was noted that increased web thicknesses of the girders significantly reduce the
secondary stresses, if the gap length is greater than about 51 mm. However, for
small gaps (less than 51 mm) the increased thickness of the web adversely
affected the web stress,

Observations have disclosed that fitted transverse plate details resulted in the
highest web stresses, whereas welded stiffeners produced the lowest stresses
(292.3 MPa and 1.0 MPa, respectively). These stresses agreed with observed field
data and accentuated the presence of stress concentrations in the detail [1,6].
The distortion of the web gap region at the fitted stiffener focused into a small
gap (1.6 mm), resulting in large web stress. This stress buildup was due to the
geometry of the region; these stresses do not include effects of residual stress.

The range of stress which occurred in the web gap region was determined to be
caused by the relative displacement and rotation between the end of the cut short
stiffener and tension flange. A comparison of the theoretical stress ranges to
experimental data was then conducted. This was facilitated by using the crack
growth relationship:
N = ffc—‘-i—%=c's‘3

i AK t
with an initial crack size of 0.762 mm. A final through thickness crack size of
28.6 mm was also selected, but this value had very little effect on the fatigue
life estimates. This final crack size was selected, because it represented the
length of a typical crack for the experimental data (Fig. 4) [7]. The deflections
used in plotting the theoretical values were the relative displacement between
the end of the cut short stiffener and the tension flange. This comparison be-
tween experimental and theoretical data is shown in Fig. 4. Figure 4 shows that
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Fig. 4 Experimental and Theoretical Results of Out-of-Plane Displacement
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the theoretical data followed the same trends as the experimental data. The
theoretical fatigue life estimates generally overestimated the experimental
fatigue lives of the details,

Parametric studies were conducted to determine the variation of the maximum web
gap stress with varying gap length, web thickness and type of connection of
cross-bracing to the transverse connection plate. The results of several studies
can be seen in Fig. 4. They correspond to 7.94 mm web with moment connection and
a 9.53 mm web with moment connection. The parametric studies permit the follow-
ing observations and recommendations. The out-of-plane web stresses can be mini-
mized by providing a gap of six to ten times the thickness of the web. They can
be effectively eliminated if the transverse connection plate is welded to the
tension flange. Welding the transverse connection plate to the tension flange
should satisfy the fatigue restrictions of [2], Category ''C", with only minor
adjustments to the original girder design, because the end of the cut short
stiffener is very close to the tension flange and is also classified as a Cate-
gory "C" detail. If a gap of six to ten times the web thickness is selected,
then web buckling under tension field action should be checked.

3. RETROFITTING FLOOR BEAM - GIRDER CONNECTIONS

In many existing structures, high out-of-plane bending and shear stresses in the
short, flexible web gaps described in Section 2 for diaphragm commection plates
and discussed in Refs. 1 and 3 for floor beam-girder connection plates, are in-—
duced by the out-of-plane displacement of the web. This produces fatigue crack-
ing in the web at the weld toe regions of the web-flange welds, the ends of the
connection plate-web welds, and/or cracking in the stiffener web weld which
originates from the weld root. The problem of out-of-plane displacement-induced
fatigue cracking is minimized or eliminated in existing structures by either min-
imizing or accommodating the displacement. Three techniques have been used to
retrofit out-of-plane displacement induced fatigue damaged highway bridges and
will be examined in detail in this section. The retrofitting techniques all deal
with modification of the flexibility of the short web gap.

Upon the propagation of a fatigue crack in the short web gap, at the junction of
the web and flange, and/or at the end of the transverse (vertical) connection
plates, the flexibility of the gap relative to out-of-plane displacement has
been increased, as the crack provides a horizontal slot. Therefore, when the
displacement-induced stress has been reduced sufficiently due to the lengths of
the cracks, drilling holes at the crack tips will often constitute a successful
retrofit at diaphragm and floor beam connection plates. Figure 5 shows a
schematic of the cracks, retrofit holes and resulting displacement.

N

A , Cnmks——<<:
Drilled ——

Tension Flange

M--—-Displaced Position

Crocks

Transverse
Connection Plate

e ——g— — T

s

A -

Section A-A

Fig. 5 Schematic of Displacement-Induced Cracks
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Several bridge structures have been retrofitted by this procedure for at least
eight years and have not shown any evidence of further crack propagation [3,8].
Most of these structures are located on high volume arteries and are subjected
to one to two million passages of trucks each year.

In other cases, the cracking itself may not lower the cyclic stress enough, and
cracking may eventually reinitiate from the drilled holes. Thus, other more in-
volved retrofitting techniques have been used ir a number of bridge structures
where such conditions were thought to exist.

A more reliable method to increase the flexibility of the web gap, and thus bet-
ter accommodate the out-of-plane displacement, as well as prevent the reiniti-
ation of cracks from the drilled holes, involves the removal of a portion of the
connection plate (stiffener) adjacent to the web gap, as illustrated in Fig. 6.
Through the removal of this stiffening element, the web gap can be lengthened to
accommodate the displacement with a significant reduction in out-of-plane bend-
ing stress [1]. This decreases the stress range throughout the web gap between
the web-flange fillet weld toe and the end of the conmnection plate, so that
cyclic stresses are below the fatigue limit. This insures that cracks do not
reinitiate from the holes drilled at the crack tips.

This Portion of
Existing Stiffener
Is Removed

—
Detail B

Floor Beam

L L 4} Web Gap L
[ =I|“
I m
Web Gap L
= 3/4" o |" 1
T
~| -4
Detail A Detail B

Fig. 6a Distortion of Original Web Gap Fig. 6b Distortion of Retrofitted Web Gap

In order to remove a portion of the connection plate, 50 mm diameter holes are
drilled or cut by hole saw in the commection plate tangent to the girder web, as
illustrated in Fig., 7. The hole is placed at the depth the stiffener is to be
cut back. The connection plate is then removed by cutting vertically along the
fillet weld connecting it to the web and horizontally into the hole, as also
shown in Fig. 7. The fillet weld and remaining connection plate are ground away
from the web, and the horizontal cut edge of the connection plate is also ground
smooth. Liquid penetrant inspection identifies any cracks in the web gap or
along the web-flange connection.
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Fig. 8 Ground Surface of Web Gap

Fig. 7 Removal of a Portion
of Connection Plate

Figure 8 shows the surface of the web gap. Holes are then drilled in the web at
the crack tip to prevent cracks from further propagation. Figure 9 shows a typi-
cal condition in the web gap with drilled holes isolating the cracked areas. High
strength bolts are then installed in the holes as shown in Fig. 10 and tightened
in order to further enhance the fatigue resistance of the drilled crack tips.

Fig. 10 Bolts Installed in Holes
Fig. 9 Web with Drilled Holes to Enhance
Isolating the Cracks Fatigue Resistance
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The original short web gap has generally been lengthened to about 30.5 cm in
order to accommodate the out-of-plane displacement in the web gap.

The isolated cracks can be checked to insure that fatigue cracks do not reinitiate
by evaluating the parameters [9]:

AR . 10.5 vo_
Y y

P

where AK is the stress intensity range in the web between the edges of the re-
trofit holes in MPa ymm, p is the hole radius in mm and Oy is the yield point of
the web steel in MPa. The web bending stress due to traffic is generally low in
the web, so that most of the retrofit holes are seldom greater than 24 mm.

A more extensive retrofit may be required if the transverse connection plates
cannot be removed, because lateral forces are not displacement limited. This
may result at piers where lateral forces are transmitted into the reactions.
Under these conditions, it is desirable to prevent the movement in the web gap
by attaching the transverse connection plate to the tension flange.

This can be accomplished by either welding or bolting the connection plate to the
flange in order to provide a positive attachment and prevent the distortion. The
alternative of welding the connection plate to the flange is generally not exer-—
cised for two reasons. First, there is concern regarding the quality of welds
which can be provided under field conditions. Second, in older bridges, the
weldability and fracture toughness of the flange material is unknown. Hence,
welding the connection plate to the flange is generally not a practical alterna-
tive. The web gap distortion can be eliminated by providing a bolted connection
between the connection plate and the flange. If the retrofit is carried out with
the concrete slab in place, it is necessary to remove a rectangular portion of
the slab in order to gain access to the embedded flange, as illustrated in

Fig. 11. Bolt holes are then drilled in the flange and connection plate, and
splice angles are inserted between the flange and the connection plate, as shown
in Fig. 12. The resulting connection prevents distortion in the web gap.

Fig. 11 Portion of Slab Removed to Fig. 12 Splice Angles Inserted Between
Gain Access to Flange Flange and Connection Plate
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Bolting the connection plate to the flange is much more costly than removing a
portion of the connection plate to increase flexibility. Therefore, this option
should only be used when increasing web gap flexibility is not adequate to pre-—
vent further crack growth.

REFERENCES

1. Fisher, J. W.: BRIDGE FATIGUE GUIDE - DESIGN AND DETAILS, American
Institute of Steel Construction, New York City, 1977.

2. American Association of State Highway and Transportation Officials:
Standard Specifications for Highway Bridges, Washington, D.C., 1977.

3. Fisher, J. W., Fisher, T. A., and Kostem, C. N.: ENGINEERING STRUCTURES,
Vol. 1, IPC Business Piers, October 1979.

4, Fisher, T. A. and Kostem, C. N.: THE INTERACTION OF PRIMARY AND SECONDARY
MEMBERS IN MULTI-GIRDER COMPOSITE BRIDGES USING FINITE ELEMENTS, Fritz
Engineering Laboratory Report No. 432.5, Lehigh University, Bethlehem,
Pennsylvania, June 1979.

5. Bathe, K.-J., Wilson, E. L. and Peterson, F.E.: SAP IV -~ A STRUCTURAL
ANALYSTS PROGRAM FOR STATIC AND DYNAMIC RESPONSE OF LINEAR SYSTEMS.
Earthquake Engineering Research Center Report No. 73-11, University of
California, Berkeley, California, 1973.

6. Fisher, J. W.: FATIGUE CRACKING IN BRIDGES FROM OUT-OF-PLANE DISPLACEMENTS,
Canadian Structural Engineering Conference, 1978,

7. Fisher, J. W., Hausammann, H. and Pense, A. W.: RETROFITTING PRCCEDURES FOR
FATIGUE DAMAGED FULL-SCALE WELDED BRIDGE BEAMS, Fritz Engineering Laboratory
Report No. 417.3, Lehigh University, Bethlehem, Pennsylvania, 1978.

8. Hsiong, W.: REPAIR OF POPLAR STREET COMPLEX BRIDGES IN EAST ST. LOUIS,
Bridge Engineering, Vol. 1, Transportation Research Record 664, National
Academy of Sciences, Washington, D.C., 1978.

9. Fisher, J. W., Barthelemy, B. M., Mertz, D. R. and Edinger, J. A., FATIGUE
BEHAVIOR OF FULL-SCALE WELDED BRIDGE ATTACHMENTS, NCHRP 227, Transportation
Research Board, Washington, D.C., 1980.



Leere Seite
Blank page
Page vide



b45

Fatigue and Fracture Analysis of Defects in a Tied Arch Bridge
Fatigue et analyse de la rupture des défauts dans un pont-arc avec tirant
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SUMMARY

Cracks were detected in the corner weld of the box girders forming the tension members of the
tied arch bridge over the Guif Qutlet in Louisiana. A fractographic examination of several cracked
corner welds revealed that the cracks extended into the weld metal and heat-affected zone. An
analysis of the fatigue and fracture behaviour of the cracks is provided.

RESUME

Des fissures ont été détectées dans la soudure d'angle des poutres en caisson formant la membrure
tendue du pont-arc avec tirant sur la ,,Gulf Qutlet” en Louisiane. Un examen fractographique de
plusieurs soudures d’'angle fissurées a revélé que les fissures se propagent dans le métal de la sou-
dure et dans la zone affectée par I'échauffement. Une analyse du comportement a la fatigue et a

la rupture des fissures a été fournie.

ZUSAMMENFASSUNG

In den Ecken der Kastentrager, die das Zugband der Bogenbricke uber den Golf von Qutlet in
Louisiana bilden, wurden Risse beobachtet. Die fraktographische Untersuchung mehrerer gerissener
Eckschweissungen zeigte, dass sich die Risse in das Schweissgut und den durch Hitze beeinflussten
Umgebungsbereich fortpflanzten. Eine Untersuchung des Ermiidungs- und Bruchverhaltens der Risse
wird présentiert.
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1. INTRODUCTION

The tension members of several tied arch bridges consist of welded built-up sec-
tions. These sections are often welded box girders fabricated of single strength
steel. High stresses due to the dead load and the live load are carried by
these sections. These members are of major structural importance, because a
fracture of a tie would likely result in a catastrophic failure of the bridge.

The Mississippi River Gulf Outlet Bridge is located near New Orleans, Louisiana.
Figure 1 shows a view of the structure and a tie girder. The tie girders were
fabricated of A514 steel. The suspended span is 170.7 m long, and the trusses
are spaced 22.86 m apart.

Fig. la Overview of Structure Fig. 1b View of Tie Girder

The tie girders in the Gulf Outlet Bridge are box sections. The web plates are
711 m high and 19 mm thick, the flanges are 635 mm wide and 16 mm thick. The
plates are fillet welded at the four box corners. At floor beam connections and
at the pinned connection of the tie (see Fig. 1b), additional interior corner
welds are used to transfer the forces. The dimensions of the box are shown in
Fig. 2.

16 ¥

Fig. 3 Crack in Longitudinal Weld

Transverse cracking was inadvertently detected
in the box corner fillet welds when the web

|
T
|
|
|
!
7 |
I
|
|
|
I
f groove welds at the pinned connection were be-

* v ing checked by radiography. Figure 3 shows
‘;'; els "; one of the interior weld cracks after it was
enhanced with liquid penetrant. Some cracks
Fig. 2 Dimensions of were below the surface and were only visible
Tie Girder (mm) after slightly grinding the weld surface.

Several of the defects were removed from the box corners by coring (see Fig. 4a),
so that detailed metallographic and fractographic studies could be carried out to
ascertain the cause of cracking. Figure 4b shows the polished face of the box
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|
Core\ |
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oy st e
Fig. 4a Schematic Showing Core Sample Fig. 4b Ground Surface of Weld
at Web-Flange Corner Weld Segment Showing Crack

Fig. 4c Exposed Crack Surface Fig. 4d Polished and Etched
Surface Behind Crack

corner weld and the transverse weld crack that was observed. The small segment
was broken open to expose the crack surface which is shown in Fig. 4c. A section
just behind the crack surface was polished and etched and can be seen in Fig. 4d.
This illustrates that multiple weld passes were added to the original submerged
arc weld and that the crack extends throughout the corner weld into the heat-
affected zone. On the whole, the fractographic examination of the crack surface
suggested that the crack was produced during or shortly after welding. Some
fatigue crack growth striations were also suggested in a few areas at very low
MK levels. Similar transverse weld cracking has been reported in groove welds
and attributed to hydrogen and residual stresses’.

Because the cracks at the intersection between the web and the flange are oriented
perpendicular to the main stress field due to the dead load and live load, an
investigation was made to determine if these cracks could propagate under the
cyclic live load stress. Small cracks may sharpen under cyclic load and also
initiate brittle fracture, as a result of the high residual tensile stresses

due to welding at the box corners.

2. STRESSES AT THE CRITICAL LOCATION

The bottom chord in a tied arch bridge is mainly subjected to high tensile forces
due to the dead and live load and to residual stresses. The design calculations
indicated a dead load stress of 252 MPa existed in the tie girder box of the
Gulf Outlet Bridge. The dead load stress was assumed to be uniformly distrib-
uted over the cross-section.



A

548 FATIGUE AND FRACTURE ANALYSIS OF DEFECTS IN A TIED ARCH BRIDGE

The actual live lcad stress range was not known. The design live load stress
range including an impact factor of 7.5%, is 48 MPa. Based on the design calcu~
lation and existing measurements on large bridge structures®>?, the Miner effec-
tive stress range was estimated to be 14 MPa, and the highest regularly
encountered live load stress range is 28 MPa.

The residual stress due to welding the box corners was estimated using a proce-~
dure outlined in Ref. 4. To predict the residual stresses and strains, a finite
discretization at the cross-section was used.

The calculation of the residual stresses assumed an elastic-perfectly plastic
sStress—-strain response and temperature dependent material properties. The vari-
ation of the temperature as a function of the time and the location on the
cross—-section for each weld pass has to be known. It has been shown that the
temperature distribution at discrete time intervals must be known in order to
minimize the calculation efforts’.

The determination of the temperature distribution in the web and flange plate
due to the heat input of welding is based on the principles of heat transfer in
a thin semiinfinite plate. The temperature at a given location in the plate is
a function of the heat input, the position of the location relative to the moving
heat source (electrode) and various thermal properties of the plate. For the cal-
culation of the temperature in the plates, the following assumptions were made® :
- Between 15 and 357 of the heat is lost, due to radiation and melting of the
electrode,
- The temperature at some distance from the heat source remains unchanged,
— The heat source is a point source,
- The temperature is dependent on the distance between the heat source and
the location of the peint for which the temperature has to be predicted, and
— Half the heat produced by welding the web-flange connection goes into the
web plate and half into the flange plate, independent of the thickness.

Different weld passes are made during the fabrication of the box girder. First,
the plates are temporarily assembled with small tack welds. Then the automatic
submerged arc welds at the outside corners are made. Next, longitudinal welds
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inside the box are made manually, and finally several manual passes are made
over the outside submerged arc weld. It is assumed that the total welding at
one corner can be simulated with five weld passes.

The residual stresses due to welding were calculated using a computer program
developed at the University of Missouri®. To calculate the stress distribution,
the cross-section was divided into finite elements; part of the discretization
is shown in Fig. 5, with the weld passes shown as crosses.

The residual stress distribution was calculated at the end of each weld pass.
This distribution was used as the initial condition for the next weld pass.
Based on the residual stress at the center of each element, the total distribu-
tion was derived using linear interpolation. The final stress distribution is
shown in Figs. 6 and 7.
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Fig. 7 Residual Stress Distribution due Fig. 8 Investigated Crack Shapes
to Corner Welds in Middle Plan in Corner Weld, Box Girder

of Web and Flange Box Girder
3. ANALYSIS OF THE CRACKS AT THE WELD CORNER

The cracks in the corner welds are of different shapes and sizes. Several
shapes that were evaluated are shown in Fig. 8. It was assumed that the cracks
can be analyzed as elliptical cracks circumscribing the flaw.

The total stress intensity factor is calculated using the principle of superposi-
tion. The K-value due to the uniformly applied dead and live load stress is cal-
culated using the solution to an imbedded elliptical plan7. The K-value due to
the residual stress shown in Fig. 7 was estimated using a procedure described in
Ref. 8. The varying stress field is discretized by discrete point loads, and
the corresponding K-value is calculated. The total K-value is obtained by an
integration over the entire crack surface.

As the cracks are in the material of limited thickness, the K-factor has to be
adjusted by the finite width and free surface correction factors.
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All the cracks were close to the free surface. The material between the crack
front and the weld surface is so thin, that it was easily ground away. This liga-
ment is so small that it plasticaily deforms without initiating a brittle fracture.
The load transmitted through this ligament is so small that it can be neglected.
Instead of an internal elliptical crack, a U-shaped surface crack results.
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Fig. 9 Stress Intensity Factor for Cracks in Corner Weld

The crack shapes indicated in Fig. 8 were numerically evaluated, and two typical
results are summarized in Fig. 9. The stress intensity factor is shown as a
function of the phase angle 8 (see Fig. 8). The stress intensity factor is
shown for the dead and live load stress, as well as the residual stress. The
dead and live load K-value is almost constant along the circumference because
of the ratio a/c. Superimposed is the K-value resulting from the residual
stress field. The stress intensity factors are corrected by the finite width
and the free surface correction factor.

The crack front moves into the web and the flange plates as soon as the embedded
crack becomes too large to be accommodated in the weld area of the web-flange
welded connection, Typical crack stages in the web and flange are shown in Fig. 8
and indicated as E and F. These crack configurations were treated as two indepen-
dent edge cracks. Both crack fronts (the front in the web and the front in the
flange) propagate at the same rate, because the cyclic applied stress is uniform.
The total crack opening is almost the same, because the residual stress distri-
bution in the web is almost identical to the stress distribution in the flange.
Hence, the crack in the web can be analyzed independent of the crack in the flange.

The analysis of a crack with an irregular crack front and stresses varying over
the crack length and plate thickness was made using a numerical procedure. The
numerical procedure is based upon the solution of a semiinfinite straight fronted
three-dimensional crack. In order to obtain the K-value for different boundary
conditions, the solution has to be normalized by 1/m and integrated between
-T/2 to T/2 over the entire crack surface®.

1 .a m/2
i Of —ﬂ/ZI

This equation was evaluated numerically.

R = o (a, B8) dO da

The stress intensity factor for the uniformly applied stress (op1s Op) was esti-
mated using the closed form solution. The stress intensity factor due to residual
stress was calculated separately. The stress at the box corner was replaced by a
splitting force. Numerical results were obtained for the different crack condi-
tions. The total stress intensity factor was obtained by superposition.
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4. PREDICTED FATIGUE BEHAVIOR OF THE CRACKS AT THE WELD CORNER

It is of primary importance to know if fatigue crack propagation under the cyclic
applied live load will occur for the crack shapes shown in Fig. 8. 1If fatigue
crack growth under the cyclic applied live load stress is likely, then the
cracks will increase in size, and brittle fracture could eventually result. If
the crack geometry and the applied stress are small enough, no crack growth will
occur. Small cracks may be tolerated if the structure's factor of safety is
adequate against fracture throughout its service life. In order to establish
the reserve against brittle fracture, the dimensions of the largest crack and
the fracture toughness of the material has to be known for the lowest antici-
pated service temperature.

The cracks at the intersection of the web and flange are in a zone of high ten-
sile residual stress. The R-ratio is close to unity which decreases the thresh-
old stress intensity range to a minimum value of 2.75 MPa v . The usual flaws
at the fillet weld root (i.e. pores and slag) have contributed to the formation
of transverse cold cracks in the weld. These cracks are irregular in shape, so
that locally a higher stress intensity factor may exist. The crack tip is very
sharp, because the cracks were caused by cold cracking.

The cyclic applied equivalent Miner stress range was approximated as 14 MPa vin
for axial stress and bending. For the crack initiation, the maximum possible
stress range under service loads has to be considered. The maximum stress range
due to the traffic load was assumed to be 28 MPa.

It was found that the stress intensity range is larger than A for all the
crack shapes shown in Fig. 8. Crack shapes B, C and D exceed the crack growth
threshold when the stress range is 14 MPa. The increase in the total stress
intensity factor (due to traffic, dead load and residual stress) is rapid, as
the crack approaches the back free surface. Figure 9 shows the stress intensity
along the crack front for crack shapes C and D. A material with poor fracture
toughness (i.e. 50 to 60 MPa /m) will likely fracture with crack propagation
between crack shapes C and D. If the material has better fracture toughness,
larger crack sizes can develop before crack instability. Fortunately all cracks
were detected and retrofitted before this occurred.

5. RETROFITTING PROCEDURES

The examination of the defects and analysis indicated that it was desirable to
grind and inspect with liquid penetrant all manually welded box corners. These
locations were suspect, as it was likely that inadequate levels of preheat
existed when the manual weld passes were made. Except for the pinned connec-
tions, these locations were confined to the bolted splices between the end of a
member and the first internal diaphragm.

All cracks in the longitudinal
weldments were removed by either
grinding, drilling or coring.
Figure 10 shows a retrofitted
region after removal of a crack.
The ground area was checked by
liquid penetrant to ensure that
no crack tip remained in the
structure.

Fig. 10 Photo Showing Retrofit
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6. CONCLUSIONS

The largest embedded cracks in the web-to-flange connections were found to be
susceptible to fatigue crack propagation under the most severe service load con-
ditions. Hence, the cracks in the weldments would enlarge and sharpen with an
accumulation of stress cycles if not removed from the structure.

The transverse cracks in the longitudinal web-flange fillet welds were all
caused at the time of fabrication. They were all located in manually made sec-
tions of the longitudinal weldments. This observation and the fractographic and
metallographic examination all suggested these cracks were hydrogen related.

All cracks removed from the structure for examination were found to originate at
a porosityor entrapped slag and were in a region of high weld shrinkage stress.

The criticality of the transverse cracks were assessed by a fracture mechanics
analysis considering the contributions of dead load, live load and welding
residual stresses. This permitted the defects to be evaluated and removed in
an expeditious manner.

7. REFERENCES

[1] Takahashi, E. and Iwai, K., PREVENTION OF THE TRANSVERSE CRACKS IN HEAVY
WELDMENTS OF 2—14/Cr -1 13«10 STEEL THROUGH LOW TEMPERATURE POSTWELD HEAT
TREATMENT, Transactions of “the Japan Welding Society, Vol. 10, No. 1,
April 1979.

[2] Fisher, J. W., et al., FATIGUE AND FRACTURAL RESISTANCE OF LIBERTY BRIDGE
MEMBERS, Fritz Engineering Laboratory Report No. 420.2, Lehigh University,
Bethlehem, PA, May 1981.

[3] Fisher, J. W., et al., AN EVALUATION OF THE FRACTURE OF THE 179 BACK
CHANNEL GIRDER AND THE ELECTROSLAG WELDS IN THE 179 COMPLEX, Fritz Engi-
neering Laboratory Report No. 425-1(80), Lehigh University, Bethlehem, PA,
October 1980.

[4] Doi, D. A. and Guell, D. L., A DISCRETE METHOD OF THERMAL STRESS ANALYSIS
APPLIED TO SIMPLE BEAMS, Appendix IV, Vol. I, NCHRP 12-1 and 12-6, Trans-
portation Research Board, National Research Council, Washington, D.C.,
October 1974.

[5] Daniels, J. H. and Batcheler, R. P., FATIGUE OF CURVED STEEL BRIDGE
ELEMENTS, EFFECT OF NEXT CURVING ON THE FATIGUE STRENGTH OF PLATE GIRDERS,
U. S. Department of Transportation, Federal Highway Administration,
DOT-FH-11-8198.5, Washington, D.C., 1972.

[6] Tall, L., RESIDUAL STRESSES IN WELDED PLATES - A THEORETICAL STUDY, Welding
Journal, Vol. 43, American Welding Society, New York City, 1964.

[7] Tada, H., Paris, P. and Irwin, G. R., THE STRESS ANALYSIS OF CRACKS HAND-
BOOK, Del Research Corp., Hellertown, PA, 1973.

[8] Roberts, R., et al., DETERMINATION OF TOLERABLE FLAW SIZE IN FULL SIZE
WELDED BRIDGE DETAILS, Report FHWA-RD-77-710, Federal Highway Administra-
tion, Office of Research and Development, Washington, D.C., 1977.



5653

Fatigue Problems in Suspension Bridges: A Case Study
Problémes dus a la fatigue dans les ponts suspendus: un exemple

Dauerfestigkeitsprobleme von Hangebriicken: Ein Beispiel

M.P. BIENIEK R.B. TESTA
Professor Professor

Columbia University Columbia University
New York, NY, USA New York, NY, USA
R.J. KRATKY H.B. ROTHMAN
Consulting Eng. i Consulting Eng.
Weidlinger Associates Weidlinger Associates
New York, NY, USA New York, NY, USA
SUMMARY

This paper contains an investigation of the fatigue damage in various components of a suspension
bridge. An experimenta! and analytical program leading to the determination of the range and number
of cycles of the live-load stresses in the deck system is presented together with estimates of the crack
growth rates at certain critical locations. The effect of a stiffening scheme on the torsion-induced fati-
gue stresses is outlined.

RESUME

Cet article contient une étude des dommages dus a fa fatigue dans les différents éléments d'un pont
suspendu. Un programme expérimental et analytique permet de déterminer I'amplitude et le nombre de
cycles de contraintes dues & des charges mabiles dans le tablier, de méme gu’une estimation de la

vitesse de propagation des fissures dans certains endroits critiques. L'effet d’une méthode de raidisse-
ment sur les différences de contraintes dues a la torsion est indiqué.

ZUSAMMENFASSUNG

Dieser Artikel behandelt die Dauerschwingfestigkeit verschiedener Teile einer Hangebriicke. Ein ex-
perimentelies und anatytisches Programm fiir die Bestimmung der Grenzspannungen und die Zahl der
Lastspiele fiir die Fahrbahnkonstruktion unter Verkehrsbeanspruchungen wird beschrieben und die
Rissfortpflanzungsrate an gewissen kritischen Stellen abgeschatzt. Der Einfluss eines Versteifungs-
systems auf die Wechselspannungen infolge Torsion wird angedeutet.
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1. INTRODUCTICON

Suspension bridges provide a number of unique and difficult problems of fatigue
of their components. The main factors which cause fatigue damage in suspension
bridges are the following:

-Due to the effectiveness of the cables in supporting the dead Toads, the Tive
loads control the stress levels in the stiffening girders or trusses, the deck
systems and the bracings, with frequently occurring total stress reversals.

-The relatively high flexibility of suspension bridges leads to much higher sec-
ondary stresses than in any other type of bridges.

-The response of a suspension bridge to wind loading is predominantly oscillatory,
i.e. of fatigue causing type.

-Simple increase of cross-sectional dimensions of affected elements leads very
seldom to improved stress conditions; 1in fact, the level of secondary stresses
is often increased as a result of such a design change.

This paper contains a study of the first two factors, performed for the case of
the Manhattan Bridge in New York City. The Manhattan Bridge was completed in
1909, over the East River, as a link between the boroughs of Manhattan and Brook-
lyn. A general view and cross-section of this bridge are shown in Fig. 1. The
bridge carries unusually heavy traffic loads from three roadways (on two levels)
and four subway tracks. The flexibility of the system and the asymmetric loads
from the pairs of off-center subway tracks produce large torsional deformations,
with one side of the bridge deflected up to 8 feet more than the other. Abnor-
mal deterioration of the bridge components, especially of the floor system, and
its relation to the twist was observed within a few years of bridge opening and
has continued ever since. In a series of reconstruction jobs, the upper lateral
bracings were removed, the upper roadways demolished and rebuilt, suspender ropes
replaced, tower Tinks altered, fractured chords and lower laterals restored, and
innumerable repairs were made to cracked floor members.

The study described in this paper utilizes a number of tools which became only
recently available to the bridge engineer. The investigation of the problems of
the Manhattan Bridge consists of the following:

-Detailed computer analysis of the entire structure modelled as a three-dimen-
sional system.

-Strain-gage measurements of stresses at several critical locations, performed
under static test loads and, with continuous recording, under typical traffic
conditions.,

-Fatigue and fatigue crack propagation analysis.

2. STRAIN MEASUREMENTS

Since a preliminary analysis, utilizing a simplified model of the bridge, failed
to detect abnormally high stresses even in the areas of the deck system with
most severe damage histories, a stress measurement program was initiated. Strain
gages were placed on the floor beams of the upper and Tower roadways (Fig. 1).
The strain gage Tocations were chosen on elements which were free from cracks,
close however to suspected stress concentrations. Fig. 2 shows typical arrange-
ments of the strain gages on the upper and the lower floor beams. A1l the gages
were placed symmetrically on both sides of the floor beams in order to be able

to monitor the weak-axis bending.

The strain measurements under static Toading were performed with the objective
of gaining some basic insight into the working of the bridge and providing a
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means of verification of future computer modelling of the bridge. The test load
consisted of two subway trains (10 empty cars in each train) moving abreast on
the tracks between trusses A and B. The trains were stopped at thirteen points
along the length of the bridge and the gage readings were taken. Table 1 con-
tains a few representative stress data.

Table 1 Static-load Stresses (psi} in the Upper Floor Beams

Location; Load Position
Gage No. L/2 Manhattan L/4 Main Span L/2 Main Span
Side Span
M7U; 1 +12,840 -11,370 -4,980
M7U; 2 -11,490 +11,640 +5,190
M7U; 13 - 8,610 +10,230 +2,520
M7U; 14 +11,820 -17,550 -3,480

Since gages 1 and 2, and similarly 13 and 14, are located on opposite sides of
the floor beam, the comparison of the stresses at gage 1 and gage 2 (and at 13
and 14) reveals very strong weak-axis bending (Fig. 3). The comparison of gage
1 and gage 13 (and 2 and 14) indicates the bending curvature reversal between
the cord of the truss and the first stringer (Fig. 3). This last effect was
evidently caused by excessively large friction between the stringer and the
floor beam.

In order to obtain data on stresses in the floor beams under normal traffic con-
ditions, continuous recordings of the inputs from several gages were made during
normal traffic on the bridge. The recording periods were from 7:30 to 9:30 a.m.
(heavy traffic to Manhattan), from 4:30 to 6:30 p.m. (heavy traffic to Brooklyn),
and from 11:00 p.m. to 1:00 a.m. (Tight traffic). Sample traces of strain re-
cords are shown in Fig. 4. It was evident that the stresses in the floor beams
caused by direct loading by various vehicles were a relatively small fraction of
the total stress ranges. The prevailing contributions to the stresses in the
floor beams came from the overall deformations of the bridge, with largest peaks
generated by coincidental meeting of two or more subway trains at certain loca-
tions along the Tength of the bridge. By counting the stress cycles on the con-
tinuous records, stress range histograms were extrapolated to cover a thirty-
year period of the bridge Tife. One of these histograms is shown in Fig. 5, for
the gage No. 14 at the Tocation M7U (an upper roadway floor beam).

3. STRESS ANALYSIS

The first-order deflection theory was used for a detailed stress analysis. It
was felt that a linearized theory would be sufficiently accurate while allowing
use of superposition and taking advantage of the system's symmetry. It was thus
possible to model the bridge structure very realistically, as a three-dimensional
system. Every panel point was taken into account and the major structural com-
ponents including the floor beams, were modelled as individual elements. The
stringer-floor beam interaction was analyzed on a smaller {local) model for var-
lous conditions of the reactions between the stringers and the floor beams. Ac-
curacy of the analysis was confirmed by comparing its stress predictions with the
data obtained by the strain-gage measurements.
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By combining the loads from the four subway tracks and from the roadways, the
maximum stresses for strength design and the stress ranges for fatigue design
were established. The analysis was performed for the present state of the
bridge and for several proposed stiffening schemes. The stress ranges in the
upper floor beams determined analytically for the existing configuration and for
the proposed stiffening scheme are shown in Fig, 7.

The most important lessons learned from this analysis are the following:
-Three-dimensional modelling of the bridge structure is absolutely necessary if
correct determination of stresses and deformations is to be achieved.

-Stresses which may be treated as "secondary" in other types of bridges become
often of primary importance in suspension bridges.

4, FATIGUE CRACKING PREDICTIONS

Within the strength of materials methodology, the cumulative fatigue damage in

a structure subjected to variable-amplitude cyclic loading can be estimated with
the aid of one of the existing rules. Among them, Miner's rule appears to be
reasonable and enjoying widespread acceptance. Its use requires the knowledge
of the S-N diagram of the material, obtained from constant-amplitude fatigue
tests, and the histograms (or "load spectra") of stress ranges imposed on the
element to be analyzed. According to Miner's rule, the damage, D, is

D=2 n: /N, (1)
i
where n. = number of actual cycles of stress range Si;

1

N, = number of cycles to failure at stress range Si'
Failure occurs when D = 1.
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Miner's rule has been applied to several locations on the floor beams, for which
the experimental stress-range histograms were determined and the S-N curve of
rolled A-36 steel was used. The results for 30-year service period are, for ex-
example:

Location M7U : D
Location B71L : D

0.77
0.14

In reality, cracks in the fioor beams in the vicinity of these and other loca-
tions were observed after a service period of less than 30 years since the last
replacement and rehabilitation work. Thus, the existence of cracks must be at-
tributed to one or a combination of the following factors:

~-Initial flaws in the material;

-Initial cracks, notches, and other surface flaws causing local stress concen-
trations;

-The effects of corrosion;

-The possibility that at some locations the peak stresses were occasionally
higher than the levels determined in the present investigation.

The above observations seem to point to the fracture mechanics methods as per-
haps the more rational approach to the fatigue cracking problems in bridges. In
order to develop an estimate of the rate of growth of hypothetical and, in some
instances, existing cracks in the floor beams, the following formula was used

(11, [2])

da _ n

W = C(aK) (2)
where a = crack length, N = number of cycles, AK = range of stress intensity fac-
tor, C and n = material constants.

For A-36 structural steel, the values of the two material constants were adopted
from Ref., [1] (p. 261) as

C=3.6 x 10710, n=3

The stress intensity factor was determined under the assumption of uniform nomi-
nal stress in the analyzed element and small length of the crack as compared to
the dimensions of the element. Thus, the expression for AK is

AK = 1.12 Ac Vma (3)

where Ac is the nominal stress range. The values of Ac with the corresponding
number of cycles were taken from the strain-gage records described in Section 2.
Integration of Eq. (2) was performed with the aid of the Euler method, with the
time interval of 0.5 year (i.e. with the update of the value of "a" in the ex-
pression for AK on the right-hand side of Eq. 2 at half-year intervals). The
initial crack length was assumed to be equal to 0.001 in. Typical results of
this analysis are shown in Fig. 6. The general trend indicated by these theoret-
ical predictions appears to be in agreement with the actual observation of the
crack growth between two consecutive inspections. Given the erratic nature of
some of the effects present in the system (among them, notably, the stick-slip
contact between the stringers and the floor beams which causes the situation
depicted in Fig. 3), the fracture mechanics approach is, in fact, remarkably
successful in explaining the progress of damage of the components in question.
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5. STIFFENING SCHEME

A number of stiffening schemes were considered. The solution which possesses
the advantage of being effective, economical, and not detracting from the ap-
pearance of the bridge consists of strengthening the floor beams and restora-
tion of the lateral bracing system at the level of the two upper roadways. The
torsional rigidity of the bridge is thus considerably increased; the two pairs
of trusses and the lateral bracings from two very effective torque tubes. The
stress ranges in the floor beams of the modified system are shown in Fig. 7,
where - for reference - the allowable stress range according to the AASHTO Spe-
cifications, [3], is also given.
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Design of the Steel Gates for the Eastern Scheldt Storm Surge Barrier
Dimensionnement des vannes en acier pour le barrage anti-tempéte de |’Escaut oriental

Bemessung der stidhlernen Schiitzen des Sturmflutwehres an der Ostschelde
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SUMMARY

The steel gates of the barrier have main support structures of tubular steel trusses. Heavy storms will
create high stresses in the tubular connections because of stress concentration. As the waves have
periods of 6 to 10 seconds, some 15’000 load cycles may be expected in a 24 hour storm. For econ-
omic reasons the designers expect and accept fatigue cracks after 30 to 40 years of use and will give
special instructions for inspection on that basis.

RESUME

Les vannes en acier du barrage sont constituées d’'une structure principale en treillis composé de tubes
d’acier. Des contraintes élevées dans les assemblages entre tubes sont dues & des effets de concentration
de contraintes, lors de violentes tempétes. Les vagues ayant une période de 6 & 10 secondes, il peut se
produire quelques 15000 cycles de charge lors d’'une tempéte de 24 heures. Pour des raisons économi-
ques, les ingénieurs projeteurs prévoient et acceptent |'apparition de fissures de fatigue aprés une durée
d'utilisation de 30 a 40 ans et fournissent des instructions spéciales pour un contrdle des ouvrages.

ZUSAMMENFASSUNG

Die Tragkonstruktion der stahlernen Schiitzen des Sturmflutwehres besteht aus Rohrtragern. Infolge
der Spannungskonzentration verursacht ein schwerer Sturm hohe Spannungen in den Verbindungen.
Da die Welien Wiederkehrperioden von 6 bis 10 Sekunden aufweisen, ergeben sich ungefahr 15000 Be-
lastungszyklen wahrend eines Sturmes von 24 Stunden Dauer. Aus wirtschaftlichen Griinden werden
bei einer Nutzungsdauer von 30 bis 40 Jahren Ermidungsbriiche akzeptiert und spezielle Inspektions-
vorschriften erlassen.
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" :: i Schouwen -

General description of the
design of the flood barrier

\ Hammen

Y

« JRoggenpiasat

1

| Schaar

The mouth of the estuary of the
Eastern Scheldt has three
channels, named Hammen, Schaar
and Roompot. Between the
channels, totally 3,5 kilometers
wide, is shallow water in which

Oosterscheide

‘ . = 4 North Sea
islands constructions are made Zé

(fig. 1).

In the three channels 66 piers, Dam Section

Geul Construction

Docks

forming 63 apertures, will be
placed on 45 m centre-to-centre
distance. The piers are 45 m
high and have base plates
measuring 25 x 50 m2. The sills Sluice
between the piers will be \
increased in height and box- \.Roampot
beams will span the piers,
thereby achieving the desired
effective flow opening of
14.000 m2 between sills and : RS
box-beams., The tidal range will fig. 1 The mouth of the Oosterschelde with
still be 77% of what it is today trace of stormflood barrier

and as a result of that, the salt

water tidal environmment in the Eastern Scheldt will be kept intact. This will
conserve the mussel and oyster cultures and other specific flora and fauna.

A steel gate will be installed between each pair of piers. Under normal
conditions the gates are open, allowing seawater to flow in and out the
Eastern Scheldt. The existing enviromment will thus be kept intact. Under storm
condtions the gates will be closed. The hydraulic electro-mechanical devices
which operate the gates, will be housed in the prestressed concrete bridge
elements spanning the piers.
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Steel gates

The closure system of the
flood barrier consists of a
static part, the sill and
box-beam and a mobile part,
the steel gates. There are
63 steel gates with a gross
flow profile of 18.000 mZ.
The gross flow profile of
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The 63 steel gates are divided

over the three channels as follows:

15 in the Hammen;

16 in the Schaar van Roggenplaat;
32 in the Roompot.

These numbers are determined by
the flow volumes in the channels.
The height dimension of the steel
gates will be determined by the
cross—sectional profile of the
channel (see also fig. 2) and
varies in steps of one metre from
5.90 metres to 11.90 metres;
weights vary between 300 and

520 tons. In their closed
position the steel gates extend
from the concrete sills upwards
to Amsterdam Zero + 1.20 metres
(the under side of the box-beams).
From Amsterdam Zero + !.20 metres
to Amsterdam Zero + 5.80 metres
the concrete box-beam acts as a
barrier. The thickness of the
gates is 5.40 metres. There will
be 7 different types of gates,
due to the difference in height.
Because the piers, between which
the steel gates are sliding up
and down, are founded independent
of each other, positioning
telerances (with respect to
centre-to-centre distances and
nonparallelity) will have to be

fig. 3 Artist impression of flood barrier
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have been positioned and the 2 | 1o Terce] 570 avzeo| 25551 |2Ba3 w625 {16047 [2658 | 1701 [ 505 | 43| 28] 6] 1| °
sill is constructed between ! & 350 | 12031 37%0] 24 593] 23604 | 26816 |k 1924 [16625 255k [1261 {267 | 33| 284 5| | °
the piers at the location of 5 | " Tas] ova| 2859] 3632| 7057|2210 | 3465 12345 | 1865 1109 | 135 28] 161 3{ | °
the gate. Therefore the gate BOTonl snal1o70] sot2| ecos] o6z o3z 51| e8s| a3 | es| 9| &) 1f of 2
will be assembled in three O s 155 200 2to 300 550 hoo 450 500 R0 Goa 650 700 750 800 S5t
parts of which one is 7221 loading Ki/pgy nesre cate

overlong. The three parts

are the tWO "box type" end TABLT 1 Nunber of loading combinations

constructions and the tube T vave loading — fell loading

truss constructions, the gate 36 Roowpet

latter being overlong.
After the correct span length has been measured,

. + . . wave loading] total number of { number of
this part is adjusted to the desired length. The - aidpnaiidll B
three parts are then attached to each other with Hi/ i num fn 200 years | in 200 years
welded connections. o “iL %.

. . 0. 110165. .
Since great horizontal loads must be absorbed by ARG, 12:
during closing and opening, a lever gate with fo. 15093, 54975,
slide supports was chosen, whereby loads are 00y 2ﬁ%- :%%-

- . 120, 77, 6405.
transfered throughout the entire height of the S, 51;_ ;mz_
gate to the pier. 150. 2753 215732,
Worst-case conditions for the strength calculation 4305 13298 174508,
. . . 2C0, 5846, 121723,
for the steel gate in closed position are: 20, ey S
a water level on the North Sea side of Amsterdam 240, 919. 42525,
Zero + 5.5 m and on the Eastern Scheldt side of i“ 343 af&
. > - 230, 126. .
Amsterdam Zero - 0.7 m. The "significant” wave S0, >y 1;;
height then is 3.8 metres (by "significant" wave 320, 1. 2610.
height is meant the average height of the highest she. 6. 1277
- . . 360. 2 547,
one~third of the waves occurring in a storm). - - h
Consideration must be given to the slamming chs e
effects of waves against members of the gate
conStruCtlon' TABLE 2 !lunber of wave loadings in 200 years,
nunber of reduced loadings
Dynamic loading of the gates gate 3 16 Bopmpot

For the consideration of the effects of the dynamic leading, a long term
distribution of the loading intervals has been made considering a life time of
the construction of 200 years. The stress level and stress distribution depends
of:
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a. the location of the gate in the barrier;
b. the relation of tide and wave height;
c. the "opened periods and the "closed" periods of the gate;
d. the shape of the construction having effect on the transfer;

wave =p wave loading =P stress in construction.
Extensive calculations have been made to determine the probability of the
dynamic loading on each gate. An illustration of the distribution of the
dynamic loading of gate number 16 in the Roompot is given in table 1. Since the
periods of the loadings due to water level difference are lomng, their loading
effect can be neglected in the calculations of the effects of the dynamic
loadings. Resulting, consideration is

10 000

only given to the wave loading, the X 1 branon E _
total number of loadings in 200 years sy = s000 ~i~
is given in table 2. 5 oo ] ES
. 3 E IogNz43810g S « 1132 .
In order to receive a more or less s sof ° - q300° ¢
identical safety guarantee for all the O \:m" oo
gates, the load-spectra of the various i zof = * 3 =
: H N I —s00 &
main members of the gates have been T op o D i~ =
reduced to a standard load-spectrum. P E ~ > 8 lee %
This method is acceptable since the g F \\\ - & u
main members are of an identical S ~_ T~ 7
construction type and therefore the ~~ - “
same S-N curve is applicable. For the T e P of
tube truss constructions this is the Creles of taad,N
X_}.{ line of the Americal Welding SOCIEty fig. 5 Allowable fatigue stress and strain ranges
(flg- 5) G T for stress categories (American Welding Society)

For the reduction it is acceptable to

use the second branch of the S-N curve.

The equation of this branch is approximately:
log N = 4.38 log S + 11.32 (S in ksi)

N = C] - 54.38 (Cl - constant) lag Mz 436109 S « 1132
Since the stress S is linear dependent on . N |
the loading L, it can also be written: H 4 :

4.38 -

N = C2 % L H I |
Taking: : ]

L_ = loading to which actual loading is oy ,.l_ o e

reduced

Cycles of Josd

L, = actual loading
fig 6 S-N curve

CONNECTION 19 CON |
... 5410 o 5410 . . 5410 e
Jaog 1545 1 —1
g 40 40 blplpe DiA. PIPE DIA. PIPE DIA.
0! 812.8x50 812.8x40 812.8x40
PIPE DIA - _* il R
B128x40 3
VARIABLE GAP 0 42° 4@9° 3ae’
PIPE DIA._ _PIPEDIA. PIPEDIA. l
- _ \, 711.2x25 6096 x125 / N, 556x128 !
: ! ! N : | \ lg
r \ 4 \\ ! \ :
4 |<ELANGE PLATE ; PIPE /A, }! PIPE DIA. 1\ [
1000%40 \ 4 558.8x12.8 BI28xd8 ] NN\ |
’ k J 2 A ]
U g O 2 ool

measures in millimetres

tig 7 LOCATION OF CONNECTIONS VERIFIED IN LABORATORY
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n_ = reduced number of qu———__m_nme“mm_w_ﬁ_mm_1
® |
cycles .
n, = actual number of ]
cycles / o B
then | 1a9 A S
La 4.38 i e \ 29 |
n_=n = é——%
r a L N,

r

This means that n, cycles
of loading Ly give the same
result towards fatigue as
n cycles of loading Lg.
For the gate number 16 in
the Roompot this method of
reduction results in the
number of reduced loadings

as given in table 2. 1ig.8 LOCATION OF STRAIN GAUGES IN CONNECTION No 18
For the reduced loading is
taken

L = 100 RN/

lin. metre

Stress concentrations, strain concentrations (S.C.F. — S.N.C.F.)

For the less complicated mutual connections of the tubes the calculation method
of Kuang, Potvin and Leick [1] for the determination of the stress concentration
factor has been applied in the preliminary design phase.

For the more complicated connections the three dimensional effects were too
large. For these connections perspex models were tested to verify the S.N.C.F.
(see fig. 7). The strain ganges were placed in such positions that the required
informations regarding the hot spot stresses would be received (see fig. 8).

In £ig. 9 the forces and bending moments acting in the members in the
neighbourhood of the connection are illustrated. The forces and moments in the
members I and IT were small as compared to the other forces and are neglected

in the model tests.

The results of the model tests are given in figure 10.

For an easy comparison the results are made dimensionless by dividing the
measured strain by the strain due to the axial force in member 41. From fig. 8
and 10 it can be seen that the highest strain appears at the crown position of
the connection of member 102 to the chord.

front view

@

ﬂ ' members
/“ 131 and 4t A2
aomitted
B JO.SSJFT
&
By,
Az
240kNm 368 kNm ®
S3I5TKN —— ' ( 149 ) ~THIKN
10kN E
soknm , (131 (41) ) 2w
34 kN \- OS5 kN a=02Vrt but not
1658 kN s 134« _ kNm \537kN smaller than 4mm
72 i kN
ka8 } i Figh Localions of straingages for linear

extrapolation to weldtoe to determine
tig. @ FORCES AND MOMENTS ACTING IN THE MEMBERS OF CONNECTION 16 strain concentration factor.
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The extrapolation of the M

measured strains to the weld - N\ &

toe has been carried out ’ /// ‘i\

according to the procedure 12] 11 N Tzs

outlined by the European ‘W“"’/\\\> \\ Srom

Working Group III 1 5

"Tubular joints", see also No\

fig. 1l. This linear oal \\\ N R,

extrapolation includes the ' N - \\\\ \\\\
influence of the geometry of 06 \\\\,5 E & ~dm ¢
the joint and the geometry R \\3£N~\\\\=\\ o
of the weld, but not the t o; ' S Rst
influence of the condition £ Sik, T—{Es }
of the weld toe such as "2 05 N

notches, the angle between U, ]

weld and parent metal etc. o \\\\ — o Ss
These influences must be Ny ®a

taken into account by 02D A4 A

considering the applicable 31/><\ ~ 'q5|% ~—51:TA5=
S5-N curve. 04 ™ Us 4

Due to the difference in \\\ -10

height there are 7 different -08f 5

types of gates, which are :&C—///‘p5

composed of 2 or 3 trussed -o08} ::::/,<< —

girders. As a result of the & %‘/,___7N4 s

difference in loading the w0 - € 5 dimi= B membaE 41
total number of different Oy due to axial torce
types of trussed girders is 2= , , T

13. In order to apply the g[e 12 mga;;ﬁo 12 ‘mm

results of the investigated b weldtoe

connection for other z

geometries the results have
been converted in stresses

and compared with the
calculated stress
concentration factors (S.C.F.).
For calculating the S.C.F. of a K-T joint with branches of which the diameters
and loads are not equal, formulas are not available in the literature, even if
the members I and II (see fig. 9) are omitted. Considering the joint as a
K-joint, consisting of the branches 131 and 102 (see fig. 9) and all branches
having the diameter of member 102, the best agreement is obtained by using the
formulas of Wordsworth [2].

The strain in joints with different parameters is calculated by

fig10 “norm in connection 16
—

E .0 (imeasured )
i hs a. 5
calculated . .
joint 16

From fatigue tests it has appeared that the first visible crack occurs at

appr. 257 of the lifetime of the specimen [3

Since the design lifetime of a gate structure must be 120 years and the adopted
AWS X-X curve is based on complete failure of the connection, it means that it
is accepted that the first visible crack will occur after approximately

30 years. After every storm—closure the most critical joints of the gates will
be inspected. If a crack is not perceived immediately, it would not mean that a
gate will fail during the next storm.
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The ratio between the number of cycles after which the crack is completely
through the wall and the number of cycles required for the first visible crack
is greater than 1,5 [}], e.g. for gate number 16 appr. 225.000 load cycles may
occur after the first visible crack is in existence, before that crack is
completely through and through. The total number of load cycles during a
24-hours storm is approx. 15.000, this means that approx. 15 heavy storms are
required after occurrence of the first crack before complete failure of the
‘connections has been reached.

After a crack has been perceived, the crack will be repaired. From fatigue
tests on repaired tubular joints it has appeared that the fatigue strength is
equal or even greater than the fatigue strenght of the original specimen [3).
All joints are designed as non—-overlapped joints to ensure inspection and
possibility of reparation of all welds.

In order to carry out a reliable and quick inspection of the critical joints an
investigation is started to the application of acoustic or magnetic methods,
capable of detecting cracks in uncleaned surfaces.

D] Kuang, J.G.; Potvin, A.B.; and Leick, R.D.:
"Stress Concentrations in Tubular Joints", paper OTIC 2205 presented at the
7th Annual Offshore Technology Conference, Houston, Texas, May 1975
2} Wordsworth, A.C. "Stress concentration factors at K and KT tubular joints"
Dijkstra, 0.D.; De Back, J.:
"Fatigue strength of welded tubular T-and X-joints", paper OTC 3696,
presented at 12th Annual OTC in Houston, Texas, May 1980
[4] De Back, J. and Vaessen, G.H.G.:
"Fatigue and corrosion fatigue behaviour of offshore steel structures",
ECSC Convention 7210-KB/6/602 (J.7.1 £/76), April 1981
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Collapse of a Cantilevered Truss Supporting a Heavy Crane
Rupture d’une poutre-console a treillis supportant un pont-roulant lourd

Bruch eines Fachwerkkragtrégers einer Kranbahn

JOHN M. HANSON
President

Wiss, Janney, Elstner & Assoc.
Northbrook, IL, USA

SUMMARY

After three years of operation, a cantilevered steel stuss supporting a heavy 1070-kN crane collapsed as
a result of fatigue in the anchor bolts resisting the tensile reaction. The tensile reaction was taken by
then 51-mm diameter anchor boits. It was estimated that these bolts were sujected to approximately
370 000 cycles of loading producing an average nominal stress range of 556 MPa. The failure was
attributed to uneven fluctuating tension in the bolts.

RESUME

Aprés trois ans d’utilisation, une poutre-console & treillis métallique supportant un important pont-
roulant de 1070 kN s’est effondrée par suite d'une rupture de fatigue des boulons d’ancrage reprenant
la réaction de traction. La réaction de traction était reprise par dix boulons de 51 mm de diamétre. On
a estimé que ces boulons furent soumis a environ 370 000 cycles de charge produisant une différence
moyenne de contrainte nominale de 55 MPa. La rupture fut attribuée & une distribution non uniforme
de la tension dans les boulons.

ZUSAMMENFASSUNG

Nach dreijahriger Betriebszeit brach der auskragende Fachwerktrager eines 1070 kN-Krans infolge Er-
midung der Verankerungsschrauben. Die Zugspannung wurde durch zehn Schrauben mit einem Druck-
messer von 51 mm aufgenommen. Eine Schatzung ergab, dass die Schrauben ungefahr 370 000 Last-
wechsel mit einer nominellen durchschnittlichen Spannungsdifferenz von 55 MPa erfuhren. Der Unfall
wurde einer ungleichen Spannungsverbreitung in den Schrauben zugeschrieben.
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1. SITE INVESTIGATION

The site of the collapse of a very large cantilevered truss supporting a
heavy 1070-kN crane is shown in Fig. 1. At the time of the collapse, about
10:30 A.M., the crane was at the end of the truss, removing oyster shells
from a barge. The operator of the crane was killed, and another man working
near the barge was severely injured.

The position of the collapsed truss and markings on the debris clearly
established that the failure occurred as a result of loss of the tensile
reaction. When this occurred, the truss began to rotate about the compres-
sive reaction. This rotation was resisted by the crane rail, which exerted
a horizontal pull, causing the pier taking the compressive reaction to fail
in lateral bending at its base. As a result, the truss also moved backward
and inward, and finally collapsed.

The tensile reaction was resisted by ten 51-mm diameter anchor bolts,
arranged in two rows. The picture in Fig. 2 shows how the bolts protruded
through a heavy weldment at the support of the truss that did not collapse.
A view of the pier where the failure occurred is shown in Fig. 3. Seven
bolts may be observed protruding from the pier. The bolts were bent by the
impact of the truss, which occurred after the pier failed that was taking
the compressive reaction, and the truss began to fall. Two bolts on the
near side of the pier were broken below the top surface, apparently from
the truss rolling off of the pier. One bolt, on the far side near the
column extending above the top of the pier, was fractured in the region
where grout had been placed between the weldment and the top of the pier.
The surface of this bolt, as well as other bolts, was corroded in this
region. There was no evidence of deformation or slip of any part of the
anchor bolts embedded in the pier.

Fig. 1 View of Collapsed Truss and Crane
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Fig. 2 Weldment of Fig. 3 Failed Anchor Bolts
Tensile Reaction

The tops of five anchor bolts with nuts were eventually recovered. These
bolts were fractured near the base of the nuts. It was established that
fractures occurred in the threaded portions of all of the bolts.

Discussion with the manager of the plant indicated that the crane generally
unloaded one barge of oyster shells each day. Since the crane had an 8 m3
bucket, and the barge supplied about 2600 m3 of shells, it was estimated
that the crane made approximately 400 daily trips out to the end of the
trusses. Furthermore, the crane was generally in use seven days a week,
except for three or four times a year when the plant was temporarily shut
down. Since the plant had been in operation for three years, it was esti-
mated that the anchor bolts had resisted approximately 370,000 cycles of
repeated loading prior to the collapse.
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2. REVIEW OF AVAILABLE DRAWINGS AND SPECIFICATIONS

The length ot the trusses, as shown in the line drawing in Fig. 4, was
35.9 m. With the crane bridge at the end of the truss, in position for
unloading the barge, the load of the crane, P, on the truss was located
15.2 m from the compressive reaction. The load consisted of the following:

Crane bridge 764 kN
Trolley 262 kN
Bucket 44 kN
8m3 of oysters 62 kN

Lateral stability was provided by a welded channel connection between the
top chord of the trusses and the concrete columns, and a supplemental
truss between the ends of the cantilevers,

35.9 m

— o
S &

4.57 m —

13.7 m A 15.2 m

h
0.74 m +— 4 '

-«

Fig. 4 Elevation of Truss

According to the drawings, the anchor bolts had a total length of 3 m
with a 152-mm long threaded portion at both ends. The projection above
the top of the pier was 0.59 m. The bolts were anchored in pairs at their
bottom by a 32-mm-thick plate. The surface of the bolts was in contact
with the concrete. Apparently there were nc specified procedures for
tightening the bolted connection to the truss, although it was reported
that the contractor had used a torque wrench.

3. EXAMINATIONS OF THE BOLTS

Extensive metallurgical examinations of the bolts were carried out by
several parties. There was general agreement that fatigue cracking and
fracture had occurred in the threaded portion of all of the bolts. Views
of the cracked and fractured surfaces in four of the bolts are shown in
Fig. 5. The fatigue cracking appeared to have advanced across the bolts in
an intermittent manner. Final ruptures appeared to be due to overloading.
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Bolt A Bolt B

Bolt F Bolt G

Fig. 5 Fracture Surfaces

A chemical analysis was made on samples obtained from eight bolts. The
results were as follows:

Minimum Maximum Average
Carbon .39 44 42
Manganese .79 .84 .83
Phosphorous .009 .014 .010
Sulfur 011 .016 .013
Silicon 25 .30 .29
Nickel 10 .19 .12
Chromium .96 1.03 1.00
Molybdenum .19 + 23 « 21
Copper .04 14 11

Aluminum .01 .04 .03
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Physical tests on three samples taken from the bolts indicated that the
yield strength, obtained as 0.2 percent offset from the elastic part of the
stress—strain relationship, ranged from 268 to 340 MPa, while the tensile
strength ranged from 616 to 656 MPa. Charpy V-notch impact test results on
three specimens tested at 10 deg C ranged from 33 to 36 Nm.

4. ANALYSIS OF THE CRANE LOADING

The results of an analysis of the compressive, C, and tensile, T, reactions
at the points of support of the collapsed truss are presented in Table 1.
Three static loading conditions were investigated. It may be seen that the
tensile reaction, T, which failed and caused the collapse of the crane
varies from approximately 360 kN, when the crane is not on the truss, to
1170 kN when the crane bridge is at the end of the trusses and the trolley
is adjacent to the truss. Based on a stress area of 1480 mm? through the
root of the threads of the anchor bolts, and on the assumption that the
load is distributed uniformly to all ten anchor bolts, the preceding values
correspond to tensile stresses of 24 and 78 MPa, respectively.

TABLE 1 - STATIC LOAD REACTIONS FOR THE COLLAPSED TRUSS

Compressive Tensile Nominal stress
Load reaction reaction per bolt at
tensile reaction
(kN) (kN) (MPa)
Weight of truss 1125 360 24

Crane bridge at end of

truss, trolley in center,

and full load of oysters 2340 990 69
in bucket

Crane bridge at end of
truss, trolley adjacent
to truss and full load 2700 1170 78

of oysters in bucket

It was estimated that the truss reactions may be magnified approximately

30 percent by dynamic effects. Accordingly, the average tensile reaction
that may be imparted to the system of anchor bolts was estimated to be 360 +
1.3 (990 - 360) or approximately 1180 kN. This corresponds to a nominal
stress per bolt of 79 MPa.

There may have been further potential for a small amount of magnification
of the stresses in the anchor bolts due to lateral forces creating a moment
perpendicular to the truss, This moment would be expected to have the
greatest effect on the most remote pairs of anchor bolts. However, the
primary mechanism for resisting lateral forces was provided by the channel
connection welded between the top of the truss and the adjacent higher part
of the column.
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5. EVALUATION OF FATIGUE STRENGTH

Fatigue test data on threaded parts is limited, at least in North America.
However, early tests by Moore and Henwood [1l] clearly indicated the importance
of stress and the characteristics of the threads. Zero-to-maximum axial
tension tests on medium-carbon 9.5 mm studs with die-cut threads had an
endurance limit as low as 90 MPa. Low cycle tests on bolts have also been
reported by Snow and Langer [2].

More recently (subsequent to the collapse described in this paper) Frank
[31 reported on an experimental investigation of anchor bolts that included
the following variables: steel type, thread pitch, bolt diameter, method

of forming thread, galvanizing and double nuts. Frank concluded that the
type of steel, thread size, and bar diameter do not significantly influence
the fatigue strength of anchor bolts. The fatigue strength of double-
nutted bolts subjected to bending or tension, tightened to one-~third of a
turn past snug, exceeded the strength of single-nut anchor bolts. According
to Frank, the present AASHTO [4] Category E design stress range provides a
suitable lower bound design relationship for single-nut anchor bolts and
double-nutted anchor bolts tightened to less than one-~third of a turn.

The AASHTO Category E design stress range is shown in Fig. 6. Superimposed
on the plot is a point representing a nominal stress range of 55 MPa and
370,000 cycles at which the truss is estimated to have collapsed. The
failure occurred well below the Category E design range.

AASHTO, Category E
IOO:-
Stress B
Range, 50
MPa
n Failure of Crone
10 | 1 i N T E W | i 1 v oioa vl
10% 106 07

Cycles fto Failure

Fig. 6 Comparison of Failure Condition to
AASHTO Category E Design Criteria

It should be noted that the AASHTO Category E design stress range is
established on the basis that there is a 95 percent level of confidence
that 95 percent of the failures will exceed the design condition. There
were also a number of uncertainties in the determination of the stress
range and cycles causing the failure. However, the most plausible reason
for the failure occurring below the Category E design range is lack of
uniformity of stress in the anchor bolts. The method of construction
apparently did not insure that the stress was uniform when the system was
placed in operation. With time, there may have been considerable wvariation
in the bond between the surface of the bolts and the concrete, which may
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also have had a significant influence on the stress conditions, irrespective
of their adequate end anchorage. Consequently, it is likely that stress
ranges as high as 150 to 200 MPa may have occurred in some of the bolts.

As noted earlier, the examination of the fracture surfaces indicated that
the fatigue cracks advanced across the bolts in a variable manner.

6. FINDINGS

The collapse of the crane occurred as a result of fatigue failures of the
anchor bolts. Considering the potential for unequal stresses in the bolts,
it was not surprising that the number of cycles to failure was less than
the fatigue life indicated by tests on single bolts. More importantly, a
structural connection should have been used for the temnsile reaction which
would not have allowed fluctuating tension in the anchor bolts.
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Fatigue Research on Welded Crane Runway Girders
Recherches de fatigue sur les poutres-supports soudées des ponts roulants

Ermidungsversuche an geschweissten Kranbahntragern
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Prof. Associate Prof.
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Tokyo and Saitama, Japan Tokyo and Saitama, Japan
SUMMARY

This report presents the results of fatigue tests on welded crane runway girders. They indicate that weld
cracks in the vicinity of the upper flange are affected by the local stresses caused by the eccentricity of
the crane rail from the centre line of the girder.

RESUME
Cet exposé présente les résultats d'essais de fatigue sur des poutres-supports soudées de ponts roulants.

IIs indiguent que les fissures dans les soudures des ailes supérieures des poutres sont affectées par les
contraintes locales dues a I'excentricité du rail du pont par rapport au centre de la poutre.

ZUSAMMENFASSUNG
Der Artikel beschreibt die Resultate von Ermiidungsversuchen an geschweissten Kranbahntragern. Es

zeigte sich, dass die Risse in der Ndhe des oberen Flansches von den értlichen Spannungen beeinflusst
werden, welche infolge der Exzentrizitat der Kranschiene beziglich der Mittellinie des Tragers auf-

treten.
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1. INTRODUCTION

A welded craneway girder under high wheel loads and high loading cycles usually
develops cracks in these places;(1)the fillet welds between the web plate and
upper flange;(2)the fillet welds between the rib plate and horizontal stiffener
:(3)the fillet welds between the web plate and rib plate, or the fillet welds
between the upper flange and vertical stiffener. These weld fractures occur
only in the vicinity of the upper flange of welded craneway girder. One of the
possible reasons for these weld fructure is the effect of the local stresses
caused by the eccentricity of the crane rail from the center line of girder.

A craneway girder is designed in accordance with the generally accepted
procedure, based on static loads and in accordance with the Japanese Standard-
Specification for the Design of Steel Structures.

Impact factors are usually introduced in this procedure to represent the effect
of dynamic toadings, while the horizontal force acting in the transverse
direction is defined as 10% of the wheel load. However, the local stresses
caused by the eccentricity of the crane rail are not taken into consideration
yet.

The present study is intended to discuss the weld fractures in the vicinity of
the upper flange of the craneway girder, based on the fatigue test results
carried out at Tokyo Denki University.

2. TYPES OF FATIGUE CRACK IN THE WELDED CRANEWAY GIRDER

An example of the relation between the location of the fatigue crack initiated
and the eccentricity of crane rail is shown in Fig.1 of craneway girders in a
mi11l building. These craneway girders are simply supported beams of 12M span
supporting 2 cranes of 39M span. The cross section of these girders is built-up
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Fig.1 An example of the relation between the location of fatigue
crack initiated and the eccentricity of crane rail
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H shape of 1500mm depth, 450mm width of flange, 16mm thickness of web and 28mm
thickness of flange, and vertical ribs are attached at the web plate beneath
the upper flange. The crane rail, with a thick resilient pad laid under it, is
a 74 Kgf/M(JIS E 1103) laid on the craneway girder. The serviced cranes are
two overhead travelling cranes with 4 wheels per rail respectively. The rated
loads of the cranes are 25Tonf. Maximum wheel loads of the cranes are 35Tonf
respectively.

The fatigue cracks which were initiated in these girders were observed after
a service period of only 7 years. The estimated number of the cycles of loading
is about 5x10°.

The cracks which will occur in the vicinity of the upper flange where e/tw are
more then about 3 are shown in Fig.1. (e: eccentricity of crane rail from the
center line of girder, tw: thickness of web plate)

Fig.2 shows typical patterns of fatigue crack initiated in a welded craneway
girder. For the sake of convenience in this report, the types of cracks which
will be dealt with are identified as follows.

Type A crack; crack in the fillet welds between the web and the upper
flange

Type B crack; crack in the fillet welds between the rib and the horizontal
stiffener

Type C crack; crack in the
welds between .
the rib and Rail

the web plate T——
Feib ATypoc—L DType |
Type D crack; crack in the Type

welds between 5
the upper flange
and the vertical E Type
stiffener i

Type E crack; crack in the

lower flange ~_Rail
(the Type E crack is not I T ;

dealt with in this report.) -
é B

\‘\ orizon'tcll-ry‘:,e <
r

Fig.2 Types of fatiaue cracks

3. TEST SPECIMENS AND EXPERIMENTAL METHOD

The details of the tested specimens are shown in Fig.3, and the dimensions of
the specimens are shown in Table 1. The kind of steel used in these specimens
is JIS-SS41 (structural cabon steel with minimum specified tensile strength of
41 Kgf/mm?),
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These specimens were fabricated by a T
submerged-arc weld at the fillet weld B ﬂkﬂ w
connection of flange to web, and by a 1
manual weld at the fillet weld con-

nection of the rib to the web and the e
: —e—d- ¥ “ s
stiffener to the web. All of these f%l?&az_____ L — "nwfiwfj H&
specimens were tested under as welded A.D Type
condition.
t

The mechanical properties and chemi- T 1= B
cal compositions of the steel used p I =t ™
are summarized in Table 2. 1

. : edi2-s-dI2—
The tested girder was simply support- P w042 -4 ——d — +wo-a2 18 LBy
ed and concentrated load was applied pons e x|, s b

midspan of it though the crane rail

(37 Kgf/M) as shown in Fig.4.

A repeated load was applied with 113
Hz in one direction by 50Tonf electro T
-hydraulic fatigue testing machine. '

B Type

—h—

The initiation and propagation of

2 " d py+d
fatigue cracks were observed using © g - ) ~ & — "By
a dye penetrant inspection. . L .

(o} ' Type

Fig.3 Tested specimens

Table 1 Dimensions of specimens

specimens Lem hem dem | Bfem | tfmm | twem | byScm|tvSmm |[bhscm { thsmm | brem [ trom
BG16- 9- 900/2( 9) 260 | 59.8 [ 90.0 | 24.1 |15.61 |8.88 | 9.1 | 8.79 | 10.2 | 8.69 | 10.0 | 8.76
BG16- 9- 900/2( 9) 240 | 59.6 | 90.0 | 24.1 |15.96 |8.87 9.1 | 8.79 | 0.0 | 8.73 | 10.0 | 8.76
BG19- 9- 900/2(12) 240 | 58.0 | 90.0 | 24.0 |[18.99 |8.80 | 10.0 | 8.80 { 10.0 |11.78 | 10.0 | 8.80
BG16- 9- 900/2( 9) 240 | 59.7 | 90.0 | 24.1 [15.99 | 8.9 9.1 | 8.79 | 10.2 | 8.74 | 10.0 | 8.76
BG16- 6- 600/2( 6) 239 | 57.8 | 59.8 | 24.0 {15.74 |5.80 | 10.0 | 5.81 | 10.0 { 5.81 | 10.0 | 5.82
€G16- 9- 900/2( 9) 240 1 60.0 | 90.0 | 24.0 }15.66 | 8.66 9.0 | 8.85 9.0 | 8.85
€G16- 9- 900/2( 9) 240 | 59.7 [90.2 [ 24.1 |15.65 |8.85 9.0 | 8.85 9.0 | 8.86
€G16- 9- 900/2( 9) 240 | 59.7 | 50.1 | 24.1 |15.67 |8.85 9.0 | 8.85 9.0 | 8.85
€G16- 9- 900/2( 9) 240 §59.8 |1 89.8 [ 24.0 |15.62 |8.86 9.0 | 8.86 9.0 | 8.86
CG16- 9- 900/2( 9) 240 | 60.0 | 89.9 | 24.0 {16.64 | B8.84 9.0 | 8.85 9.0 | 8.84
CG16- 9- 900/2( 9) 240 | 59.9 [90.1 | 24.1 |15.66 . 8.86 9.0 | 8.86 9.0 | 8.86
DG16- 6~ 600( 6) 239 | 57.8 | 59.8 | 24.0 |15.74 | 5.80 | 10.0 | 5.8]
DG622-12- 800( 9) 240 | 57.8 j80.0 | 24.1 j21.77 N1.79 9.1 1] 9.02
D619- 6- 600( 6) 240 157.9 |90.0 | 24.0 (18.92 | 5.66 | 10.} | 5.73
DG16- 9- 900( 9) 240 [59.8 [90.1 1 24.1 [15.64 | 8.86 9.0 | 8.80
DGH19-9- 800(12) 240 | 40.0 | 79.8 | 23.9|18.73 [ 8.76 | 10.5 |11.65
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Table 2 Mechanical properties and chemical composition

specimens plate (mm) | oy (t/cm®} | oB{t/cm®) | Elon. () | Cx100 | Six100 [Mnx100 | Px1000 |Sx1000
6 3.34 4.64 25.64 12 25 17 22 7

B-Type 9 3.10 4.29 29.03 12 19 77 21 14 SH
12 2.91 4.26 29.61 10 20 67 20 12

C-Type 9 2.40 4.04 32.65 12 19 77 21 13 W
6 3.34 4.64 25.64 12 25 77 22 7

G-Type 9 3.10 4.29 29.03 12 19 77 21 14 Sv
12 2.80 4.28 30.33 10 30 67 20 12

SH; Horizontal Stiffener, W; Web, Sv; Vertical Stiffener,

Strong Frame

Actuator

H;fgpze"m' Load Cell
= )
Specimen t.

Fig.4 Test set-up

4 TEST RESULTS AND DISCUSSIONS

The fatigue test results are summarized in Table 3 and are illustrated in Fig.5
to Fig.8. In Table 3, e; and e, are the measured strains at the maximum load in
the vicinity of the crack initiated on the eccentric side of rail and the oppo-
site side respectively,

Nc represents the number of cycles up to cracks initiated and Nf represents the
number of failures.

Nf of these specimens were defined at the number of cycles when the crack
developped across the width of stiffener of the Type B and Type D specimens and
when the crack in the web plate developped about 80mm in length of the Type C

specimens. No Type A crack was observed in these tests.

The fatigue test results for the Type B crack are shown in Fig.5. In this
figure, hollow circles represent Nc while solid circles represent Nf.



582

FATIGUE RESEARCH ON WELDED CRANE RUNWAY GIRDERS

A1l of the Type B cracks initiated at the toe of the fillet welds between the
rib and the horizontal stiffener. The fatigue crack-growth rate of Type B is

about 0.9mm/10* cycles until the crack runs though the thickness of horizontal
stiffener plate. After that, the crack-growth rate increases to 6mm/10* cycles.
The crack-growth stopped when it reached the web plate.

Table 3 Results of test

specimens e1(e2)x10"% | Ncx10*] Nfxio* Pmax-Pmin (t) Remarks
BG16- 9- 900/2( 9) | 1560( 440) 14,5 42 20-2
8616- 9- 900/2( 9)| 960{ 270) 48 a8z 30-2
BG19- 9- 900/2(12) | 800( 260) 52 120 30-2
BG16- 9- 900/2( 9)| 580( 160) | 100 170 25-2
B616- 6- 600/2( 6)] 420( 150) | — 240 25-2
2550( -2830) (3) 6.8
2130(-2160) 4 10.5
cel6. 9= sooy2E of 1450(-2040) 10.6 26.5 .
1000{ -1300) 46 64.5
450(-1000) 42 75
160(- 840) 75 200~ £t (£c)
DG16- 6- 600{ 6) 1300(- 645) 52 82 25-2 _
DG22-12- 800( 9) 1050(- 80) a3 94 30-2 945(-1620)
DG19- 6- 600( 6) 820( 60) | 15 135 30-2 665(- 870)
DG16- 9- 900( 9) 600(- 145} | 110 128 30-2 580(- 630)
DG22-12- 800( 9) 450(- 40} | — 230~ 25-2 400{-1250)
DGH19-9- B800( 9) 350(- 135) [ — 270+ 20-2 450(-1235)
gyx107°
R
50 crock
20 = < - 1 =
1.0 e 86 16-3-900/2{9) ————
nalu-wo-/wzm
05 ot =
| © Nc
] * N¢
; N
10 10° 108 240° 107

Fig.5 Fatique test results of the Type B crack
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The test results for the Type C crack are shown in Fig.6. A1l of the Type C

cracks initiated at the toe of fillet welds between the rib and web plate at

the end of rib. These tests show that the Type C crack appears at a very early
loading cycle, even when the eccentricity of crane rail is not so great (e=0.5
tw). In this case, the value of normal stress of the flange is 0.56t/cm?, and
fhe va]ye of mean shearing stress of the web is 0.24t/cm? at the maximum load
25Tonf).

The test results for the Type D crack are shown in Fig.7. In these tests, Type
A and/or Type D cracks were expected to occur, however, the tests results
showed the initiation of no Type A cracks. ec and t, shown in remarks of Table
3, are the measured strains of the web beneath upper flange at the loading
point on the eccentric side of rail and the opposite side respectively at the
maximum load. A1l of the Type D cracks initiated at the toe of fillet welds
between upper flange and vertical stiffener. The cracks developped along the
toe of fillet weld. The crack-growth stopped when it reached the web plate.

El“d Crack
Wr————>, ! I
o™ .\(0230)
20 N (e=27)
N (e=18)
1.0 : o (e=135)
[ 4 -\'
0.5 \o‘. o(0=9)\
\_ \ o NC
o| kG TN
]
10 105 108 208 107

Fig.6 Fatigue test results of the Type C crack

Emo?
R
50 :i?’
5]
2-0 - S
N
1.0 082212-800(9) |
D@ DG19-8-600i6)
DG16-9-9001)
05 0022-12-800(9}
0GH19-9-800012}
ONC
.N'
10t 10° 10° 2a0° 10’

Fig.7 Fatigue test results of the Type D crack
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Fig.8 shows the relation among magnitude of eccentricity of the crane rail

from the center line of girder, e web plate thickness, tw wheel load, R
girder depth, h distance between vertical stiffeners, d torsional rigidity of
upper flange and crane rail, Jc and fatigue 1ife N obtained from test results,
This figure shows that the fatigue lives of the Type B and Type D cracks are
nearly equal for the magnitude of eccentricity of the crane rail while the
effect of the eccentricity of crane rail is larger for Type C crack then for
the Type B and Type D cracks.

2 hd

wFlo d Nc Nf Typeof Crack
100 T & a E

[+ ]
Tt N s 0§
401 — wAl—
° <
m %
1.0
05 o S,
T T T T, ST

Fig.8 Relation between magnitude of eccentricity of crane
rail from center line of girder and fatigue lives

5. CONCLUSION

It is concluded that the fractures in the vicinity of the upper flange of the
welded craneway girder are caused by the eccentricity of the crane rail from
the center line of craneway girder. Especially, Type C fatigue crack is more
affected by the eccentricity of the crane rail. The fatigue lives of the Type
B and Type D crack are nearly equal for the magnitude of eccentricity of the
crane rail.
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Lebensdauervorhersage fiir geschweisste Kranbauteile
Design Life Estimation of Welded Crane Girders

Estimation de la durée de vie d'éléments soudés de ponts-roulants

U. MOLLER W. UNGERER

Dr. -Ing. Dr. -Ing.

Verein Deutscher Eisenhittenieute Verein Deutscher Eisenhiittenleute
Dasseldorf, BRD Disseldorf, BRD
ZUSAMMENFASSUNG

Ein Dimensionierungsverfahren zur guantitativen Ermittiung und Erhdhung der Anlagenzuveriassigkeit
wird vorgestellt. Die Ermiidungsschaden an den Schweissverbindungen von Kran- und Kranbahntragern
wurden ausgewertet. Das Beanspruchungskollektiv im anrissgefahrdeten Querschnitt von Schweissver-
bindungen wurde ermittelt und die Bauteilwdhlerlinie flir geschweisste Grossbauteile abgeschatzt. Die
rechnerische Lebensdauerschatzung und ein Vergleich der betrieblichen mit den berechneten Bruch-
lastspielzahten werden diskutiert.

SUMMARY

A design procedure is presented for evaluating and improving the reliability of installations. This in-
cludes a fatigue life calculation and an evaluation of fatigue damage to welded joints in both the crane
and its runway girders. In particular, the combination and application of loads is considered in zones of
welded joints susceptible to crack initiation. The estimation of S-N curves for {arge welded elements is
discussed and a comparison made between the calculated and measured number of cycles to fracture.

RESUME

Il s’agit d'un procédé de calcui pour I'estimation guantitative et I'augmentation de la sécurité des in-
stallations. On effectue le calcul de la résistance sous sollicitations de service et on exploite les domma-
ges dus a la fatigue aux assemblages soudés de ponts-roulants et poutres de roulement. Les courbes de
Wohler d'éléments de construction soudés importants sont estimées et |'on compare les durées de vie
calculees avec celles effectives mesurées sous les charges de service.
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1. INSTANDHALTUNGSKOSTEN, BAUTEILZUVERLASSIGKEIT, DIMENSIONIERUNGSKONZEPT

Im Bereich der deutschen Stahlindu-

strie werden die Anlagenkosten in ho-

hem Mafe durch die Instandhaltungs-
kosten bestimmt. Eine nachhaltige
Senkung der Instandhaltungskosten
setzt bei dem hohen Niveau der In-
standhaltungstechnik in den Hiitten-
werken eine Erhohung der Anlagenzu-
verldssigkeit durch weiterentwickel-
te Dimensionierungsverfahren und
-maBnahmen voraus. Die Anlagenbe-
treiber fordern daher von den Anla-
genherstellern zunehmend Nachweise
fiur die erreichte Gesamtzuverlds-
sigkeit der gelieferten Anlage. Die-
se Forderung ist jedoch nur bedingt
zu erfillen, weil es bisher keine
allgemein anwendbaren Zuverlassig-
keitsmodelle fiir komplexe Anlagen
gibt. Man versucht deshalb heute,
hohe Anlagenzuverldssigkeit iiber
eine Vereinheitlichung und Anhe-
bung des Zuverlassigkeitsniveaus
aller Einzelbauteile zu verwirkli-
chen und den erreichten Wert durch
Zuverldssigkeitsangaben fiir die Ein-
zelbauteile zu charakterisieren [1].
Diese Aufgabe, die iiber den Rahmen
der bisher in Regelwerken geforder-
ten Nachweise hinausgeht, erfordert

Arbeitsaufgabe
Randbedingungen

Bestimmen und Mnimieren der Anlogen-
ud Bauteitbelastung

Betriebsgerechte Detailkonstrukfion
und Werks toffwahl

Zahlenmanige Bewertung der Konsiruk-
tionsgite - Bouterl-und Anlagen -
zuverldssigkert

Bau / Umbau
Reparatur der Anlage wie
geplant ?

nein

Bild 1: Konzept einer betriebsgerechten
Dimensionierung

Fig. 1: Design procedure for service loading
conditions

ein umfassendes Dimensionierungskonzept, wie es in Bild 1 dargestellt ist. Die

Ermittlung der Bauteilzuverldssigkeit kann mit der Betriebsfestigkeitsrechnung

erfolgen. Dabei wird durch den Vergleich von auftretenden und ertragbaren Be-

anspruchungen die Bauteil-Lebensdauerverteilung F(t) ermittelt. Komplement die-
ser Verteilung ist die Zuverldssigkeitsfunktion R(t).

2. BETRIEBSFESTIGKEITSRECHNUNG NACH DEM KONZEPT DER ARBEITSGEMEINSCHAFT BE-

TRIEBSFESTIGKEIT DES VDEh

Die von der Arbeitsgemeinschaft Betriebsfestigkeit empfohlene Vorgehensweise
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ist in Bild 2 dargestellt [2].

Die Bauteilbeanspruchungen werden
durch das auf die vorgesehenen Nut-
zungsdauer extrapolierte Kollektiv
der Spannungsschwankungen gekenn-
zeichnet, dem im allgemeinen eine
Auftretenswahrscheinlichkeit von 50%
zugeordnet wird. Die ertragbaren Be-
anspruchungen werden durch die Bau-
teil-Wohlerlinie, die fir die Aus-
fallwahrscheinlichkeit von 50% abzu-
sichern ist, gekennzeichnet. Die
Schadensakkumulationsrechnung Tie-
fert dann einen Schdatzwert fiir die

zu erwartende Lebensdauer bei einer
Ausfallwahrscheinlichkeit von 50%.
Der gesuchte Lebensdauerwert fiir eine
geforderte Ausfallwahrscheinlichkeit
oder auch Bauteilzuverldssigkeit wird
uber eine HilfsgroBe ip gefunden. Sie
ist unter Annahme log-normal verteil-
ter Lebensdauern in Abhangigkeit von
der Ausfallwahrscheinlichkeit und der
Streuspanne T90% = Lg% : Lggy tabel-
liert. Der mogliche Bereich dieser
Streuspanne wird fiir Bauteile von
Hiittenwerksanlagen in [2] mit 1:5 ab-
geschatzt.

3. BETRIEBSUNTERSUCHUNGEN AN GE-
SCHWEISSTEN KRANTRAGERN

Im folgenden wird iiber Untersuchungen berichtet, die das Ziel verfolgten, die
Anwendbarkeit des genannten Konzeptes auf Stahlbauteile zu iiberpriifen. Dazu
wurden exemplarisch Ermiidungsschdaden an geschweiften Verbindungen im Bereich

Kennzeichnung der
Beanspruchung

Kennzeichnung der
Beanspruchbarkeit

L 7 - 50%-1 Kotleidiv
exfra-
potiert

50% - Praoben -
Wohlertinie

y|

-~

@on

1

1

ginfiul

50%~ Bauteil -
Wohlertinie

Schadigungsrechnung

Schadigung

5¢ =1 (Anrif3)

—'550%
i

iL = f (PA,Tgo%)
Toges 1:5+ 16

2100

100

U

50

Uberschreitungswabrscheirtichk R in %%

0

& ~ |

c

€ =1-F (1}

5 Rtz 1FIH |

3 % |

5

w

g % |

B x- ~ l

é 0 L iy LSOQ/“ ~ \i
= Nuééggrgs—l._.L _J Lebensdauer L (ig}

Bild 2: Lebensdauervorhersage fiir eine vor-
gebbare Ausfallwahrscheinlichkeit
Fig. 2: Calculation of the life for a required

probability of failure

der befahrenen Obergurte von Kran- und Kranbahntrigern ausgewertet [3].

3.1 Ermiidungsschdden an den SchweiBverbindungen im Bereich der befahrenen

Obergurte von Krantragwerken

Die Raddruckbeanspruchungen in den geschweiBten Verbindungen zwischen dem be-

|

|

fahrenen Obergurt und dem Stegblech setzen sich aus der Grundbeanspruchung in-
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folge der fiktiv zentrisch eingeleiteten Radlast und Zusatzbeanspruchungen aus
exzentrischen Radlasten zusammen. Diese Zusatzbeanspruchungen werden im wesent-
lichen beeinflupft durch
- die Exzentrizitdt der Radlast und

Seitenkrdfte aus der Schrdgfahrt

Eine DMS-Rosette
von Kran und Katze, je Mefstelle

INN NNNN
- die Verdrehsteifigkeit von Ober- V57/4§f
gurt, Schiene und Stegblech, Mestellen
- die Druckverteilung iiber die CUTTNCT DT Mensteliend ——
SchienenfuBbreite, .foTT-.xii ,
- den VerschleiBzustand von b S§§555g§§§33
Sch‘ienenkopf und Laufrad und Kruni(tggemiﬁe Krantrdgeruntergurt

- den fertigungsbedingten Versatz
Bitd 3: Mefistellenanordnung an einem 100-t

zwischen Schiene und Stegblech. Brammentransporthkran
- . 3 o Fig. 3: Measuring point arrangement on a
Sie bewirken Querbiegungen mit ort- 100-t slab conveying crane

Tichen Spannungskonzentrationen 1im

Bereich der SchweiBverbindungen. Ein rechnerisches Verfahren zur Ermittlung der
statistischen Verteilung der betrieblichen Beanspruchungsschwankungen unter Be-
ricksichtigung der genannten EinfluBgrofen ist bisher nicht bekannt. Im Rahmen
der Untersuchung wurden deshalb die betrieblichen Beanspruchungsschwankungen im
Bereich des anriBgefdhrdeten Querschnitts der SchweiBverbindungen zwischen Ober-
gurt und Stegblech mit DehnungsmeBstreifen (DMS) ermittelt., Bild 3 zeigt bei-
spielhaft eine Ubersicht lber die MeBstellen an einem Krantriger.

3.2 Betriebliche Beanspruchungen
Die umfangreichen MeBergebnisse sind in einem Bericht [3] dargelegt. Deshalb sol-

len an dieser Stelle nur einige kennzeichnende Teilergebnisse vorgestellt werden.
Bild 4 zeigt die aus den gemessenen Dehnungen berechneten Spannungs-Zeit-Ver-
ldufe im Stegblech eines Krantrigers. Im Bild sind die Verldufe der Schub- und
Normalspannungen sowie die daraus berechneten Vergleichsspannungen nach der Nor-
malspannungs- und Gestalt@nderungsenergiehypothese dargestellt. Die in verti-
kaler Richtung wirkende Normalspannung gy Wird durch das Spannungsfeld der
ortlich eingeleiteten Radlast bestimmt. Sie ist gleich Null, solange keines

der beiden Katzrdder in unmittelbarer Nihe des MeBquerschnittes steht.

Die Druckspannung oy steigt steil an und erreicht einen Hochstwert, wenn

ein Katzrad den MeBquerschnitt iiberrollt. Dieser Verlauf wird hinsichtlich der
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GroBe der Spannungsschwankungen auf S0

Schubs in /mm2
beiden Seiten des Stegbleches beob- PRI B l . h
achtet. Der EinfluB einer iberlager- : i

ten Stegblechquerbiegung infolge ex-

zentrischer Radlasten verursacht Vertikale N reit

Normalspannung oy in N/mm?
-5

]

11

eine geringe Mittelspannungsver-
schiebung. Die Schubspannung 7 im

Stegblech setzt sich aus zwei An-

teilen zusammen, die der Querkraft A 0 Zeit
Harizontale

und dem Spannungsfeld der Grtlichen MWNWWWWONHWWﬁ
Radlasteinleitung zugeordnet werden

=

kdnnen. Der Verlauf der Normalspan- 100
z : v s i Vergleichsspannung
nung oy , die in Trdgerlangsrich- noch der Gestfndenes:
. . . iehypoth
tung wirkt, setzt sich aus einem 2$§ﬁxﬂ}$$ it
Bl
Biegespannungsanteil, der dem Ver- 0 = Zeit

lauf der Zuggurtbeanspruchungen —

proportional ist, und einem Anteil hypothese
Oy i N/mm2 400
aus der Einleitung der Radlasten

1

Bild &: Gemessene Spannungen und berechnete

zusammen. Der ebene Spannungszu- Vergleichsspannungen im Stegblech
2 » - 3 32_' H f-- .
stand im Stegblech wird im wesent- ;’:f:fahmns""’pe""“““ ar zwel

Fig. 4: Measured stresses and computed
comparision stresses in the web plate
of a 32-t stripping crane for two
trolley travels

spanhungen aus den Querkrdften und dem Spannungsfeld aus der Einleitung der
Radlast bestimmt. Die groBten Spannungsschwankungen hat die Druckspannung Gy .

lichen von der Oberlagerung der
Trdgerbiegespannungen, der Schub-

Die Verldufe der Vergleichsspannungen sind gleichartig. Sie dhneln im Grundver-
lauf der Biegespannung &, , und haben dhnlich hohe Spannungsspitzen wie die
vertikale Druckspannung.

3.3 Kollektiv der gemessenen Spannungsschwankungen
Aus den gemessenen Spannungs-Zeit-Verldufen wurden mit Hilfe der Uberschrei-

tungszdhlung von Klassengrenzen und der Extremwertanalyse Spannungskollektive
abgeschitzt. Diesen Auswertungen lagen Beanspruchungsmessungen iiber drei bis
fiinf Schichten mit einem repréasentativen Arbeitsprogramm der Anlagen zugrunde.
Bild 5 zeigt schematisch das Beanspruchungskollektiv im Katzschienenbereich
eines Krantrdagers. Die Normalspannung Gy schwankt bei jeder Katzradiiberroliung
zwischen einer Oberspannunggyp im Zugbereich und einer Unterspannung oyy

im Druckbereich. Der Kollektivumfang ist gleich der Zahl der Katzradiiberrol-
Tungen. Die Unterspannung OyUmin , die bel jeder Katzradiiberrollung erreicht
oder iiberschritten wird, ist naherungsweise berechenbar, wenn die kleinste Rad-
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last der Katze zentrisch am Schie- T
l]gerspunnung Gy

N

Kollektivumfang = Zahl
der Katzradiberroliungen Gyl min

e

y0 mox

nenkopf angenommen wird. ——-——.4__‘\\\

3.4 Bauteil-Wohlerlinie fir ge-
schweiBte GroBbauteile

o

Die benttigten BauteilwOhlerlinien
wurden fiir die untersuchten Verbin-

Vertikale Normalspannung Gy

dungen konstruiert. Dabei wurde an-

genommen, daB das normierte Wohler- 040 mox r——f”/ﬂﬁgwmmmgow
linienstreuband, das aus Versuchen l
mit geschweiBten Kleinproben abge- 10° 10’ 10? 10 10*

Lastwechselzaht
leitet worden ist, grundsdtzlich

auch zur Beschreibung der Schwing- Bild S: Kollektiv der Uberschreitungshiufigkeit
von Klassengrenzen fiir die Normal -

festigkeit geschweiBter GroBbau- spannung Gy, im Stegblech eines Kran-
kastentrigers (schematisch)

teile geeignet ist. Damit wird als Fig. 5: Collective of a exceeding frequency of

) . _class limits for the normal stress Gy,

Schwingfestigkeitskennwert Tedig- i ;he wteb, plate of a crane box girder

schematic

lich die mittlere, dauerhaft er-

tragbare Spannungsamplitude zur Kennzeichnung der Schwingfestigkeit im Be-
reich > 10% Lastwechsel benttigt. Ausgehend von den Versuchsergebnissen fiir
geschweiBte Kleinproben [4], wurden die EinfluBgrioRen auf den Schwingfestig-
keitskennwert von geschweiBten GroBbauteilen diskutiert. Die wesentlichen
EinfluBgrofen sind

die Fertigungsqualitdt,

der statistische GroBeneinfluB,

der geometrische GroBeneinfluB und

der EinfluB von SchweiBeigenspannungen [5,6].

Eine differenzierte, quantitative Gewichtung jeder einzelnen EinfluBgroBe ist
heute noch nicht moglich. Die Schrifttumsdurchsicht zeigte jedoch, daB bislang
der EinfluB von SchweiBeigenspannungen auf den Schwingfestigkeitskennwert zu
ginstig bewertet wird. Es ist vielmehr davon auszugehen, daB die dauerfest
ertragbare Spannungsamplitude einer Verbindung mit Eigenspannungen im Bereich
der Streckgrenze bei nur etwa 60 % der ertragbaren Spannungsamplitude einer
vergleichbaren, eigenspannungsfreien Verbindung liegen kann. Diese Abminderung
wurde auch in dieser Untersuchung beriicksichtigt, weil Eigenspannungsmessun-
gen an Wrackteilen von geschweifiten Krantridgern und an geschweiften GroBproben
mit DMS-Bohrlochrosetten die Existenz solcher hohen Eigenspannungen bestdtig-
ten. Der Schwingfestigkeitskennwert der untersuchten Verbindungen wurde mit
Versuchsergebnissen fiir geometrisch dhnliche geschweiBte Kleinproben unter Be-
riicksichtigung der genannten EinfluBgroBen abgeschitzt.
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Diese abgeschdtzten Schwingfestigkeitskennwerte liegen fiir den Kerbfall K3
(nach DIN 15018) um 23% und fiir den Kerbfall K4 um 47% unter den mittleren,
dauerfest ertragbaren Spannungsamplituden, die den zuldssigen Spannungen nach
DIN 15018 zugrunde gelegt sind. Die durchgefiihrte Abschatzung zeigt eine be-
friedigende Obereinstimmung mit Vorschldgen von T. Gurney und A. Granstrom
[5,7]. Daraus wird jedoch auch deutlich, daB weitere systematische Untersu-
chungen zur Schwingfestigkeit geschweiBter Gropbauteile, insbesondere auch

mit betriebsdhnlichen, mehrachsigen Beanspruchungsschwankungen, notwendig sind.

3.5 Lebensdauerabschidtzung

Mit den konstruierten BauteilwGhlerlinien und den ermittelten Amplitudenkol-
lektiven der Beanspruchungen im anriBgefdhrdeten Querschnitt von SchweiBver-
bindungen wurden Schadigungsrechnungen nach der modifizierten, linearen Schd-
digungshypothese durchgefiihrt. Die berechneten Bruchlastspielzahlen wurden mit
den betrieblich festgelegten Bruchlastspielzahlen verglichen, Dazu wurde,
vergleichbar einem statistischen Mittelwerttest, eine KenngrdoBe M ermittelt.
Dabei wird der Abstand zwischen der betrieblichen und der mittleren berechne-
ten Bruchlastspielzahl ins Verhdltnis gesetzt zum Abstand der berechneten
Bruchlastspielzahlen fiir die Oberlebenswahrscheinlichkeiten ﬁj= 10% und

PU = 90%. Die Verteilungsfunktion der ermittelten Kennwerte M fir die unter-
suchten Schadensfidlle ist im Wahrscheinlichkeitsnetz (Bild 6) dargestellt.
Daraus geht hervor, daB die be-

rechneten und die betrieblichen

Bruchlastspielzahlen im Mittel

Ubereinstimmen, weil der Mittel- N . 10Npetr - lgNs00r,

" gMigere-1aNager,
& &
=50 M
= ™.
\.\
10 >

wert der Verteilungsfunktion bet

Null Tiegt. Fiir den groBten Teil
der Schadensfdlle liegen die be-

trieblichen Bruchlastspielzahlen

Uiberschreitungswahrscheinlichkeit

-1,0 05 0 05 10
innerhalb des berechneten Streu- Kenngréfie M

bereiches fiir die Oberlebens-
Bild 6 : Verteilungsfunktion der Kenngrifie M

wahrscheinlichkeiten PU = 10% fiir die unfersuchten Schadensfille
und Py = 90%, das heiBt, M Tiegt B N far the mvestigated cases damage

im Bereich -0,6 = M = 0,5.



4

592 LEBENSDAUERVORHERSAGE FUR GESCHWEISSTE KRANBAUTEILE

4., ZUSAMMENFASSUNG

Auf der Grundlage dieser Ergebnisse scheint es mdglich, die Bauteillebensdauer
in der Konstruktionsphase wirklichkeitsnah abschdtzen zu konnen, wenn das Kol-
Tektiv der Ermiidungsbeanspruchungen im anriBgefdhrdeten Querschnitt und die
Bauteilwohlerlinie miteinander verkniipft werden. Mit Hilfe aiternativer Scha-
digungsrechnungen fiir verschiedene Verbindungsformen kann eine betriebsfeste
Bauteilgestaltung mit noch zuldssiger Ausfallwahrscheinlichkeit erreicht wer-
den. Die Treffsicherheit solcher Abschdatzungen kann durch weitere Schwing-
festigkeitsuntersuchungen mit mehrachsigen Beanspruchungsschwankungen verbes-
sert werden,

Die Untersuchung leistet damit einen Beitrag zum eingangs erlduterten Dimen-
sionierungskonzept fiir Stahltragwerke, das es dem Konstrukteur ermdglichen
soll, die Bauteilzuverlassigkeit in der Konstruktionsphase als MaB fir die
Konstruktionsgiite nachzuweisen.
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