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SUMMARY

Repair of fatigue damaged bridge components depends on the cause and size of the cracks.
Methods include peening, hole drilling, increasing the unsupported length of the web at some
connections, attaching additional components at these connections and others. Two examples
are given, One is an elevated highway bridge, with cracks at connections of cross girders to
columns of bents and at ends of longitudinal girders. The other is a riveted truss bridge where
cracks developed at hangers.

RESUME

La réparation des éléments de pont ayant subi un dommage de fatigue dépend de la cause et de
la dimension des fissures. Des méthodes possibles parmi d'autres sont le martelage, le
percement d'un trou, I'augmentation de la longueur des couvre-joints, ou I'adjonction d'éléments
de liaison supplémentaires. Deux exemples sont présentés. L'un concerne un pont d'autoroute
contenant des fissures au droit des liaisons entre les traverses et les appuis, ainsi gu'aux
extrémités des poutres longitudinales. L'autre exemple traite d'un pont a treiilis riveté dans lequel
des fissures se sont développées dans les montants.

ZUSAMMENFASSUNG

Reparaturmdéglichkeiten von ermidungsbedingten Schéaden an Brickenelementen sind abhangig
von deren Ursachen und Grodsse. Maégliche Methoden sind unter anderen Hammern, Bohren von
Loéchern, Verlangerung von Laschen oder Anbringung zusétzlicher Verbindungselemente. Zwei
Beispiele werden vorgestellt: Eines stammt von einer Hochstrasse bei der an den Verbindungs-
stellen der Quertrdger mit den Stutzen und an den Enden der Langstrager Risse auftraten. Das
zweite Beispiel behandelt die in den Standern einer genieteten Fachwerkbriicke aufgetretenen
Risse.
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1.0 INTRODUCTION

Localized failures have continued to develop in steel bridge components due

to fatigue crack propagation which in some instances, has led to brittle
fracture [1,2]). A majority of the fatigue cracks can be placed into one of
two categories. The single largest category is a result of out-of-plane dis-
tortion in small, unstiffened segments of web plates. When distortion-induced
cracking develops in bridge members, large numbers of cracks develop nearly
simultaneously in the structure as the cyclic stress is high and the number of
cycles needed to produce cracking is relatively small. Displacement induced
cracking has developed in a wide variety of structures including suspension,
two girder floor beam, multiple beam, tied arch, and box girder bridges. 1In
general, the cracks form parallel to the primary stress field and are not
detrimental to the performance of the structure provided they are discovered
and retrofitted before turning perpendicular to the applied stresses.

The second largest category of fatigue damaged members and components coim-
prises large initial defects or cracks. Defects in this category usually
resulted from poor quality welds produced before nondestructive test methods
were firmly established. In addition, a number of localized failures in
this category developed because the groove welded component was considered a
secondary member or attachment. As a result, weld quality criteria were not
established and nondestructive test methods were not employed. Other details
develop fatigue damage because of geometry or fabrication practice.

A majority of the remaining failures resulted from the use of low strength
details that were not anticipated to have such a low fatigue strength at the
time of the original design because of the limited experimental database that
specification provisions were based.

2.0 REPAIR OF FATIGUE DAMAGED COMPONENTS

Any methodology used to repair fatigue damaged details is case specific and
is generally dependent on the size and location of the crack(s) at the time
of repair [3]. Obviously, this is highly dependent on both the inspection
procedures and the ability to locate relatively small cracks. Apart from
displacement-induced cracks, the majority of fatigue cracking has resulted
from low strength details, or large initial defects, or geometric conditions
which simulate crack-like conditions. Figure 1 illustrates the role played
by both the initial defect size and stress concentration in the determination
of the relative fatigue strength of various detail categories [4].

Various methods to retrofit or increase the fatigue resistance of welded
details have been employed [5]. For cracks which have propagated from normal,
in-plane design stress fields, peening can be a successful repair as long as
the crack depth does not exceed the depth of the beneficial compressive resi-
dual stresses which result from the peening operation [6]. Laboratory studies
have shown that a fatigue crack of up to 3 mm in cover-plated details can be
arrested by peening provided the stress range does not exceed 41 MPa. Also
peening has been most successful when conducted under a low minimum tensile
stress or dead load. Finally, peening has been found to be a reliable
solution when performed in the field and has been carried out on a number of
detail types.
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In situations where the crack has grown away from the influence of the stress
concentration and is a through thickness crack, it may be successfully retro-
fitted with holes drilled at the crack tip [7]. Holes essentially blunt the
tip of the crack, although they must be sized so as to satisfy
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The validity of this repair has been studied in the laboratory on full scale
welded beams subjected to constant stress range cycle and variable amplitude
loading up to 90 million cycles.

Distortion induced cracking may also be retrofitted by drilling holes,
although laboratory tests have shown this to be ineffective when there are
high levels of distortion [8]. For multiple girder structures, most displace-
ment induced cracking occurs in the web gap region at the end of connection
plates in the negative moment region [8]. Lengthening the web gap may be
effective provided that the magnitude of the out-of-plane distortion does not
increase as a result of reduced detail stiffness. The most effective, and by
far most costly, eliminates the distortion through positive attachment of the
connection plate to the girder flange.

In situations where extensive fatigue cracking has occurred, the only reliable
technique is to provide a bolted splice or connection across the damaged area.

3.0 I-93 CENTRAL ARTERY

The Central Artery carries traffic through Boston, Massachusetts and surround-
ing communities. A viaduct structure, located in the Artery's northern area,
consists of bilevel rigid steel frame bents which support a two girder floor-
beam stringer system on each level. Columns of the rigid bents have box
section while transverse beams have either box or I sections (Fig. 2). I-beam
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to column connections contain closure plates fillet welded to the edges of the
I section and column flanges (Fig. 3). Webs of the I beams are groove welded
to the columns while beam flanges (both box and I) and box beam webs of the
lower portion of the bents are connected via full penetration groove welds

with back-up bars (Fig. 4). S-S
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3.1 Inspection Results

Inspection of the structure revealed several areas which contained fatigue
cracks. In addition, lateral displacement of several longitudinal girder
bottom flanges was also observed. Fatigue cracks were found along the longi-
tudinal girder web to flange weld at the flange terminations and vertical
cracks were observed in the longitudinal girder webs at the reentrant corner
of the bottom copes (Fig. 5). Cracking was occasionally observed along the
bolt fixity line of the connection angles (Fig. 6).

Fig. 5 Vertical and Horizontal Fatigue Cracks at Bottom Web Cope

Fig. 6 Cross-Sectional View of Angle with Fatigue Cracks
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Figure 7 shows cracks which extended several inches along the bottom end of
the angle fillet, between the girder web and the transverse beam of the bents.
The cracks were found only at locations where the longitudinal girder web was
bolted full depth to the connection angles. Other locations where the girder
web was not bolted full depth exhibited no evidence of cracking (Fig. 8).

Fig. 7 Fatigue Crack in Longitudinal Girder-Beam (Bent) Angle Connection

s

Fig. 8 Longitudinal Girder Not Bolted Full Depth to the Connection Angles

Inspection of the rigid frame bents revealed cracks in the fillet welds at
several corner joints where transverse I-beam closure plates were jointed to
the bent column flange. Grinding the fillet weld throat in the cracked corner
region of the closure plates exposed the crack which had extended into the
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groove weld connecting the top flange of transverse beam to the column.
Further grinding exposed the crack which extended from the back-up bar halfway
through the groove weld thickness. Other bents revealed cracks at the web
cope closure plates of the transverse box beam (Fig. 9). Grinding the fillet
weld throat into the beam flange exposed cracks extending from the back-up bar
into the groove weld thickness.

Fig. 9 Cracks at the Cope Closure Plates of a Box Beam

3.2 Probable Causes of Failure

Coping by flame cutting the longitudinal girder and floorbeam webs resulted in
high tensile residual stresses along the cut edge as well as at reentrant cor-
ner. In addition, coping greatly reduced the section modulus for in-plane
bending and left an unstiffened segment of girder web between the flange ter-
minations and the bolt fixity line of the longitudinal girders. At locations
where the longitudinal girders were not bolted full depth to the connection
angles, the girder web could rotate in plane without developing significant
compressive forces in the lower portion of the girder. This resulted in no
bottom flange lateral displacement, no web gap distortion, and no fatigue
cracking in the web cope or connection angles. In locations where the girder
was bolted full depth to the connection angles of the transverse beam, connec-
tion restraint resulted in lateral displacement of the bottom flange and web
gap distortion from the compressive stresses in the web. Hence, fatigue cracks
along the bottom edges of the connection angles were all displacement induced.

Connection geometry at the corner joints of the bent transverse beams produced
a fabricated lack-of-fusion defect perpendicular to the primary stress field.
Large initial defects and cracks are low fatigue resistant details, and with
field measured stress range values exceeding the Category E fatigue limit of
31 MPa, crack growth would be expected. Measured differences in stress range
between corners on the same transverse beam flange were observed and attrib-
uted to biaxial bending. Biaxial bending resulted from a combination of the
vertical loading and longitudinal reaction and braking forces. Current design
provisions do not take account of the longitudinal forces when evaluating
fatigue resistance in these bent structures.
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3.3 Recommended Retrofits

Retrofits recommended for fatigue cracking in the longitudinal girders
included the drilling of holes to blunt the crack tips. Further retrofit was
required to prevent the lateral displacement of the bottom flange and minimize
web gap distortion. Otherwise, fatigue crack reinitiation from the retrofit
holes and continued crack propagation along the bolt fixity line would result.
Several rows of bolts were removed from the girder to transverse beam connec-
tion to reduce the compression in the web and help move the flange toward
normal alignment. Angles were then bolted to the inside longitudinal girder
web and flange and to the connection angle to prevent lateral motion of the
bottom flange (Fig. 10) and to provide greater resistance to the end restraint.

Fig. 10 Retrofit of a Longitudinal Girder Bottom Web Gap

Transfer of the live load forces from the beam top flange to the bent column
had to be assured for an effective retrofit of the beam column connection of
the bent. Short sections of wide flange shapes were modified by partial
removal of the web and were bolted to the top flange of the lower beam and
webs of the column (Fig. 11). If the fatigue cracks in the groove welds
continued to propagate and eventually led to fracture of the top beam flange
to column connection, the live load forces would be transferred via the
bolted splice. 1In addition, the reinforcement provided more resistance to
the longitudinal forces.

4.0 I-95 OVER THE SUSQUEHANNA RIVER

I-95 crosses the Susquehanna River in Maryland. The structure is a multiple
span deck truss bridge whose members are either built-up riveted construction
or rolled structural shapes. Transverse floorbeams and longitudinal stringers
of the floor system are composite with the reinforced concrete deck. All of
the floorbeams are supported by the top chord of the main deck trusses (Fig.
12). Suspended truss spans contain pin and hanger assemblies which consist

of riveted box sections [2].
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Fig. 12 Truss System of the Susquehanna River Bridge

4.1 Inspection Results and Field Measurements

Inspections of the structure revealed fatigue cracks emanating from the rivet
holes in several hanger box sections (Fig. 13). In addition to the fatigue
cracks, significant amounts of corrosion product was found between the corner
angles and both web and flange plates of the hanger sections (Fig. 13).
Environmental corrosion was also found between the gusset and hanger plate

as well as on the gusset at the elevation of the pin connection (Fig. 14).
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Fig. 13 Corrosion Between a Hanger Flange Plate and
Interior Connection Angle and Web Crack from Rivet Hole

" @a

Fig. 14 Corrosion at Upper Pin

Several sets of field measurements were made on the structure between 1985 and
1987. 1Initial strain measurements were conducted on a single cracked hanger.
Under normal traffic, small tension stress cycles developed in all the gages
mounted on the hanger, with typical cyclic stress values of 10 MPa. In addi-
tion to the small tension cycles, both low level vibration of the hanger, and
bending of the hanger web were observed. Unusual large dynamic responses
periodically occurred in all gages mounted on the hanger and were on the order

of the yield point (~ 250 MPa).
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A subsequent set of field measurements were made after pins of the originally
examined hanger were lubricated. For comparison, several other hangers were
instrumented. At locations were pins had been lubricated, both the bending of
the hanger webs and the large dynamic responses were minimized. Cracked
hanger locations with the lubricated assemblies experienced a maximum stress
range of 35 MPa. In contrast, unlubricated pin assemblies had hangers which
experienced significant axial and bending stresses. Typical values varied up
to 76 MPa.

Final field measurements were conducted after all pin assemblies had been
lubricated. A maximum stress range of 30 MPa was observed for the original
cracked hanger web while a cyclic stress of 55 MPa was recorded for a cracked
hanger flange plate in a second location where only one of two pins was
lubricated.

4.2 Probable Causes of Fajlure and Recommended Retrofits

The hanger connections are located directly below open roadway expansion
joints which allows salt, water, and debris to fall and collect on the pin and
hangers, thereby assisting and accelerating the corrosion process. Field
inspections and strain measurements demonstrated that the development of cor-
rosion caused pin restraint which, in turn, led to bending in the hangers.
When the bending moment at the hanger joint was high enough to overcome the
restraint, sudden release of the pin connection produced the dynamic action.
Lubrication of the pins was effective in minimizing hanger bending and dynamic
effects by reducing pin restraint and as such, was recommended as a routine
maintenance practice. A longer term correction will require the redesign of
the pin connection as well as effective control of water and debris by the
elimination of open expansion joints.

Cracked hanger plates were temporarily retrofitted by the drilling of holes
to blunt the crack tips. For the cracked hanger flange plates, the maximum
measured stress range of 55 MPa exceeded the fatigue limit of 48 MPa for
riveted members. Fatigue crack propagation is expected to continue in the
flange plates. As a result, twice a year inspection of the hangers will be
required, until the eventual replacement of the damaged hangers.

5.0 CONCLUSIONS

As replacement costs for highway bridges are often prohibitive, it is desir-
able to repair and retrofit existing structures to maximize the benefit from
limited funds. A majority of fatigue damaged details can be repaired by
drilling holes, weld toe peening, or bolting splices over damaged areas to
strengthen the connection. In some Instances, welding can be used, though
care should be exercised so that low fatigue resistant details do not result.
Once corrosion is identified as a problem, extensive repairs are often
required. Development of corrosion monitors or sensors would greatly assist
evaluation and monitoring in difficult to inspect areas of bridges to aid in
the inspection and maintenance process.

Examination of the causes of fatigue cracking and corrosion, coupled with
implementation of new design tools, code revisions, and effective technology
transfer will help to minimize future structural deficiency problems. Simple,
realistic models and analysis procedures for member interaction and connection
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behavior are needed to reduce the occurrence of distortion induced fatigue
problems. Identification of low fatigue resistant details and effective
methods for detail classification would ease the burden on designers and
limit the incidence of fatigue cracking.
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Fatigue load factors are derived from damage caused by fatigue and it is proposed that these
factors should be described in terms of the number of load cycles for different details.

RESUME

On montre de quelle fagon les facteurs de charge de fatigue sont obtenus a partir des dommages
en fatigue, et on propose que ces facteurs soient représentés en fonction du nombre de cycles de

charge pour différents détails.

ZUSAMMENFASSUNG

Es wird gezeigt, wie aus Schadensféllen entsprechende Betriebslastfaktoren abgeleitet werden
kénnen. Ein Vorschlag wird gemacht, wie diese Faktoren fur verschiedene Details je nach Anzahl

der Lastwechsel gegliedert werden kdnnen.
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1. PRELIMINARY REMARKS

Normally in road bridges a fatigue design is not necessary. But in
the last years the volume of trafic grew very much and if at the
same time the construction in view of fatigue is not well designed
the fatigue problems come up in wind and torsional bracings,
orthotropic plates (cross and longitudinal girders), transversal
bracings and frames and expansion joints. If orthotropic plates
are well designed there are no problems in fewer fatigues, but
there are some problems today with the other secondary members. It
is enjoyable that in the main structures of steel bridges no se-
rious fatigue damages are known and damages in secondary members
can be repaired relativly easy. From the known damages and damage
analysis should be worked out systematically proposals for impro-
ving of the fatigue for this secondary members. In the following
it will be tried to develope out of damages a simplified method
for the fatigue design. At the present time because of lack of
stress range spectras in the details because of lack of measure-
ments the fatigue design according EC 3 [1] is very difficult.

2. STATE OF ART OF FATIGUE CODES IN AUSTRIA

In Austria at the time the fatigue design is regulated in 0-Norm
B 4600 part 3. The bases is the constant amplitude fatigue limit.
In the meantime in Austria it was developed a new "gide line for
fatigue design” [ 2] which follows the recommendations EKS-TC 6
and Eurocode 3. Parallel Austria is working on O-Norm B 4300 part
5, which also follows the european concept. With the gide line
according [ 2] it is possible to use the european concept before
the new O-Norm is ready. But the difficulty is, that if you use
this concepts on the load side, realistic fatigue loads have to be
known and here is a big lack. Using deterministic loads for fati-
gue designs is not allowed and in the road norms no load models
are fixed for the fatigue loadings. In the O-Norm there is only
the advice that the details should be constructive designed in a
way that fatigue problems don't occure.

3. FATIGUE DESIGN FOR ROAD BRIDGES, ACCORDING EC 3

The EC 3 gives now a bases for fatigue design with variable ampli-
tude design limit, but the results of such calculation are nct
controlled by measurements. It will be shown now which difficul-
ties in applications of EC 3 concepts in road bridges occure, if
the fatigue design for secondary members has to be done. In com-
parison to railway bridges the fatigue design of road bridges is
more complicated because the trace is changing and sc the affect
of action is non linear to the action. Also much less measurements
have to be done to road bridges in comparison to railway bridges.
If you start the fatigue design according Eurocode, first the fa-
tigue loading has to be settled, than the volume of the trafic
(mean-daily-number of lorrys) and the design life has to be fixed.
With a load model some loading events, for example pulk of lorrys
or override-manoeuvres have to be defined. With this loading
events in each detail a design stress spectrum has to be calcula-
ted which depends non linear from the action. Normally the stress
spectrum is calculated for the hot-spot-point and it is to be de-
cided which point is the hot-spot. For the stress spectrum also
changing of traces,distance of lorrys and imperfections of the
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road surface have to be fixed. In expansion joints the influence
of the changing of the deflection, the dynamic stiffnes of plas-
tics and the difference of phase between vertical and horizontal
forces have to be considered. With the worst loading conditions
the maximum stresses and stress spectras the hot-spot-point have
to be calculated. The next step is to decide the detail categorie
using the Miner-summation to get equivalent constant amplitude
stress range. According to the assumptions the result of the cal-
culation, for example life time vary in a wide range, because
small changing in stresses give a big change of life time. This is
due to the logarithmic form of the fatigue strength curve. So the
calculation gives only tendences. Fig. 1 shows the fatigue sess-
ment according EC 3. Computed stress spectras can not be con-
trolled, they should be controlled by measurement. And here is a
big lack of measurements.

4, CALCULATION OF FATIGUE LOADING FACTORS FROM DAMAGES

In the following it will be shown how by systematic treatment of
damage analysis fatigue load factors of road bridges can be gained.
First a realistic fatigue loading has to be set up and the mean-
daily-number of lorrys has to be knewn. In bridges the fatigue
loading which is realistic is a lorry with 380 KN and on the ex-
pansion joints a single axis of 130 KN is the maximum possible
loading for fatigues (Fig. 2). In the hot-spot-point where the
damage occured the maximum stress variaticn has to be calculated
with this models. With the fatigue test the fatigue strength curve
for the hot-spot-point has to be determined. Because now the life
time and the maximum stress variation is known. The number Ne,max
of load cycles to damage with constant maximum amplitudes can be
gained (Fig. 3). In this number all non linear influences are in-
cluded out of observations of the damage and with this number it
is possible to calculate a realistic fatigue load factor., The
fatigue load factor can be calculated according equation (1):

/ 1
AGe Ne,max N\ 1 5 - 106 =
R _ 3 . 5 (1)
X = — = —_—
6
Ne

A 6 max 5 ° 10

where Ne the number of all load cycles during the life time is,
This equation one get from the one step collective A 6max and Ne,
max in comparison to the one step collective Afe and Ne according
EC 3. With the observations according Fig. 4 and 5 [3,4] using the
proposed method you get for a torsional bracing &= 0,63 and for
an expansion joint K= 0,34 (Fig. 6). If the results are drawn in
relation to the parameter Ne / Ne,max you get Fig. 7. It shows
that with growing number of load cycles the fatigue load factor is
going down because of the fact that the propability of reaching
the maximum stress variation goes down. Out of this it is proposed
to give for different details different fatigue load factors, for
example:
~ details with low number of load cycles as torsion bracings and
wind bracings, if they are acting in the main system
- details with a middle number of load cycles as orthotropic pla-
tes, cross bracings and frames
-~ details with high load cvcle numbers as expansion joints.
The fatigue load factors would be accordingly 0,65, 0,45 respec-
tively 0,35.
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Further research is necessary to verify this numbers. In any way
it will be very helpful to give such fatigue locad factors in EC 3
for different details to come to much easier fatigue assessment
for secondary members of steel road bridges. Advantage is, that we
are used to calculate maximum stresses and the fatigue tests have
to be done at maximum stress variation, Further with the known fa-
tigue load factors the remaining life time calculation is much
easier and also results of computer simulation can be checked by
this method.
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SUMMARY

This paper demonstrates a fracture-mechanics based method to determine the safety of old steel
bridges for modern traffic loading and to prepare an inspection programme which enables
extended service life of bridges to be justified. The method is illustrated by means of a practical
example.

RESUME

Cet article présente une méthode baseée sur la mécanique de la rupture, et qui permet de
déterminer la sécurité d'anciens ponts en acier soumis aux charges du trafic moderne et de
préparer un programme d'inspection qui permette d'assurer une prolongation de la durée de
service des ponts. La méthode est illustrée a I'aide d'un exemple pratique.

ZUSAMMENFASSUNG

Der Beitrag zeigt eine auf der Bruchmechanik basierende Methode, die erlaubt, die Sicherheit
alter Stahlbriicken abzuschatzen, die modernen Verkehrslasten unterworfen sind, sowie Inspek-
tionsmassnahmen zu planen, mit deren Hilfe ein sicherer Betrieb garantiert werden kann. Die
Methode wird an einem praktischen Beispiel dargestellt.
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1. [Introduction

A great part of existing steel bridges have been built in the last century, fig. 1, and since then have
undergone several phases of repair or strengthening after damages in the world wars or due to
changes of service requirements.

For those bridges very often the question of the actual safety for modern traffic loads and the
remaining service life is put forward.

This paper describes a procedure how the residual safety and service life of old steel bridges may be
determined and how a basis may be established on which economic decisions for further
strengthening or replacement by a new bridge may be taken.

The procedure is described by the example of an old roadway bridge, the Karl-Lehr-Bridge in Duisburg.
It may however be applied to any other steel bridge.

2. Problem

The structural system and the cross-section of the Karl-Lehr-Bridge can be taken from fig.2. The bridge
was built up in 1907 as a part of the Hohenzollern-Bridge over the river Rhein in Cologne and was
blasted in the 2nd world war. After the war it was repaired and shipped on pontons to the harbour of
Duisburg where it was installed for bridging a canal. in 1976 it got a new orthotropic deck to enhance
the capacity to the loading class BKL 60 in DIN 1072.

In 1984 a tram on the bridge ran off the rails and hit a hanger, which exhibited cracks which were
classified as "brittle”. This behaviour alarmed the town autharity that asked for an expertise that should
answer the following questions:

1. Is the bridge sufficient safe for actual service conditions?

2. If so, what is the expected residual life and what are the requirements for inspection and
maintenance to assure the expected residual life.

3. General conditions concerning "brittleness" and "ductility"

For answering the above mentioned questions a definition of different fallure modes In view of
"brittleness” and "ductiltity” is necessary. '

The technical stress-strain curve obtained for tension coupon tests, see fig. 3, reveals a maximum,
which can be explained by the stability criterion

6R,=A_ - 80, ,+0,+8A =0

hence SA, LYo
A o,
where A, is the actual cross sectional area

o, is the true stress, taken from the true stress-strain curve in fig. 4.

From fig. 5 it can be derived that the elongation before reduction of area in the specimen is the
reduced the curve the higher the yield strength of the material is.
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Stability Criteria
FeE 690 ORy=AL Dq’lt O, DAmz 0

FeE 460
Fe E 355 (St 52)

FeE 235 (St 37)

€%l
Figure 3: Technical stress-strain-curve
wooi
&é FeE 690
S 1000 /
g FeE 460
o 800 ———
Fe E 355 (St 52)
wo{
FeE 235 (St 37)
400-
200

005 010 015 020 0,25
Ew

Figure 4: True stress-strain-curve

Sl
o
[ )

w

10

St52-3

StE 47, normalized
StELT, tempered
20MnMoNiS55
S0Crva

51CrMoV4

o
~
<

0O 4a Qe + 8

=
—
L, ]

0,101

0.051 \u\

0 v T v v ey
0 S00 1600 1500 2000 2900
yield strength R, (R,,,) [N/mm’]

elongation before reduction of area

Figure 5: Elongation before reduction of the area e, plottet versus yield strength R,



ﬂ W. DAHL, O. SCHUMANN, G. SEDLACEK

317

A structural member may show different failure modes, which may be best distinguished for the
example of a plate with a central crack in tension, fig. 6:

1. Unfavourable failure is exhibited when fracture occurs before net section yielding with only local
yielding at the crack tips.

In this case all actual stresses in the net section comprising the stresses from external loads
including notch effects, residual stresses and stresses due to other restraints have to be taken
into account.

This failure mode commonly is called "brittle” failure.

2. If failure in structural applications occurs by fracture after net-section yielding, only the nominal
stresses due to external loads in the net section are relevant, and notch effects, residual stresses
and stresses due to other restraints may be neglected.

This and all following modes are called “ductile® failures.

3. Another ductile failure mode, that may be required for plastic zones in plastic hinges or dissipative
zones in selsmic design is achieved by fracture in the net section after gross-section yielding.

in this case the stresses from external loads only in the gross section are controlling the design of
the member and the net section is capacity-designed.

The failure mode is mainly influenced by the material, the temperature, the loading rate and the shape
of the structural member (state of stress).

For the safety assessment of old steel bridges of the kind of the Karl-Lehr-Bridge in general the first
and the second mentionend failure modes are relevant, as the assessments have to be carried out for
design situations with low temperatures and assumed cracks.

4. General procedure
The following steps are necessary to determined the actual safety and residual life of the structure.

1.  Establishment of a failure scenario, where the consequences of failure of the different bridge
elements for different design situations are investigated. Those bridge elements are identified as
vital elements the failure of which would cause an immediate overall collapse.

For the Karl-Lehr-Bridge the vital element proved to be the tension tie, see fig. 7, as all other
members are either redundant or stressed so little that they do not produce risks.

2. As far as the vital elements may fail by fracture due to tension loads, they are assessed in the
following way:

a) Several loading cases are determined with combinations of self weigth, traffic loads
including dynamic impact and temperature and with or without residual stresses and
restraints depending on the expected failure mode.

For these loading cases and a crack situation in the vital element that is assumed such that

the crack sizes just reach the size of detectibility the applied fracture mechanics action

effects in terms of J,,,, see chapter 5, is calculated.

b)  From miniaturized plate samples which are drilled from the vital elements at locations where
they don’t reduce the safety, the fracture mechanics material resistance in terms of J_, for
different temperatures is determined, fig. 8, which allow to carry out a safety check by

Jappl S Jcrit'

From this safety check and by varying the crack length assumtions a critical crack length
can be determined which indicates what amount of crack extension beyond the size of
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detectibility is tolerable.

3. From observations of the actual traffic situations on the bridge and extrapolation to future
developments a fatigue load is defined which allows to determine the residual service time of the
bridge on the basis of the crack propagation rate from the detectable crack to the critical crack
size with a fracture mechanics model.

The procedure developed in [1] is illustrated in fig. 9, in which the vital member resistance is
plotted versus service life, due to fatigue Induced crack propagation. It has been applied to
different railway bridges, e.g. [2], [3].

The main advantages of this procedure are the following:

1. It can be demonstrated that cracks with detectable sizes can be accepted without catastrophic
conseguences and no collapse (without prewarning) may take place.

if this check is not possitive, the member has to be strengthened with tough material or to be
replaced before the next cold season (loss of toughness at low temperatures).

2. It can be demonstrated that the crack extension from the detectable crack size to the critical
crack size takes sufficient time, to allow for economic intervals of inspection.

If this check is not possitive a strengthening with tough material or a replacement should be
considered.

3. Incase of both checks being positive the inspections at safe intervals at the critical location of the
vital elements will allow the following conclusions:

- As long as no cracks are observed, the structure is fit for use for at least the service period
up to the next inspection.

- This statement can be repeated up to the inspection when first cracks are found.

- In case cracks are found there is sufficient time left to react by replacing the members or
the total bridge.

5. Justification of the procedure
The procedure is based on the J-integral {4],[5], fig. 10

du
J={(W-5y-T-—-6s)
6x
r

where W = Energy density

T = Vector of stresses

u = Vector of displacements

I' = Integration path around the crack tip
&s = element of the integration path

The crack driving force in terms of the J-Integral J,,,, can be calculated by FE-analysis with a grid of
collapsed iso-parametric elements, fig. 11.

The material toughness in terms of the J-Integral J_,,, can be evaluated from the fracture mechanics test
specimens, see fig. 8 and can be interpreted as the energy which leads to crack tip opening just before
crack extension, fig. 12. This represents a conservative assumption for the ultimate limit state, because
it neglects the reserves that may be produced by stable carck extension after initiation.

The critical material resistance values J_, obtained from the small scale test specimens taken from the
tension tie and tested at a temperature T = -30°C are plottet in fig. 13, the lowest value found was 42
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N/mm.

For the hangers of the bridge, which were not vital elements comparative tests could be made to
determine possible scaling effects due to the miniatured specimen and a correlation to the results of
Charpy-V-energy tests if there are any. For this reason test specimens of different sizes were taken
from the hangers, see fig. 14. The 1CT-10 samples aliowed to determine the J-Integral transition curve,
fig. 15, which gives ne correlation to the Charpy-V-energy-temperature curve fig. 16, which for safety
assessments can only be used qualitatively.

A comparison between the results from 1CT-10 samples and 1/2CT-10 samples is given in fig. 17. It
demonstrated that the 1/2CT-10 samples give conservative data.

For a given structural member and a given crack location and crack size the curve of J,,, versus the
applied gross-stresses may be calculated if the true stress-strain curve of the material is known fig. 18.
On this J,-curve J ., Where net section yielding is reached, and J.,, where crack extension starts,
are partlcuf;ar values. The case of brittle failure occurs if Joa < Jyear €lS€ Net section yielding will occur
before fracture is expected.

The reliability of the prediction of the ultimate resistance of structural members by the J-Integral
method has been proved by a series of justification tests with big plates [6],{7].

6. Application and results of the procedure

Fig. 19 demonstrates the cross section of the tension tie which is riveted, and three alternative models
(1, I, ) for the fracture mechanics assessment of this tie.

In assuming that fatigue cracks would initiate in the parent metal under the heads of the rivets [8], a
starting crack length is considered which represents the rivet hole pius two cracks at both sides of the
rivet grown prependicular to the direction of the applied stresses, that have reached the edge of the
rivet head (a = 21.5 mm), fig. 20.

For the given true stress-strain curve the J,,,-curves for the models |1, II, and Il were calculated as
plotted in fig. 21 and model Il was chosen as relevant.

In fig.22 several J,-curves are given starting from the basic curve fora = 21.5 mmuptoa = 75 mm.

The relevant load case was represented by a temperature of -30°C which was combined with the
applied stress due to self welgth and full traffic load as specmed in DIN 1072, Thls gives a total gross
stress 0, = 114 N/mm® for the ductile fallure mode and 0,,, = 234 N/mm? for the brittle failure
mode, where residual stresses have to be added.

The safety check has been made for the following cases, see fig. 22:

1. For the minimum material value of J_, = 42 N/mm the brittle failure mode is relevant and the
tolerable crack length is a = 34.5 mm i.e. 13 mm crack growth beyond the edge of the rivet head.

2. Inthe second case, two of the four plates, that represent the tension tie, would fail, and the plates
that survive would exhibit a material value J_, = 70 N/mm, the behaviour of the Iatter could be
classified as ductile fallure mode and the applied stress they get would be 222 N/mm®. For this
case the tolerable crack length would be greater than a = 34.5 mm. So the first case with a =
34.5 mm is relevant.

The crack propagation calculation is based on measurements of the traffic situation to get the fatigue
load; from these measurements the relevant damage-equwalent stress ranges were mainly caused by
multiple traffic jams which yielded to Ade = 52.1 N/mm?® or AKe = 460 N/mm®? with a number of 10
cycles per day. This includes a dynamic impact factor ¢ = 1.20 that was taken from the measurements
as well. The "Paris"-coefficients were taken as given in fig. 23.

The calculation of the crack extension yielded to the curves in fig. 24, from which the limit curve in fig.
25 could be derived.

Though the total procedure includes a set of conservative assumptions, the final proposal was not
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Figure 22:: Determination of the critical crack size for the actual load situation
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Figure 23: Determination of the crack propagation
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Figure 24: Crack propagation curve for the different fracture mechanical models
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based on the calculated limit curve but on a more conservative curve given in fig. 25. Details
concerning the procedure can be found in [1].

The final result from all checks including the aforementioned fracture mechanics assessment was:

1. The bridge complies with the present design codes and is fit for the use with sufficient safety
when no cracks at locations indicated in the crack control plan are found.

2. The inspection should be carried out every 1.5 years according to the crack control plan.

3. The bridge remains fit for the use with suffient safety as long as no crack is detected during
inspection and the lpading conditions do not change significantly.

7. Conclusions

A fracture mechanics based procedure for the determination of the safety and the residual life of old
steel bridges is presented, that avoids the uncertainties of predictions that are linked to S-N-curves.

The method has already been applied to railway and roadway bridges, to guyed masts and rotors and
is considered as a useful tool together with other engineering judgments.

At present the method is being simplified and made more operational in order to be standardized in a
code that could be used for the safety assessment of old steel bridges.
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SUMMARY

Probabilistic models for fatigue crack growth consider the uncertainty in loading, material
properties initial flaw size, and model uncertainty in calculation of stress intensity factors. The
reliability against a defined failure event can be computed. As in-service inspection or monitoring
results become available, reliability can be updated. The analysis is particularly useful for
maintenance planning.

RESUME

Les modeéles probabilistes de la propagation de fissure de fatigue tiennent compte de I'incertitude
des charges, des propriétés du matériau, de la taille des défauts initiaux et des incertitudes dans
les modeles du calcul des facteurs d'intensité de contraintes. La fiabilité peut étre évaluée pour
un certain mode de rupture défini. Si des résultats lors des inspections de service ou des
surveillances sont disponibles, la fiabilité peut &tre mise a jour. Cette analyse est particuliérement
utile pour un programme de maintenance.

ZUSAMMENFASSUNG

Wahrscheinlichkeitstheoretische Modeile fir das Risswachstum berdcksichtigen Unsicherheiten
der Lastmodelle und der Materialeigenschaften sowie Ungewissheiten (Uber die anfangliche
Rissgrésse und die Berechnung der Spannungsintensitatsfaktoren. Die Ermudungssicherheit
kann in Abhingigkeit einer wohldefinierten Versagensart berechnet werden. Falls Resultate aus
der Uberwachung einer Bricke im Betriebszustand vorhanden sind, kann ihre Ermiidungssicher-
heit neu beurteilt werden. Die Untersuchung ist besonders im Hinblick auf die Planung der
Unterhaltung der Bricke von Nutzen.
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1. INTRODUCTION

About one third of all steel bridges in the US are fifty years old or more and many others are nearing that age
[1]. Also in Europe are many steel bridges past or near their design life. As the number of bridges entering
old age grows the need for inspection and maintenance becomes of increasing importance. At the same time
the resources which can be allocated to the proper maintenance of bridges is shrinking. There is thus a great
demand for methods which helps in allocating these resources in a manner which gives the highest overatl
utility. The paper reports on an application of probabilistic methods for such maintenance planning. The
methods account explicitly for uncertainties in material properties, loading, initial flaw sizes, inspection
methods and analysis models. Successful applications of the methodology are emerging in the offshore
industry.

2. FATIGUE ANALYSIS

There are two common approaches to fatigue analysis of steel structures: the S—N analysis mostly applied in
design, and the fracture mechanics analysis mostly applied for structures in service. The S—N approach
relates the life time to the distribution of stress ranges at a fatigue critical point through the S—N curve and
the use of Miner’s rule. This method has been used extensively in bridge fatigue studies, see e.g. [2,3].
Because S—N analyses do not relate to a measurable indicator of damage, it is difficult to incorporate inspec-
tion observations into the fatigue analysis. On the other hand, monitoring information about the loads and
load effects can be incorporated. The use of a linear elastic fracture mechanics (LEFM) model for fatigue
crack growth allows information on the presence or size of observed cracks 1o be incorporated into descrip-
tions of both failure and inspection events. The LEFM approach to fatigue analysis of steel bridges has been
applied by a number of researchers, see e.g. [4,5].

The LEFM approach to fatigue crack growth relates the range in the stress intensity factor AK at the crack tip
to the rate of crack growth da/dN by the equation suggested by Paris and Erdogan, [6]

%:cw{)’", AK>AK, , a(N=O)=a, (1

where C and m can be considered as material constants, AKJ s is a threshold value (in the following AK . hr=0),
N is the number of stress cycles, and a,, is the initial crack size. A crack initiation period is easily included in
the analysis by changing the initial condition a(0)=0 to a(N0)=0. A separate stochastic model for N, can
then be formulated. Alternatively a, can be considered as an equivalent initial crack size as is commonly

done for analysis of aircraft structures. To achieve a good correspondence with experimentally derived S-N
curves an initial crack depth of 0.1-0.2 mm must generally be assumed, [7].

A one-dimensional description of crack size is employed in Eq.(1), with a being the length of a through-
crack or the depth of a surface crack. AK is expressed in LEFM as

AK =Y(a)Vra § )

where Y(a) is the geometry function depending on the overall geometry of the joint including the presence
and geometry of the weld, and S is the range of a far-field reference stress. For a surface crack the stress
intensity factor is often written in the form suggested in [8]

_ ,/ 2 ppaae
K =(o+Ha,) nQF(t, - b,e) 3

where o, and G, are remote tension and bending stresses, ¢ is the wall thickness, ¢ is the half crack length, b

is the half-width of the cracked plate, 6 is a parametric angle for the ellipse, H is a function depending on a/t,
a/c and 0, and Q is the shape factor for an elliptical crack. A more direct treatment of crack growth with a
two dimensional description of the crack is introduced through two coupted differential equations of the form
as Eq.(1) describing the growth at the deepest point and at the surface, respectively. The shape of the crack
is assumed to be semi-elliptical initially and to remain such. In the case of bridge girder details a number of
stress intensity factors have been compiled in [9] for relevant AASHTO fatigue sensitive details.
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For a stiffened bridge girder the growth of a crack can take place in four stages:
- from an initial defect to the penetration of the girder web

- along the stiffener-to-web weld to the tension flange

- through the flange until it is penetrated

- as a through-crack towards the ends of the flange until the total remaining intact cross section fails due
to yielding.

In the first stage the crack is described as a surface crack and a two-dimensional crack description is
employed. In the second stage with a through-crack, a one-dimensional description is used, in the third stage
a two-dimensional description is again used, while a one-dimensional description is used in the fourth stage.
The main part of the life time is spent in stage 1, but the other stages are of importance in connection with
the possibility of crack detection before failure. In an experimental study, [7], on large scale plate girders,
stage 1 amounted to 92% of the life time.

By combining Egs.(1) and (2), the number of cycles N , toreacha crack size g in the first stage is

a
N, = | —EE (%)
CS™ 4 YG)™(Vx)™

where $™ is the average value of the mth power of the stress ranges. The number of cycles before the crack
has extended through the thickness of the web is determined with a equal to the thickness. Tht? number of
cycles Nz_N ry in stages 2-4 are determined similarly, when a suitable initial condition is applied for each

stage. The failure criterion becomes
M =N 4N NN, ~T <0 (6)

where v is the frequency of load cycles, and T is the considered time period. M is called the safety margin.

3. RELIABILITY ANALYSIS

Many of the parameters entering the analysis can not be assessed with certainty, and in fact large uncertain-
ties are present for some parameters. It is of importance to account for these uncertainties, and probabilistic
methods provide tools for this. Each parameter is described as a random variable of a certain distribution
type and with a mean value and coefficient of variation. The probability that the failure criterion in Eq.(6) is
exceeded can then be computed, e.g by first- or second-order reliability methods (FORM and SORM), [10].
These methods are particularly useful as they are directly based on an available deterministic description of
crack growth, they are fast, and besides a reliability measure they as a by-product provide importance factors
for each source of uncertainty and sensitivity factors for each input parameter. It is thus directly clear which
of the uncertainty sources are of highest importance, and without a re-analysis it is possible to give the
change in reliability from a change in a deterministic design parameter or a statistical input parameter.
FORM and SORM methods are easily extended to compute the probability and sensitivity factors for a paral-
lel system {M,<0 "M ,S0N - MM, <0}. The reliability is generally expressed in terms of the reliability
index @, which is defined as

B=—@7'(P,) =—® ' (P(M<0)) )]
where the failure probability P, is the probability for the event defined in Eq.(6), and @() is the standard

normal distribution function.

4. INSPECTION RESULTS, EVENT MARGINS AND RELIABILITY UPDATING

The influence of in-service inspection results is introduced in the reliability analysis. Let an inspection be
performed at time T, and a crack size A, be measured.

aT)=A, 8)

A1 is generally random due to measurement error and/or due to uncertainties in the interpretation of a
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measured signal as a crack length. Measurements of the type in Eq.(8) can be envisaged for several times.
For the jth measurement an event margin H; can be defined similarly to Eq.(5) as, [11]

4 aa
8y Y(ay" (Vmay®
This event margin is zero due to Eq.(8).

—cs7vrj=o )

A second type of inspection result is that no crack is detected. For an inspection at a time T, this implies
a(T)<A, (10)

expressing that the crack size is smaller than the smallest detectable crack size A ;. A, is generally random
since a detectable crack is only detected with a certain probability depending on the crack size and on the
inspection method. The distribution for A 4 18 provided through the probability of detection curve (pod curve)
for which experimental results exist for various inspection methods. Figure 1 shows experimental data and a
pod curve for magnetic particle inspection (MPI).

P:mtg of Seteclion

i EREEPE T e SR
R PRAED Aont R acont Hiha

95% confidence band for
the probability of detection (POD)

Defects: 34
Observations: 342

A . e 1 i i A M
» ’ Befect Langth 200 mm
Fig. 1 Inspection reliability for MPI

Information of the type in Eq.(10) can also be envisaged for several times, For the ith measurement of the
form in Eq.{10), an event margin H, can be defined as, [11]

H=]—%____csmvr, (n

Y e, Y (Vra)”

This event margin is negative when a crack is detected and positive when no crack is detected.

With one performed inspection where no crack is detected, the updated failure probability is
PM<ONH ‘.20)

12
P(H20) (12

P(M<0|H20)=

Evaluation of the reliability of a parallel system (numerator) and a component (denominator) are thus
required, and a FORM or SORM analysis can be directly applied.

With one inspection result of the type in Eq.(8) the updated failure probability is
ga-P(MSOnHJS_x)
P(M<O0|H =0) = x 3 (13)
P(H<
P s
where the derivatives are computed at x=0. An evaluation of the sensitivity factor for a parallel system

(numerator) and a component (denominator) are thus required, and a FORM or SORM analysis can be
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directly applied. The analysis is easily generalized to simultanecous consideration of several inspection
results,

The interest is now on updating after repair and it is assumed that a repair takes place at time Trep when a

crack size a,., is observed. An event margin an is defined as
a —_
H,=["——% ___cswr, =0 (14)
8, Y@ (Vray"

The crack size present after repair and a possible inspection is a random variable a,,, and the material pro-
perties after repair are m and C,,..- The safety margin after repair is M,
a —
e da
M =] ————-C _S"V(I-T_ ) as)
e J; o Y@ (VRay® " e

where a_is the critical size. The updated failure probability is

0
o PM,, S0NH, <x)

PM,, <O|H, =0)= (16)

S-P(H, <)

where the derivatives are computed at x=0.

4.1 Example 1 - Cover plate

A 32 mm welded cover plate terminus (AASHTO category E, [12]) on a plate girder has been analysed.
This cover plate is similar to the cover plates which were observed to develop cracks after only 12 years of
service on the Yellow Mill Pond Bridge in Connecticut [9]. Table 1 shows the distributions for each of the
random variables used in the reliability analysis and the subsequent updating. Failure was defined as the
development of a through crack longer than 220 mm. Inspection times were chosen as the times when the
reliability index fell below the value 2.0, i.e. when the failure probability in the period from the latest inspec-
tion became larger than 2.3%.

Quantity Distribution
Effective stress (§™)V™ Normal, p=9.6 MPa, COV=20%
Material constant C Lognormal, u=1.3-10"% MPa vm, COV=7%
Material constant m Nomal, p=3.2, COV=2%
Correlation coefficient InC and m | p=097
Initial crack size a, Lognormal, p=0.05 mm, COV=11%
Number of trucks per day Normal, u=5700, COV=10%

Fixed values

Final crack size 110 mm
Crack aspect ratio 0.25
Thickness of cover plate 32 mm
Thickness of flange 32 mm
Width of flange 420 mm
Thickness of web 19.3 mm
Weld size 12.7 mm

Table 1: Yellow Mill Pond Bridge Data

Figure 2 shows the reliability index as a function of service time with no inspection (curve marked limit
state). The figure also shows curves obtained by updating following inspections after 24, 33, and 40 years gf
service. It has been assumed that none of these inspections reveal a crack. The effect of updating is
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Fig. 2 Updated reliabilities for the Yellow Mill Pond Bridge.

important, but not as large as found in previous studies for offshore structures, see e.g. [11]. The main rea-
son for this is the different behavior of the geometry function for a cover plate and a tubular joint with a high
degree of local bending stresses.

The reliability of the inspection method has been expressed by an exponential pod curve
pe)y=F_(c)=1-exp(-c/8.9), c in mm an

Such a quality is probably too optimistic for bridge inspection. With this inspection quality the probability
of detecting a crack at the first inspection after 24 years is 30%. Because the crack growth rate is much
higher for larger cracks, a decrease in the inspection quality (i.e. an increase in the smallest detectable crack
size) causes the time between inspections to decrease and the necessary amount of inspection to increase.

5.0

| | I | i
4.0 /0-2 in. crack @ 12 yrs. -
3.0] Limit ~ —

state
B

- \ |
1.0 =

| | |
0 2]0 J 40 60
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Fig. 3 Updated reliabilities for the Yellow Mill Pond Bridge when a 5 mm crack
was found in the first inspection after 12 years of service.

Figure 3 shows results obtained when it is assumed that a crack of 5 mm is detected in the first inspection
after 12 years of service. The reliability immediately after the inspection is elevated as the crack still has
some distance to grow before failure. The drop in reliability with time is, however, very fast and a repair
should be performed within a short period of time.
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4.2 Example 2 - Rolled Beam

A W30x360 rolled section has been analysed at several levels of applied stress range and for a single inspec-
tion where no crack was detecied. The failure criterion was the development of an edge crack of 64 mm in
the flange. As in the case of the cover plate the inspection time was selected at the point where the reliability
falls below the level B=2.0. Table 2 gives the applied input data, and Fig. 4 shows the reliability index for
both the inspected and non-inspected detail. The inspection at 17 years lifts the reliability immediately afier
the inspection. The reliability level, however, soon approaches the level for the non-inspected situation and a
second inspection is necessary after a few years.

Quantity Distribution
Effective stress (§™)!™ Normal, =68.9 MPa, COV=20%
Material constant C Lognormal, p=1.3-10"% MPa vm, COV=7%
Material constant m Normal, p=3.2, COV=2%
Correlation coefficient InC andm | p=-0.97
Initial crack size a,, Lognormal, p=0.03 mm, COV=48%
Number of trucks per day Normmal, p=500, COV=10%

Fixed values

Final crack size 64 mm
Crack aspect ratio 0.67
Thickness of ¢cover plate 43 mm
Thickness of flange 32 mm
Width of flange 423 mm
Thickness of web 24 mm

Table 2: Rolled Beam W36x360 Data

4.0
| I 1 | |
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3.0__ _
B 2.0 limit / _
state

1.0~ —

| | | ] |
0 20 40 60
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Fig. 4 Updated reliabilities for a W30x360 rolled section.

5. MAINTENANCE OPTIMIZATION

The examples have operated with a threshold value of B=2 from one inspection to the next. Such a limiting
value could be specified in codes. Alternatively one can perform a formal cost optimization, minimizing the
total cost of design and inspection and the expected cost of repair and failure. Such an optimization is illus-
trated in [13] for four different repair strategies. The optimization results in an optimal value for element
thickness, inspection times and qualities and a limiting crack size for choice of repair method.
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6. CONCLUSIONS

The method of reliability updating described here can be used to estimate reliabilities for fatigue sensitive
details conditioned on the resuits of inspections which result in either no crack detection or detection and
possibly also repair of a crack. Beacuse the LEFM based fatigue analysis relates physical quantities such as
crack size and stress range, the method of updating estimated reliabilities using LEFM is straight forward.

The examples showed the limited effectiveness of evenly fairly high quality inspections of details for which a
short fatigue life had been observed. Because the inspection quality used for bridges is such that only rather
large cracks are detected, the effect on the estimated reliability of an inspection which detects no damage is
limited to a fairly short time after the inspection. The gain in reliability is shorter than experienced for
analysis of offshore jacket structures.

The example of the inspection resulting in a crack detection gave updated reliabilities which quick_ly fell off
following the discovery of the crack. In such a case, the rate of decrease of the estimated reliability can be
used to determine the available time for repair in order to maintain an acceptable level of safety.
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SUMMARY

Fatigue life calculations of bridges sometimes result in the conclusion that there is no remaining
life while in reality, no cracks are observed. Assuming that small cracks emanating from rivet
holes are present, an attempt is made to determine the length of inspection intervals in order to
detect the assumed cracks before they grow to a critical size. Crack extension has been
investigated using fracture mechanics methods and particularly, the severity of edge cracks is
pointed out. Results of fatigue crack growth calculations are compared with available test data.

RESUME

Les calculs de la durée de vie des ponts aboutissent parfois a la conclusion qu'il n’existe aucune
durée de vie restante, alors qu'en réalité aucune fissure n'a pu étre détectée. Sous I'hypothése
qu'il existe des petites fissures provenant des trous des rivets, une tentative de détermination de
la durée des intervalles d'inspection est faite dans le but de détecter les fissures possibles avant
qu’elles n'atteignent une dimension critique. La propagation de la fissure a été analysée a I'aide
des méthodes de la mécanique de la rupture, et plus particulierement en mettant I'accent sur la
séverité des fissures de bord. Les résultats des calculs de la propagation de fissures de fatigue
sont comparés avec les résultats d'essai a disposition.

ZUSAMMENFASSUNG

Oft folgt aus der Berechnung der Ermidungslebensdauer einer Briicke, dass deren Restlebens-
dauer erschopft ist, obwohl am Objekt selbst noch keine Risse beobachtet werden kénnen.
Vorausgestzt kleine, von Nietléchern ausgehende Risse vorhanden sind, wird versucht, die Lénge
der Inspektionsintervalle so zu bestimmen, dass diese Risse entdeckt werden kénnen, bevor sie
eine kritische Grésse erreichen. Mit Hilfe bruchmechanischer Berechnungsmethoden wird die
Rissausbreitung untersucht. Auf die Geféhrlichkeit wird besonders von Kantenrissen hin-
gewiesen. Die Rissausbreitungsberechnungen werden mit Versuchsresultaten verglichen.
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1. INTRODUCTION

Judging old bridges it may occur that fatigue life calculations result in the
conclusion that a bridge has exceeded its theoretical fatigue life.

Even when conservative assumptions are corrected by results of stress measure-
ments there may be situations of a calculated negative life while in reality in
a bridge no cracks are present. This situation especially can occur when little
is known about previous loading and safe assumptions have to be made for that.
In such cases bridges have to be inspected frequently.

Starting from an actual situation that no cracks have been found, but assuming a
certain crack length in the most critical bridge elements, it is tried 1in this
paper to define the length of inspection intervals within which the assumed
crack does not grow to a critical size.

For that, fracture mechanics methods may be helpful. While in early times many
bridges have been built as riveted structures, fatigue crack propagation
behaviour of these structures forms an important aspect judging the reliability.

2. FATIGUE CRACK GROWTH OF WROUGHT IRON AND EARLY MILD STEEL

In order to determine a safe inspection interval one needs information about

crack propagation.
The crack growth rate da/dN is described by the Paris power law.

da
= C.AKD (1)

dN

where A K is the range of the stress intensity factor. C and m are constants.
To define the crack growth rate, fatigue crack growth tests were carried out
with center-cracked specimens of early steel.

Figure 1 shows the results presented as a relationship between the crack growth
rate, da/dN, and the range of the stress intensity factor A K.

Adopting for the constant m the value m = 3, for the constant C was found

C = 4.10°13 for the upper bound, and C = 1.10°!3 for the lower bound.

Fatigue crack growth tests were also carried out with specimens made of wrought
iron. The results are shown in figure 2.

It can be seen from this figure that there is a great scatter. At lower values
of A K the crack growth is slower than that of early steel.

At higher values of A K the maximum magnitudes of the crack growth rate are
close to the upper bound of early steel.
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3. FATIGUE CRACK PROPAGATION ANALYSIS OF RIVETED COMPONENTS USING FRACTURE
MECHANICS

3.1 Fatigue crack growth of several confipurations

Fatigue cracks in riveted structures generally emanate from rivet holes at
stages most subjected to tension,

However in the case of sections deteriorated by corrosion, cracks can develop
at edges with reduced area. In particular also components subjected to tension
are sensitive for that.

In the present study the effect of force redistribution to other section compo-
nents during crack extension is neglected.

The conservative assumption is made that, having a built up member, all parts
simultaneocus start to crack at the same location, at both sides of a hole, and
redundancy is not taken in account.

In order to evaluate fatigue-crack growth of several configurations numerical
analysis were carried out using equation (1) with values of C = 4.107!3 and

m = 3.

As constant amplitude loading a stress range of'A(; = 75 N/mm2 (gross section)
was chosen.

For the initial crack at the hole two opposing cracks with a size of a = 16 mm
were assumed, being a situation of appear of the crack just beyond the rivet
head.

Cracks at rivet holes nearest to the edge of members were assumed to be most
severe {excentric crack in a plate).

To determine the influence of the edge distance of the rivets, in one example
the edge distance was varied.

To define the values of A K the correction factors F (a) for excentric cracks
were taken from literature [1].

The results of the calculations are shown in figure 3. The extension of the
cracks is plotted against the number of cycles.
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Fig., 3 Crack growth curves of several configurations. Cracks emanating from
unloaded rivet holes.

To represent situations of cracks developing at edges affected by corrosiom, or
to evaluate cases when cracks emanating from rivet holes have reached edges,
numerical analyses were also carried out for the chosen configurations assuming
edge cracks.

The results are shown in figure 4.
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3.2 Influence of loaded rivets on crack growth

T
250

. Edge cracks.

In the preceding part crack growth has been evaluated in riveted components

having rivets with a function of only clamping.

In cases of shear forces or connections, rivets transmit load, and pressure on

the holes is involved.

The case of a crack with internal pressure is described in literature [1].

The stress intensity factor for a finite plate with a loaded rivet hole can be
obtained by superposition of the stress intensity factor of a plate with a crack
and the stress intensity factor of a plate with a hole with internal pressure

and two cracks [2].
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To show the influence of the pressure on a rivet hole an example of a fracture
mechanics caleculation is given for a configuration with a width of 220 mm (fig.
5).

The conservative assumption is made that, dividing the component in gage strips,
there are two rivets in a line, and one rivet transmits half the load, while in
the strip itself half the locad is present already.

The results of this calculation are shown in fig. 6.

3.3 Examination of fracture mechanics analysis

As can be seen in the figures 3, 4 and 6 the computed crack propagating life,
starting from the initial crack size a; = 16 mm, is relatively short.

Reaching the edge the crack size becomes critical. Increase of edge distance
shows an increase of the number of cyecles previous to reach the critical crack
size.

When the crack has grown to the edge, there is a transition of the crack
geometry into an edge crack,

Considering an edge crack with a size of about 80 mm, it can be seen from figure
4 that in this stage the remaining life is very short.

For lower or higher stress ranges the critical erack size has the same value,
only the number of cycles to reach the critical crack size differs.

4. DETERMINATION OF INSPECTION INTERVALS

Determining inspection intervals it is important to know how long it will take
the crack to grow from the minimum detectable size to the critical size.
Experience [3] has indicated that performing a visual inspection with the aid of
a magnifying glass and good illumination, cracks can be detected when they
appear about 10 mm beyond the rivet head.

Such a erack means a size of about a = 26 mm.

To evaluate an inspection interval a crack propagation of a; = 28 mm to

a: = 33 mm is assumed. That includes a possible crack extension during the
inspection interval of 5 mm.

Fracture mechanics calculations have shown that dependent on the width of the
components and the edge distance of the rivets, crack sizes of a = 35 mm to

a = 40 mm become critical.

It has to be pointed out that when cracks of such sizes in reality are found in
primary members, repair or replacement of a bridge has to be considered.
Numerical integration of the crack growth rate description between the two crack
sizes results into a SN-curve for a crack, propagating from a; = 28 mm to aj =
33 mm. For the constant C the value C = 4.107!3 is used.

a
3 da
N = (2)
cC. AK

24

where AK =F(a).AG . vaa
F(a) is a geometric correction factor.
For several configurations SN-curves are presented in figure 7, indicated by the

value A G (gross section) at N = 2.10% cycles and a slope m = 3.
A fatigue limit is disregarded.
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Fig. 7 SN-curves crack growth a; = 28 to a; = 33 mm for several
configurations of riveted structures (mild steel).

To determine the fatigue crack propagating life, growing the crack between the
two crack sizes, a representative stress spectrum with variable amplitude and a
number of cycles ng, 1s transformed into a spectrum with an equivalent stress
range AC, of constant amplitude and the same number of cycles ng, causing the
same damage.

3 l,
Eni % AGi
AG - (3)

e
n

s

Using the SN-curve for the crack extension of 5 mm and the equivalent stress
range AU _, (gross section), the propagating life N can be computed.

Now the inspection interval AT; has to be estimated as:

N
(4)

ATi =
g

Only cracks visible from outside can be detected by a wvisual inspection.
At splices internal cracks cannot be detected visually before reaching the edge

and then they are unstable.
In such cases it is necessary to apply radiographic inspection methods.

5. NUMERICAL EXAMPLE

Suppose a riveted railway bridge with a span of 10 m has been in service for

about 85 years.
Recalculation with the UIC-loading included dynamic increment results in a

stress range AGUIC = 125 N/mm2 (net section).
The measured stress range spectrum yields to an equivalent stress range
AGe = 25 N/mm? (gross section) and a number of cycles ng = 8,9.10° per year.

Using the evaluated SN-curve with AU = 15 N/mm? at N = 2.10° cycles and m = 3,
the propagating life N for AG, = 25 N/mm? is computed at N = 4,33.10% cycles.
The inspection interval is estimated at:

N 4,33.10°
ATy = = = 0,5 year
ng 8,9.10°
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Numerical example
Riveted railway bridge _

m AGuic =125N/mm2(net section)
AC

assumed crack ﬂ
= 28 mm
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Fig. 8 Example determination inspection interval of a riveted railway bridge.

6. EVALUATION METHOD OF PREDICTION

6.1 Influence way of the crack growth

The presented method of determination inspection intervals for riveted structu-
res is based on the assumption that cracks grow at the same time from both sides
of a hole, and increase at each side with 5 mm.

Observing crack growth in practice [3], it can be seen that cracks many times
emanate at first from one side of a hole, extend to the edge, and then start to
grow, or increase in growing, at the other side of the hole.

The question can be posed whether the presented method is too conservative or
not.

Therefore the results of the fracture mechanics analysis of one of the examples,
shown in figure 3, are compared with the results of an analysis like that for
the situation of an asymmetrical crack growth.

The example has been chosen of the plate with a width of W = 220 mm and a hole
of 20 mm diameter, center 45 mm from the edge.

It is assumed that cracks with a size of 13 mm beyond the rivet head are
present, being the intial crack size used for the presented method of determina-
tion inspection intervals.

Again the constant amplitude loading with a stress range AC= 75 N/mm? is
chosen.

Three cases of crack growth are compared:

- symmetrical crack growth.

- asymmetrical crack growth, with cracks on both sides of the hole, but one of
which hidden by the rivet head.

- asymmetrical crack growth, starting from one side of the hole, growing up to
the edge, and then arrested in the hole.

The results of the fracture mechanics calculations are shown in figure 10.

To have an idea of the number of cycles to start the arrested crack, the data
concerning the relationship between A K/Vp' and the number of cycles to reini-
tiation, known from literature [4], [5] and (6], have been used. ()‘l is the
radius of the hole).
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This relationship is transformed into an SN-curve for the considered configu-
ration.

The relationship AKI\//? versus fatigue life and the SN-curve derived from that
are plotted in figure 9,
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Fig. 9 Relationship AK!\/F'versus fatigue life, and SN-curve of crack
initiation.

It can be seen from figure 10 that asymmetrical crack growth is more favourable
concerning fatigue life than the assumed pattern of crack growth adopted for
the determination of inspection intervals.

However small fatigue cracks easily can be overlcoked, and then cracks may
emanate up to the edge before detecting.
In that situation alsoc the asymmetrical cracks are close to the critical size.
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Fig. 10 Comparison influence of different ways of crack growth behaviour on
fatigue life.
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Even the arrested asymmetrical cracks may be close to that, while no bedy can
see how far the initiation has proceed; unless it is sure that during the former
inspection such a crack was not present.

It can be seen from figure 10 that, in cases of crack growth up to the edge, the
presented method of determination inspection intervals may provide a certain
period in which measures can be taken just after the moment that the crack has

reached the edge.

6.2 Influence value of the constant C

Variation of the crack growth constant C in the Paris equation (1) has a linear
effect on the results of the calculation of the number of cycles in an inspecti-
on interval.

In this paper for the upper bound a value C = 4.107!3 was adopted, using units
of mm for the crack size, and N/mm*/, for AK,

Figure 11 shows the influence of ranging the constants from C = 4.10°!3 to

C = 2,10"13, and gives a comparison with the results of a crack growth investi-
gation during a fatigue test [3), carried out by ICOM, after growing the crack
up to the edge.

The result of the calculation of the inspection interval is also given in this

figure.

b crack size L {mm)

140 @ Lo =60 mm =131mm
L 9 o 450x15
120 o E"’ /u/
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fgross section) determination

Bb j calculated

ATi . inspection interval

40 i
! N
S 1 . AT 2.106
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Fig. 11 Influence change of the constant C. Comparison theoretical crack
growth with test results.

7. CONCLUDING REMARKS

Only cracks visible from outside can be detected by a visual inspection.
In cases of splices radiographic inspection methods are necessary.

It has to be pointed out that when cracks become visible from outside, in
general, the remaining life is very short,

Keeping in mind that in practice symmetric crack growth seems to be improbable,
the conclusion could be that the presented method, based on the assumption of a
crack extension of 5 mm at both sides of a rivet, may be conservative.
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On the other hand small cracks easily can be overlooked and have grown already
up to the edge before detecting.

Fracture mechanics calculations show that for the situation of asymmetric crack
growth up to the edge the presented method may provide an inspection interval of
sufficient length.

It has to be mentioned that a possible redundancy of a structure may be a very
important factor in judging.
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SUMMARY

Due to the decreasing costs of microelectronic devices in the field of measurement, it has
become possible to install permanent measurement systems in structures. Indicators related to
fatigue can be developed, using the hysteresis-counting-method and hypotheses of damage
accumulation. These indicators give a more realistic estimation of the load history and of changes
in a structure.

RESUME

Du fait de la diminution du prix des dispositifs micro-électroniques de mesure, il devient
désormais économique d'installer des systémes de mesure permanents dans les ouvrages.
Gréace a I'analyse continue de ces mesures, il est possible d'obtenir des valeurs caractéristiques
relatives a la fatigue en tenant compte de la méthode de comptage des hystéréses et de
I'hypothése de cumul du dommage. Ces valeurs fournissent une estimation plus réaliste de
I"historique des charges et des modifications dans la structure.

ZUSAMMENFASSUNG

Die zunehmend preisglnstigen mikroelektronischen Bausteine im Bereich der Messtechnik
ermoglichen die standige Installation von wirtschaftlichen Messystemen an Bauwerken. Bei einer
kontinuierlichen Auswertung der Messdaten unter Berlicksichtigung der Spannungshysteresen-
Zihlmethode und von Schadensakkumulationshypothesen lassen sich anschauliche, ermidungs-
relevante Indikatoren ermitteln. Diese werden zu wirklichkeitsnahen Einschdtzungen von Be-
lastungsgeschichten und Strukturverdanderungen genutzt.
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1. INTRODUCTION

Steel constructions with severe changes in the load, such as brid-
ges, masts and cranes have to be analysed with respect to fatigue
strength. In the planning stage assumptions have to be made for the
load and for the structure. The maximum stress of the connecting
element between the main girder and the traverse stiffening as
shown in fig. 1 can be determined with a relatively high reliabili-
ty. The stress-collective, however, which is a basic asumption to
calculate the fatigue strength, can be estimated only approximate-
ly. The reason for this are influences such as the quantity and
load spectra of the traffic, the roughness of the bridge-
surface and the dynamic reaction of the coupled system
composed of structure and moving vehicle.

location of the measurement points

MP86 MP84

| . oo lo o La > et

Figure 1: Cross-section of a steel bridge with transverse bracing

The surveillance of road bridges in the Federal Republic of Germany
is done by inspections according to the code DIN 1076 "Ingenieur-
bauwerke im Zuge von StraBen und Wegen". The intention of this
paper is to show how to support these inspections by the deter-
mination of indicators based on permanent measurements. The pro-
posed procedure uses counted hysteresis-loops to provide infor-
mation concerning the traffic and the structure.

Due to the decreasing costs of microelectronic devices such as
processors, analogue-digital-converters and storage elements, it
becomes economical to install permanent working measurement systenms
in constructions. The permanent observation based on measured data
is already in use in special constructions such as off-shore plat-
forms. By standardising the measuring unit and the sevice programs,
it would be possible to observe a certain amount of constructions
with respect to stress. In order to avoid a flood of data, indica-
tors have to be determined so that changes can be detected easily.
The idea of a consistent observation of structures in use is being
more frequently discussed in public, e.g. at the symposium of the
IABSE 1989 in Lisbon "Reliability of structures"/3/ or in the area
of quality control/5/.
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2. DERIVATION OF AN INDICATOR RELATING TO FATIGUE STRENGTH

The best way to estimate a construction with respect to its dynamic
reaction or its fatigue-relevant behaviour is the analysis based on
parameters obtained by parametric identification of the finished
construktion. Experience shows this method is restricted because of
the great effort and the limited accuracy of the results received
for the substructures for which fatigue strength is dominant.

2.1 Reducing of measurement data with the HCM~algorithm

A relatively good estimate of the dynamic behaviour of the stress
of a substructure can be obtained by permanent observation of the
strains with attached strain gauges. Using several measurement
points in the area of the connection between the transverse bracing
and the main girder the dynamic behaviour of this substructure can
be described rather well. With a chgfen sample frequency of 400 Hz
one measurement point yields 1.44.10° values in an hour.

When fatigue strength monitoring of a structure is the main topic
data reduction can be obtained by using the hysteresis counting
method (HCM) /1/. With a division in 64 classes of the stress
cycle parameters, namely the stress range and the mean value, a
reduction factor of 350 for the storage can be reached. The origi-
nal record for a time period was therefore replaced by a hystereses
matrix. The fatigue-relevant effect caused by traffic can be obser-
ved with the help of the stored matrix. Derived stress collectives
(stress range spectra) include the effects of traffic and the real
reaction of the structure and are very useful for checking the
assumptions made in the stage of design.

2.2 Further reduction of data with damage accumulation hypotheses

Through an installation of a bigger amount of measurement points
and a longer time period for measurement, it makes sense to store
indicators which comprise a further data reduction. With respect to
a fatigue-relevant consideration, we use damage accumulation hypo-
theses. The increment in the damage for a time step is named indi-
cator S, the accumulated value is named AS.

With this method the hysteresis matrices are available in short
time increments of about 2 minutes and therefore also nonlinear
accumulation hypotheses can be used, which estimate the load histo-
ry in a more realistic way.

For test purposes 8 different hypotheses are used simultaneously.
There is a detailed description given in /7/. The hypotheses Hé6
and H8 are linear according to the specifications of the Deutsche
Bundesbahn DS804 and the code EC3 of the European community.

The hypothesis H7 takes into account the decrease of the constant
amplitude fatigue limit with the increase of the damage according
to Haibach /4/ and Reppermund /8/. This hypothesis is therefore
nonlinear.

Taking into account different detail categories along with the
different damage hypotheses leads to an additional variation of
the indicator S. Using all together 30 variations of S the need for
storage is further reduced by a factor of 120.

The temporal development of the indicators S and AS shows the
effect caused by the traffic in a clear way and can be evaluated
numerically (see fig.5).
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3. PERFORMANCE OF THE MEASUREMENT

For use in the laboratory and in a construction (see part 4 of this
paper) a measurement assembly was established consisting of plain
microelectronic elements. The design takes into account the fact
that we want to operate with self-developed programs on the
measured data during the running measurement. An additional advan-
tage for a custom made measurement assembly is the reasonable
price.

Purchaseable measurement units which can provide hystereses mat-
rices in a permanent way are used in airplane and motor car con-
struction. Applications in the field of civil engineering are not
known to us.

3.1 Hardware

To perform measurements a personal computer was used with an in-
stalled analogue-digital converter unit. The evaluation was also
performed with a personal computer.

3.2 Measurement software

Menu-driven preliminary programs compute facts for the calibration,
provide data for the chosen accumulation hypotheses and the detail
categories and ask for parameters such as sampling frequency, time
increments for storing the indicators and the number of the classes
for the HCM.

During the measurement the digital signals are analyzed continously
by the HCM-algorithm and the results are stored in matrices. The
installed configuration can serve 4 channels with a sample frequen-
cy of 400 Hz. The greatest number of classes for storing the hy-
stersis cycles is 64x64.

In short time steps the program computes the indicators DS with
respect to 8 different accumulation hypotheses. After chosen time
periods, e.g. 1 hour, the indicators S and the accumulated hy-
stereses matrices were stored, as well as the highest and lowest
values of the stress. Based on the stored extreme values of the
stress, the greatest loads within each time period can be identi-
fied with an accuracy of 10 seconds.

3.3 Evaluation software

To convert the stored data to other formats, to display them gra-
phically (see fig. 4) and to store them in a data bank, a menu-
driven service program system was developed. With these programs it
becomes possible to check measurement results immediatly after
measurement.

For longer observations it seems sufficient for most of the
measurement points to store only the indicators S and the extreme
values of the stress. According to information from the "“Oberste
Baubehdérde Bayerns" this volume of data can be stored within the
data bank for the existing buildings.
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4, APPLICATION TO A STEEL HIGHWAY BRIDGE
4.1 Structur

During an inspection of a steel highway bridge crossing the Danube
river cracks were detected (see fig. 1). In order to design a
rehabilitation concept measurements using strain gauges were per-
formed. The aim of a special measurement task was to investigate
the stress collectives for different points of the structure and to
compare them at different times.
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Figure 2: Stress records of MP84 and MP86
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4.2 Results of the dynamic measurement

In the spring of 1989 measurements were performed for several days.
Before and after the measurements with the HCM-concept the strain
in time was recorded for control purposes. Figure 2 shows parts of
2 typical records. After the measurind points in the direction of
the traffic were separated by only 3 meters and simultaneously
measured, the same traffic load can be assumed. Whereas the maximum
value for the compressive stress in both records is nearly the
same, the record of point MP86 is more turbulent.

4.3 Stress collectives (stress range spectra)

During the measurements which lasted several days, the hystereses
matrices were stored after each hour, along with the extrem values
of the stress and the times of their appearence. Measured stress
collectives which are not yet normalized are presented in figure 3.
The full lines represent a measurement lasting 96 hours, the dotted
lines represent another measurement lasting 61 hours. The compari-
son of the measurement points shows a higher portion of greater
stress values in the curve for the point MP8s.

AC
2 4
[N/mm™]
1001
MP86, C8
MP8E, DI
50

10° 102 103 104 10° N
Fiqure 3: Stress collectives

4.4 Indicators S and AS

For a numerical and a clearly arranged evaluation of the stress of
the measurement points, the indicators as described in section 2
are very suitable. As to be seen in figure 4, the curves belonging
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to different damage accumulation hypotheses are qualitativly rather
similar for a short time interval. An average detail category was
chosen for the presented results. The stress values of the
measuring points without a traffic load was not known and assumed

to be zero.
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Figure 4: Curves of S for different accumulation hypotheses

Figure 5 presents the indicators S and DS resulting from a measure-
ment starting on May 14. In the night of the 15th to the 16th a
sudden increase was detected. An important reason for that could be
the ban of trucks during the Pentecostal holidays till the 15th.
The loading of the bridge can be estimated very clearly by the
indicator AS. The other measurement points and the other accumula-
tion hypotheses showed similar results.

The comparison of the fatigue strenth of the measured elements of
the structure represented by MP84 and MP86 using the indicator S
yvields the following data:

measurement of MP 64 MP86
May 10 to 14; 96 hours 100% 293%
May 14 to 17; 61 hours 100% 305%

Although the maximum compressive stress of MP84 and MP86 was very
similar, the fatigue strength according to the presented measure-
ment differs by the factor 3.
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9 Indikator AS

t [d]
—4—15.5.1989 ——} 16.5.1989 —t—_

Indikator S

M T T T T T T T T T T T

10 20 30 40 50 60 % [h]

Figure 5: Indicators AS and S (61 hours)

4.5 Evaluation of the measurement results

on the basis of the above explanations, it can be said that
measurements covering a long time period can lead to a better
estimate of the locading due to traffic with respect to fatigue
strength. Quantitave statements, based on traffic load models and a
dynamic analysis of a structure can be effectively added. These
ideas can indicate which construction parts need more or less
inspection. '

5. FINAL REMARKS

The method presented here is not restricted to steel constructions,

but can also be used for the observation and inspection of concrete

structures. An important consideration here is the selection of
adequate sensors, for which are new economical developments.

With the increasing variety and reduction in cost of microelectro-
nic components in the area of measurements and data analysis,
permanently installed measurement systems can be used in a greater
number of structures. These systems can contribute to an estimate
of the state of the structure without damaging it and therefore to
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quality control.
The following is a summary of some advantages resulting from the
permanent observation of the stress of a construction:

Large discrepancies between the calculated stress and actual
stress as well as major defects can be detected in an early stage
A control for the stress collective used in design is given.
Changes and damages of the observed elements of the structure can
be detected by comparing the measurement results with reference
values.

The loading of the structure as a result of traffic and the
changes of the traffic in the course of time can be quantified.
These results of the permanent measurement can be partly trans-
ferred to other bridges in the same highway.

Data concerning the stress cycles are available for a later
assessment of the structure with respect to rehabilitation or
changes in traffic patterns.

For future constructions updated data concerning the stress col-
lectives is available.

Nonlinear damage accumulation hypotheses can be tested under
realistic stress histories in comparison to more conventional
ones.
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SUMMARY

Some steel bridges on Tomei Expressway have experienced distortion-induced fatigue cracking.
Fatigue cracking, stress measurement, retro-fitting methods and structural improvements,
performed for life extension of this highway, are described in this paper.

RESUME

Quelques ponts en acier de |'autoroute Tomei (Japon) ont montré des fissures de fatigue dues a la
torsion. Cet article présente les caractéristiques de ces fissures de fatigue, les mesures des
contraintes, les procédés de réparation ainsi que les améliorations structurales réalisées dans le
but de prolonger la durée de vie de cette autoroute.

ZUSAMMENFASSUNG

Einige Stahibriicken der Tomei-Schnellstrasse erlitten verformungsinduzierte Ermadungsrisse. In
dieser Abhandlung werden die Eigenheiten solcher Risse, Spannungsmessungen, Reparatur-
methoden sowie strukturelle Verbesserungen beschrieben, wie sie im Hinblick auf eine Lebens-
dauerverldngerung dieser Schnelistrasse durchgefiihrt wurden.



356 LIFE EXTENSION OF STEEL-GIRDER BRIDGES ON THE TOMEI EXPRESSWAY

1. INTRODUCTION

The Tomei Expressway [National Expressway No. 1] is & vital arterial road
running through the center of the economic activity belt of Japan extending from
Tokyo to Nagoya to Osaka [Fig. 1]. The full length of this road was completed
and opened to traffic in February 1969 and it has been in service now for
approximately 20 years. From around 1980, fatigue damage began to be discovered
in steel girders.

This report is on typical fatigue damage which have occurred on steel plate-
girder bridges of the Tomei Expressway. The results of field investigations
made concerning fatigue cracks produced in the cross bracing connection, studies
of the causes of occurrence, and examination of retrofitting methods are
reported. The facts that retrofitting work must be done while open to traffic
as much as practicable because of the importance of this expressway with no
alternative expressway availables, and that the places requiring retrofitting
comprise a huge number are features of this rehabilitation project.

2. QUTLINE OF BRIDGE STRUCTURES ON TOMEI EXPRESSWAY

There are 112 plate-girder bridges (composite and non-composite) on the part of
the Tomei Expressway under the authority of the Tokyo First Operating Bureau of
the Japan Highway Public Corpcration. Of these, approximately 58 percent are
quadruple-main-girder bridges, 37 percent are triple-main-girder bridges, and
the remainder small numbers of quintuple-main-girder and sextuple-main-girder
bridges. The spacings of main girders are 3400 mm for approximately 70 percent
of the quadruple-main-girder bridges and 4000 mm for approximately 80 percent of
the triple-main-girder bridges. These plate-girder bridges all have reinforced
concrete deck slabs, the thicknesses of which are 180 to 200 mm for triple-main-
girder bridges with 190 mm in the majority of cases, while for quadruple-main-
girder bridges they are 170 to 190 mm with 170 mm making up the greater part.
In all of the bridges damage began to occur in the reinforced concrete deck
slabs four to five years after being put into service, and stringers for
supporting deck slabs are being added starting in order from bridges in the
poorest conditions.

Fig. 2 shows the transitions in the volume of traffic on the Tomei Expressway.
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Fig. 2 Traffic Volume on Tomei Expressway
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Fig. 3 Weight distributions of trucks measured at Nihondaira

The daily volume in one direction is approximately 50,000 vehicles, with about
30 percent being of large size. Scales are installed in the main traffic lanes
at Nihon Daira of the Tomei Expressway. Fig.3 shows the truck weight
distribution measured by these scales and it can be seen that substantial
numbers of large-sized vehicles in overloaded condition are traveling on the
expressway [1].

3. FATIGUE DAMAGE

Various investigations were made on two viaducts (Toyoda Viaduct and Muramatsu
Viaduct) on the Tomei Expressway. The reasons for selecting these two viaducts
were that they are a triple-main-girder bridge (Toyoda Viaduct) and a gquadruple-
main-girder bridge (Muramatsu Viaduct) which are types existing in large numbers
on this expressway, they are bridges on which stringer additions were made at an
early stage for strengthening the deck slab (Toyoda Viaduct) and on which
additions are to be made hereafter (Muramatsu Viaduct), and they are
comparatively close to Nihon Daira where vehicle weight measurements are being
periodically made.

Fig. 4 shows the modes of fatigue cracks occurring at these parts and the
respective identification marks given them. Vertical stiffeners are joined to
top flanges and webs by fillet welds, and fatigue cracks have formed at various
parts of these welds. Fatigue cracks have also formed at riveted joints for
attaching cross bracing to vertical stiffeners and at cut-away portions of top
flanges of top members of cross bracing.

Fig. 5 shows a part of the results of inspections on Toyoda Viaduct carried out
in 1985, expressed as sums of the lengths of all fatigue cracks at various
locations. The features of fatigue damage on this bridge are listed below.

~ Cracks were formed at 200 locations out of the 240 locations in all
excluding locations on bearing points.

- Type A cracks occurred at 198 out of the 200 locations and Type B cracks at
2 locations.

- Type C and Type D cracks occurred along with Type A and Type B cracks.

- Damage was more prominent the closer to the middle of a span and did not
occur on a bearing.

- Of the three main girders damage was prominent at cuter girders.

Approximately the same results were seen on Muramatsu Viaduct, but the following
were tendencies differing from Toyoda Viaduct.

- Crack dimensions were comparatively small.
Numercus Type A cracks were thought to have been initiated from the roots of
fillet welds.
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- Damage was prominent at inner girders (G3-G6 in Fig. 13) excluding outer
girders on the traffic lane sides.
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L. STRESS MEASUREMENT OF DAMAGED BRIDGES UNDER ACTUAL TRAFFIC LOAD

A series of field measurements on stress and deflection of actual bridges was
carried out.

The measurements were made for the following two purposes:

(1) DPurpose 1: To clarify structural characteristics
Load, deflection and stress are measured simultaneously and the
relaticons between the loading conditions and stress responses at various
details of the bridge structure are analyzed. This is important for
investigating the causes of fatigue damage and finding the most suitable
repair methods.

(2) Purpose 2: To obtain data for fatigue life estimation
Stress at the exact point concerned is continuously measured for certain
period of time under ordinary service conditions. Direct evaluations are
made on fatigue damage and remaining fatigue life by stress histogram
analysis of the measured data.

One of the main features of the stress measurements in this study is that the
on-site measurements of actual bridges in service were carried out without
disturbing ordinary traffic flow. The measured items and locations for Toyoda
Viaduct of Tomei Expressway are shown in Fig., 6.

For the Purpose 1 measurements, a newly developed automatic vehicle detector and
computer controlled measuring system were utilized[2]. This system enables the
simultaneous measurements of stresses and deflections in accordance with passing
vehicle information such as passing time and lane, vehicle speed, length and
interval.

Fig. 7 is an example of measured influence lines at various measuring points.
The pattern of vehicle detector output indicates that these data were obtained
when a truck passed through on the passing lane.

For the Purpose 2 measurements, an automatic stress histogram analyzer [
histogram recorder ] was utilized. Fig. 8 is an example of the ocutput of siress
histogram analysis. The same data were analyzed in two ways, by the level-
crogssing method and the rain-flow method. From the field stress measurements
described here, it was found that the fatigue strengths of fillet welds between
stiffeners and top flanges of cross bracing connections are not high enough for
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Fig. 6 Measuring plan for Toyoda Viaduct
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the repeated stresses induced by relative vertical deflections between adjacent
main girders and by deflections of concrete slabs.

5. RETROFITTING METHODS FOR FATIGUE CRACKS

Two kinds of retrofitting methods are conceivable for the prevention and repair
of fatigue cracks:

(1) Lowering stress occurring at a crack location.

(2) Increasing fatigue strength of joint.

In this study, however, "increasing fatigue strength of joint" was taken for the
first step, and increasing weld size and finishing toes with TIG dressing was
proposed ag one of the most suitable repair methods. The repairing effect was
examined by fatigue tests and fatigue life analyses [3].

In the fatigue tests, three kinds of specimens were tested, AS-WELD, GRINDING
and TIG specimens. The AS-WELD specimens were reproductions of fillet welds of
the damaged portions. The GRINDING specimens are welded by full penetration
welding and their weld toes were finished by grinder. The TIG specimens had an
additional pass of fillet welding on top after welding in the same way as the
AS-WELD specimens, and the toes were finished smooth by TIG dressing. Macro-
etch-examinations of the welds are shown in Fig. 9.

Fatigue test results are shown in Fig. 10 with the design allowable S-N curves
in the Design Standards for Steel Railway Bridges [4]. From Fig. 10, AS-WELD
specimens results can be classified as Class D and it can be improved to be
Class A by one pass of reinforcement welding and TIG dressing, or to be Class B
by grinding. An approximate evaluation of the fatigue 1life remaining after
repairs was made based on the fatigue test result and the actual load condition.

Considering the make-up ratio of vehicles, approximately 30 million large
vehicles had passed in each direction during the 16 years from the time of
opening in 1968 to 1983, when the damage was found. And 2.5 million large
vehicles had passed in each direction annually during 1978 to 1983,
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When improvement has been done from Class D up to Class A, the remaining fatigue
life will be

( 15:3 ) 4 3 X 107
—_— X _— =
8.05 2.5 x 10° 157 years

When improvement has been done from Class D up to Class B, the remaining fatigue
life will be

12.75 3 X 10°
— ) * X —
8.05 2.5 x 10°

where 15.3 kgf/mmZ, 12,75 kgf/mmz, and 8.05 kgf/mm2 are
allowable stress range for Cass A, B and D respectively.

= 76 years

The abovementioned evaluation shows that ample remaining fatigue life can be
obtained by the repair method proposed here.

6. ANALYTICAL INVESTIGATIONS ON THE EFFECTS OF STRUCTURAL CHANGES AND
CONSIDERATIONS FOR STRUCTURAL IMPROVEMENTS

The influences of structural changes aiming to prevent occurrence or growth of
slab cracking on fatigue damage of transverse stiffeners are studied through
numerical analyses.

The following countermeasures for the fatigue damage of transverse stiffeners
may alsc be considered such as: introduction of floor beams with high stiffness
at span centers in order to achieve more effective transverse load distribution
together with the elimination of all or a part of cross bracing members, which
are considered to be the sources of the fatigue damage; or conversely, addition
of cross bracings between existing ones in order to reduce maximum member forces
in cross bracings. The effects of these measures are also analytically examined.

6.1 Analytical Model [5]

The entire bridge under consideration is modeled as a stiffened plate, as shown
in Fig. 11, where reinforced concrete floor slabs are modeled by thin plate
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elements, main girders by offset beam elements, and cross bracings by cross
bracing elements, which can be obtained through the contraction of stiffness
matrices describing the cross bracings as plane frame structures. In cases
where lateral bracings exist, lateral bracing elements are similarly introduced.
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Fig. 12 Comparison of concrete slab deflections

6.2 Influences of Additional Stringers with Cross Bracing Reinforcement

Here, the object of analysis is the Muramatsu Viaduct with four main girders.
The moments of inertia of supplemented stringers are about one-tenth of main
girders. Additional diagonals and reinforcement of lower struts are provided
for cross bracings. The element mesh division diagram for this object of
analysis is illustrated in Fig. 11. The Al in the diagram indicates the number
of the main girder, the numerals the numbers of cross bracings, Pij and AbQ the
numbers of piers and abutment, respectively.

The load applied are rear wheels of T-20 load as specified in the Japanese
Highway Bridge Specifications [6](each 8 tf (78.4 kN)) totaling 16 tf (156.8
kN) on the cross bracing location at the center of the middle span(the location
indicated by dark circle marks in the diagram; hereafter called "center
section") and front wheels (each 2 tf (19.6 kN)) totaling 4 tf (39.2 kN;) at

locations of the circle marks in the diagram.
i
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Fig. 13 Comparison of axial force in diagonal members of a cross bracing

The floor slab deflections and axial forces of diagonals in cross bracings at
the center section before and after reinforcing are given in Figs. 12 and 13,
respectively. Measured values are also given therein. The ratios of axial
forces of cross bracing members before and after reinforcing for measured and
analytical values are very close to each other. Floor slab deflection is
reduced on the whole by the reinforcement, and it can be seen that the original
purpose of this slab reinforcement is achieved. However, although the axial
forces of diagonals of cross bracings are reduced 30 to 50 percent in almost all
diagonals, at the diagonal G4 the axial force increases by about 80 percent and
an axial force (2.68 tf (26.3 kN)) greater than the maximum axial force (2.38 tf
(23.3 kN)) before reinforcing is produced. This tendency was observed in .1h12

neasurements also.

6.3 Influence of Floor Slab Thickness on Forces in Cross Bracing Members

Since cracking damage occurred frequently in slabs of thickness 17 cm made based
on the standard design up to the latter half of the 1960s, the specifications
were subsequently revised and since 1978 a slab thickness of 24 cm has been
adopted.
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The results of analyses based on the current specification as for slab thickness
are also illustrated in Figs. 12 and 13.

It may be understood from this that slab thickness of 24 cm which coincides with

the current specification and aforementioned reinforcing by addition of

stringers and cross bracing reinforcement as measures for reinforcing existing

bridges have effects that are roughly equal from the point of view of reducing

deflection of floor slabs. But it may be judged that increasing floor slab

thickness is more effective in the sense that it reduces forces in cross bracing
members on the whole, although this procedure may not necessarily be applicable

to all existing bridges.

6., Effects of Introduction of Cross Beams and Additional Cross Bracings

Toyoda Viaduct with three main girders is concerned here. Calculated cases of
structural changes and the results are illustrated in Table 1 and Figs. 14 and
15, respectively. Loading conditions are similar to the ones described
previously, but here, the subject of the study is a side span instead of the
main span.

Table 1 Considered structural changes and loading conditions
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F/G |11 /SPAN CENTER NONE IN THE FIGURE
H,71 |11 75PAN CENTER | CROSS BEAR i 173 SPAN CENTER NONE AT BOTTOM
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The results can be summarized as in the following subsections:

6.4.1. Bffects of additional cross beams or cross bracings on member forces of
existing cross bracings

When rear wheels are placed on the center of a side span, induced member forces
in the cross bracings at locations 12 and 13 adjacent to the span-center are
reduced 40 to 50 percent for the case where cross beams, whose bending stiffness
are about one-fourth of the main girders, are introduced at the center of each
span. For the cases where one and three-per-span additional cross bracings
having equivalent bending stiffness of one-eighth of main girders are
introduced, reductions of member forces in the same cross bracings at locations
12 and 13 are 20 to 30 percent and 30 to 40 percent, respectively.

6.4.2 Effects of removal of cross bracing members on remaining cross bracing
member forces

When the load is applied at the span center, the largest member force existing
at location 13 is reduced by the removal from 2.5 tf (24.5 kN) to 1 to 2 tf (9.8
to 19.6 kN) according to the lane loaded. When the load is applied at location
11, on the other hand, the largest member force existing at location 11 is
further increased by several percent, if the removals have taken place.

6.4.3 Effects of additional cross beams or cross bracings and removal of cross
bracing members on floor slab deflections

For any of the previously-mentioned cases deflecticon of the floor slab at the
loaded location does not show considerable change from the present situation.

Considering the effects both on member forces and floor slab deflections, the
method of adding three-per-span cross bracings may be the best one among the
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methods listed here, for the purpose of countering fatigue of girder-cross
bracing connections,
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Fig., 15 Effects of structural changes on floor slab deflections
7. CURRENT STUDY ON LIFE EXTENSION PROGRAMS

Based on the results of this study, a repair manual for the fatigue cracks in
crosg bracing connections has been prepared by the Japan Highway Public
Corporation, and it is now beginning to be used. At the same time, the
following two main items are being studied concerning the repair manual.

(1) Education and training for proper use of the repairing manual
(2) Long-term observations of repaired portions

Various studies for life extension of highway bridges are being conducted at
Toyoda Viaduct, where damage were first reported and stress measurements
described in this report were carried out. Presently, experimental works of
thickness incrementation on top of reinforced concrete slab and adding cross
bracings to the present framework are being done and stress measurements to
investigate the effects of these works are being performed.
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SUMMARY

Issues associated with remaining fatigue life are well suited to applications of knowledge
processing technology since critical information can be badly organized and poorly distributed.
This paper describes a small system called CRACK CONTROL developed in order to help
engineers make decisions when a crack is discovered in a steel structure. Incomplete and inexact
information is accommodated through approximately sixty questions asked by the system during
a typical session. The system helps determine the causes of cracking and then provides
recommendations for action — including proposals for subsequent management of the structure.
This system could serve as one module in a set of decision aids which are made available to
engineers and maintenance staff.

RESUME

Les conclusions relatives a la durée de vie restante s'appliquent bien aux techniques de
traitement de la connaissance, parce que |'information nécessaire est mal structurée et encore
peu repartie. Cet article traite d'un systeme appelé CRACK CONTROL développé dans le but
d'aider les ingénieurs a prendre des décisions quand une fissure est découverte dans une
structure en acier. L'information, incompléte et inexacte, est acceptée par une soixantaine de
guestions qui sont posées par le systeme pendant une session. Le systéme aide a déterminer les
causes de la fissuration et propose des recommandations — y compris des propositions quant a la
gestion de l'ouvrage. Ce systéme pourrait servir de module dans un ensemble d'aides a la
décision qui seraient disponibles aux ingénieurs et aux responsables de la maintenance.

ZUSAMMENFASSUNG

Da Informationen zu Fragen der Restlebensdauer bestehender Bauwerke nur schwer erhaltlich
sind, ist die Anwendung von Datenverarbeitungssystemen fiir diesen Problemkreis besonders
geeignet. Der vorliegende Artikel beschreibt ein System namens CRACK CONTROL, welches
Ingenieuren helfen soll Entscheidungen zu treffen, falls in einer Stahlkonstruktion Risse entdeckt
werden. Unvollstandige und ungenaue Informationen werden mit Hilfe von etwa sechzig Fragen,
die durch das System an den Benutzer gerichtet werden, ergénzt. Das System hilft die Ursachen
zu bestimmen, die zu einem Riss gefuhrt haben, und liefert Empfehlungen fiir Gegenmass-
nahmen und Vorschldge fir den Unterhalt der Konstruktion. Es ist ein Hilfsmittel, das Ingenieuren
und Unterhaltspersonal zur Entscheidungsfindung dient.
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1. INTRODUCTION

Determination of remaining fatigue life is compiex. Although more work is needed to obtain new
information and to develop better models, an additional effort - taking advantage of existing knowledge -
is justified. Currently, much relevant information is concentrated among a small group of experts. For the
most part, written knowledge is available through scattered comments within documents devoted
primarily to other themes. As the average age of structures increases, the need for understandable,
organized and widely distributed knowledge grows.

Applications of knowledge-processing {expert system) technology are developed in order to improve
representation and distribution of knowledge. Operating systems, especially those assisting diagnostic
tasks, in other fields have been successful. For example, a system in the car manufacturing industry is
credited with saving one company over ten million dollars each year [1].

Civil engineers have been slow to accept such new possibilities. This is understandable since civil
engineering is a fragmented and necessarily conservative field where new techniques are not embraced
blindly. Also, practical applications have necessitated processing speeds and memory requirements that
were possible only using machines and software which are not compatible with the activities of civil
enginears.

Recently, this situation has changed. Improvements in personal-computer capacity and less expensive
software has created a situation where sufficient speed and memory is available in small offices and on
site at reasonable cost. As a result, civil-engineering interest in this technology is growing, for example
see [2-5]. Tasks associated with remaining fatigue life of steel structures stand to benefit from such
trends, especially since such activities involve problem solving procedures akin to diagnosis.

This paper examines the potential of knowledge systems for remaining fatigue life and presents a system
called CRACK CONTROL - created in order to help engineers make decisions when a crack is discovered in
a steel structure. Representation, implementation and verification aspects are discussed. Finally, the
development of a large system for activities related to managing structures in service is explored.

2. KNOWLEDGE SYSTEMS FOR REMAINING FATIGUE LIFE

It is of interest to examine the difference between knowledge development and knowledge management
within the context of remaining fatigue life. Knowledge development includes activities such as analysis,
modelling, parametric studies, laboratory testing and site measurements. Knowledge development
generates new facts and identifies causal relationships. On the other hand, knowledge management
concentrates on improving the way existing knowledge is used. Elements of knowledge management include
acquisition, organization or representation, knowledge distribution, default knowledge and revision. A
summary of these elements is given in Table 1.

TABLE 1 Difference between knowledge development and knowledge management

IMPORTANT ELEMENTS OF

KNOWLEDGE DEVELOPMENT KNOWLEDGE MANAGEMENT
Analysis Acquisition

Modelling Organization

Parametric studies Distribution

Laboratory testing Defaults

Site measurements Revision
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For example, load modelling, dynamic analyses, corrosion studies, crack growth measurements, fracture
mechanics analyses, fracture and fatigue testing, field measurements, numerical simulation, development
of crack detection technclogy, and life improvement studies are knowledge-development activities.
Assimilation of new research, code writing, record keeping, communication, co-ordination, planning,
knowledge structuring, updating and learning are concerned with knowledge management.

In a recent study of over 600 structural failures in the United States from 1975 to 1986, a large
majority of cases could be attributed to poor knowledge management [6]. Cases of lack of fundamental
knowledge, classified as "unknown situations”, made up only one third of all failures. This is probably an
over-estimate of failures caused by a lack of fundamental knowledge since the term "unknown situations”
was not defined and consequently, it is conceivable that other facters such as inadequate records had
some influence. Similar studies have reached the same conclusions, for example [7] [8).

Therefore, improvements in knowledge management may have a greater impact on structural engineering
than additional knowledge development. In addition, explicit organization of knowledge may identify
previously un-noticed shortcomings in existing knowledge and thus initiate useful research [9]. Another
advantage of explicit knowledge representation is that it is more resistant to what is termed "knowledge
erosion” due to transfers, retirements and resignations of personnel.

Many opportunities for creating knowledge-processing systems exist, and work in progress, for example
[2][10] represents a small proportion of possible systems. For any development effort, a prerequisite for
good solutions is a complete definition of the problem. Often, the original definition is inaccurate because
relevant knowledge and user needs were not defined accurately. Therefore, an attempt should be made to
develop a small prototype as soon as possible in order to begin testing the system at an early stage. An
example of such a system is presented next.

3. A CRACK IN A STEEL STRUCTURE

A system called CRACK CONTROL was developed to help engineers decide what to do if a crack is
discovered in a steel structure. Intuitive repair solutions such as filling the crack with weld metal may
not be effective. Good decisions require a combination of scientific knowledge and experience gained
through examining cracks in structures. Generally, if a crack is found in a steel structure, more careful
inspection will reveal additional cracks in similar elements. If no action is taken to eliminate the cause of
cracking, more cracks usually appear at other locations. These heuristics have an influence upon the
knowledge structure described below.

CRACKING CAN BE CONTROLLED

ALL
I |
CAUSES MEASURES FUTURE CRACKING PROBLEMS
CAN BE IDENTIFIED CAN BE TAKEN CAN BE AVOIDED

& b= (o

— FRACTURE ———é — DAMAGE TOLERANCE ———<< — FRACTURE CRACKS — &=
— FATIGUE —< — REPAIR < - FATIGUE CRACKS ———€<
— CORROSION ——————————€< '— ELEMENT REPLACEMENT —€&< — CORROSION PROTECTION ——é

L DESIGN AND FABRICATION —€< L~ BETTER DESKN AND FABRICATION ——<

FIGURE 1 Partial inference net of CRACK CONTROL
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The knowledge necessary to scive this problem is split into three parts, as shown in Figure 1. The first
part concentrates on parameters which cause cracks in steel structures and thus, it contains the majority
of the diagnostic knowledge in the system. This knowledge is split into categories which reflect the origins
of cracking. Cracking may be due tc fracture, fatigue, corrosion or design and fabrication practices, or
most often, a combination of these factors.

The second part of the knowledge focuses on the most appropriate action, given a cracked element.
Measures to be taken are subdivided into damage tolerance, repair and element replacement. Damage
tolerance involves no immediate repair but an increased inspection effort. This solution is only explored
under certain conditions since it is not appropriate if, for example, further crack growth could cause
catastrophic collapse. Repair measures are dependent upon the causes determined in the first part.
Element replacement is a valid measure when damage tolerance and repair are not practicable.

The third part of the knowledge concentrates on identifying a maintenance strategy for the rest of the
structure. Once cracking has been discovered in a steel structure, the maintenance effort needs to be
maodified since more cracking is likely. While these considerations do not depend greatly upon the measures
chosen for the cracked element, they are closely linked tc the causes dstermined in the first part. Also,
several general precautions are needed regardless of the cause of cracking.

This knowledge was implemented rapidly into a small system using a development tool specifically
designed for diagnostic applications - THE DECIDING FACTOR (TDF) [11]. This tool was developed using
experience gained during the PROSPECTOR project [12] and it has already been employed for diagnostic
applications in civil engineering, e.g. [13].

Rather than require direct input of production rules, TDF processes knowledge organized in inference nets,
see, for example, Figure 1. The user expresses opinions related to ideas low down on the net. These
opinions are transferred into a belief value and multiplied by a factor to contribute to the hypcothesis
represented as the parent of a set of ideas. In turn, sub-hypotheses contribute to hypotheses further up on
the net. Belief values are combined using special logical relationships provided by TDF. in Figure 1, ALL,
BEST and MOST are three of eight possible relationships. ALL and MOST pass weighted averages of belief
values, whereas BEST passes the highest belief value. Thus, BEST is analogous to OR logic. The system,
CRACK CONTROL, employs six relationships in ali.

One of the strong points of TDF is the user interface, see Figure 2. Typically, a question screen is
composed of an introcductory explanation, a question, an answer box and a scale of possible answers. The
user manipulates the cursor in order to adjust his answer. A definite reply of yes or no is not needed.

Repeated loading = car loading, train loading, crane loads, vibrating machinery,
Ig;;fg#:.ﬁgﬁ" { waves, wind (esp. vortex shedding), and any other loading
which creates stress ranges in the element.
To what degr d beli that th k 1 t i j
QUESTION lzadi:g? egree do you believe a e cracked element is subject to repeated

ANSWER BOX —ﬁxtremely important question Answer : | PERHAPS (1.5)

_5 e et m e e e s aaa i me s .............i 5
NO 1 1 1 1 L

SCALE OF POSSIBLE ANSWERS ————} I }

USER MANIPULATES CURSOR KEYS FOR ANSWER

ANSWER CORRESPONDING TO CURSOR POSITION

el
-~

RANGE OF ANSWERS WHICH ALLOW
CONTINUED INVESTIGATION OF CURRENT HYPOTHESIS

FIGURE 2 CRACK CONTROL User interface
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Intermediate answers such as MAYBE SO and THINK NOT are possible. The middle of the scale is the reply,
DON'T KNOW. This feature is very useful for applications to structures in service since information is
rarely complete and never certain. This interface has been well accepted by users during tests.

Questioning proceeds frem left to right in the inference net (Figure 1). It is possible to fix a range of
answers, thereby allowing continued investigation of the ideas which contribute to the current hypothesis.
If the user replies outside this range, questioning relating to the current hypothesis is terminated, and the
system goes on to the next part of the net. For example if damage tolerance was the current hypothesis
and the user had any doubt whether further cracking would lead to catastrophic failure, the system would
not pursue this possibility further. Therefore, questions which would have followed, relating to the safety
and economy of a damage tolerance philosophy, would not be asked, and repair would be investigated.

A final step in the system involves a review of the recommendations provided for the particular case.
Note that heuristic information is used only to identify the most appropriate recommendations. Once these
are identified, the user is asked to what extent he believes that the recommendations can be carried out.
This belief determines which recommendations are reviewed and ultimately used by the system to
evaluate the hypothesis that cracking can be controlled. Note that this system performs no calculations;
the focus is placed entirely on prior qualitative reasoning.

Due to the ease of development, a working prototype was ready for testing two weeks after development
began. Many changes were introduced after initial tests. Indeed, it was discovered that the problem was
not completely defined from the start. Some measures for dealing with cracked structures were
overlooked. Users employ a different language than experts and sometimes prefer that questions are
raised in a different order. A small system developed rapidly using a simple tool created a situation where
these differences were identified as quickly as possible.

4. LARGE SYSTEMS FOR MANAGEMENT OF STRUCTURES IN SERVICE

Activities associated with the management of structures in service are shown in Figure 3. Over their
lifetimes, structures are subjected to monitoring, evaluation, maintenance and perhaps, modification. All
of these activities could benefit from better organized and more widely distributed knowledge.

MANAGEMENT OF STRUCTURES IN SERVICE

MONITORING EVALUATION MAINTENANCE MODIFICATIONS

| |
T T 1

CONTROL INSPECTION PRESERVATION REPAIR
ANALYSIS RATING DAMAGE ASSESSMENT NEW USE  INCREASED REQUIREMENTS
FIGURE 3 Activities associated with management of structures in service

Each activity in Figure 3 requires diagnostic or classification procedures to be most effective. These
procedures are important for identifying good solutions and areas where more information would be most
helpful. Nevertheless, a distinct focus is required for each activity since the user wishes to proceed
differently for each case. Therefore, each activity has a unique set of rules which make up and contro!l the
methods employed during solution formulation. However, much of the information used by these methods
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is similar. Also, solutions implemented during different activities can affect each other. Common
information requirements and possible interaction can be well accommodated by an integrated system. A
proposal for such a system is presented next.

Small systems developed rapidly for testing help to ensure that effort is not wasted solving the wrong
problem. Knowledge is verified at an early stage and the requirements of the user become well defined.
However, as the size of the problem grows, the number of assertions increases rapidly. Interaction
between these assertions becomes difficult to manage and verification of all possible solutions is
increasingly arduous. Well organized knowledge becomes essential.

Models and more abstract reasoning provide effective ways to organize knowledge. Generally, two types
of models could be used to simulate structures in service. The first type is a mathematical description of
the behaviour of the structure. Examples of models of this type include structural-analysis algorithms,
fracture-mechanics simulations and fatigue-damage-accumulation techniques.

The second type is a representation where the design and function of the structure is described. Figure 4
gives an outline of such a model of a structure. In this figure, actions, such as gravity loads and wind, act
on the structure. The structure is described in terms of the material employed, elements and their
connections to each other, details at connections and attachments, built-in stresses, etc. The structure
acts on the foundations, which for the purposes of this outline, include surrounding soil and geological
properties. External factors, such as salt-water exposure, atmospheric polution and changing groungd-
water levels also act on the structure and foundations. Also, changes in the behaviour of the foundations
over time may in turn affect the behaviour of the structure.

IACTIONS
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,,,,,,,,, » - WIND

behavior may affect

B

EXTERNAL +STRUCTURE -
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FIGURE 4 An outline of a functional model of a structure

Recent work in artificial intelligence has examined the advantages of domain-independent reasoning for
diagnostic activities, e.g. [14]. Using models such as the one outlined in Figure 4, domain-independent
theories provide methods for diagnosis from first principles. Given a state which is observed to be outside
the limits of expected behaviour, models can help identify the origin of faults. They provide a means of
representing knowledge for large quantities of information and complicated relationships. Therefore,
models are important to the future of large diagnostic systems [15].

A further advantage of models is that they are useful for a range of activities. For example, the model in
Figure 4 could be employed for many of the activities shown in Figure 3. On the other hand, systems using
only heuristic pattern matching are typically constructed to do a specific task.

However, first-principle models [14] are not useful for many types of practical problems. An exact model
of the system is required, and uncertain information cannot be treated. As the number of possible faults
increases, computation time rises exponentially. If multiple faults are considered, models are especiaily



A |.LE.C. SMITH 371

sensitive to problem size. Therefore, first-principle diagnostic models are most useful for medium sized
"closed-world" problems such as small electrical circuits.

Problems associated with structures in service are very different from small electrical circuits.
Important information may have a high degree of uncertainty. Relationships between objects may be
poorly defined. A structure may have thousands of elements and details, and tens of load cases. In
addition, critical measurements may be very difficult to carry out and external factors may include social
and political considerations. These factors mean that structures in service have "open-world"
characteristics.

Research into artificial intelligence has developed new techniques which are very useful for representing
activities associated with structures in service. For example, specialized strategies used with inexact
models may help reduce the difficulties associated with existing structures. Rather than attempting to
construct complete models, inexact models contain only knowledge relevant to a group of activities [18].
Other developments in non-monotonic reasoning and machine learning have created many opportunities for
applications involving ili-defined problems such as those typical of structures in service. These techniques
are often implemented within a system which employs various reasoning methoeds.

A hybrid approach for activities associated with structures in service is proposed. The user would start
the system by providing information which identifies modules that are appropriaie to the problem. The
majority of these modules would be activity-dependent. However, some modules, such as those used to
estimate behaviour, would be used for several activities. For example, modules such as CRACK CONTROL
would be chosen from a library of available small systems. At this point, the system would carry out
reasoning using heuristic knowledge which is independent of the structure in question.

The findings of the system would then be assessed by the user. If an acceptable sclution was identified,
the system would not invoke methods of more abstract reasoning. This step is comparable to traditional
engineering methods since engineers typically employ more sophisticated methods when acceptable
solutions are unavailable through simpler approaches. Also, if models of the structure do not exist, this
step enables the advantages of model creation to be assessed. The complexity of some structures in
service could require a substantial investment in order to produce useful models.

If an acceptable solution is not identified, the system would envoke reasoning using structure-dependent
models and more abstract heuristics. For example, if a crack is discovered in a steel structure, reasoning
could help identify candidate causes of the cracking by backtracking and examining all factors which affect
the element. Optimal locations for additional measurements could be identified and when new information
is received, the candidate list would be updated. Most likely causes, learned from previous experience
with this structure and others like i, could be placed in defauit siots; reasoning with such information
would proceed until evidence disqualified the assumption. Similar procedures could be employed for
identifying other areas at risk in the structure and for evaluation of repairs. As stated already, new
research in artificial intelligence has created conditions where these capabilities are applicable to
activities associated with structures in service.

The models used would be independent of activities such as those in Figure 3. In this way, information
would be shared as required by the particular task. However, many heuristics would be aclivity
dependent, especially those which control how the model is examined. Also, information obtained in the
structure-independent reasoning stage would be used for pruning search.

CONCLUSIONS

1. Improvements in knowledge management through applications of knowledge-processing technology
could have an important impact on decisions relating to remaining fatigue life. New and current work
should improve capabilities to manage knowledge, thereby reducing costly repairs and unnecessary
replacement of steel structures.

2. Since the factors which influence existing structures are complex, it is essential that knowledge-base
development begins with a rapidly developed prototype for testing with the expert and the user.
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3. Models help organize the knowledge necessary for large diagnostic systems. However, for problems
encountered by structures in service, a purely model-based system, controlled by domain-

independent heuristics, is not appropriate.

4. A hybrid system which combines heuristic reasoning with model-based reasoning is a feasible and
effective approach for structures in service.
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