L o e o s + et oo

e et

/

l* of le:br ary - 'gfluCan . R
Canadfh Thesés Service  Services des théses canadiennes  * - - ~
Ottawa, Canada 4
K1A ON4
- ) ‘ \ v . , s
: t
, i
% CANADIAN THESES THESES CANADIENNES

LY

NOTICE

The quality of this microfiche is heavily dependent upon the
quality of the original thesis submitted for microfiming. Every
effort has been made to ensure the highest quamyofreproduo-

tion possible.

If pages are missing, contact the university which gramed the
degree.

Some pages may have Indistinct print especially if the original '

pages were typed a poor typewriter ribbon or if the univer-

* ity sent us an in erior photocopy.

/

. "/
} »
A ‘ r
o THIS DISSERTATION
HAS BEEN MICROFILMED
- > EXACTLY AS RECEIVED
"NL-SM(r.OGM) i R .o.

Previously copyrighted materials (]ournal amc|es publ)shed
tests, .etc.) are not fiimed.

Reproduction in full or in part of this film Is' governed by the
Canadian Copyright Act, R.S.C. 1970, ¢. C-30."

AVIS

La qualité de cette microfiche dépend grandement de la qualité
de la thése soumise au microfilmage. Nous avons tout fait pour
assurer une qualité supérieure de reproduction.

S'il manque des pages, veulllez communiquer avec l'univer-
sité qui a contéré e grade.

. .
La qualité d'impression de cerlaines pages peut laisser &
désirer, surtout si les pages originales ont éé dactylographiées
4 l'aide d'un ruban usé.ou s| l'université nous a fait parvenir
une photocople de qualité inférieure. =

.Le:; documents qui font déja I'objet d'un drolt d'auteur (articles

" de ‘revue, examens publiés, etc.) ne sont pas mjcrofilmés.

La reproduction, méme partielle, de ce mlérofilm est soumise
a la Lol canadienne sur le drolt d'auteur, SRC 1970, ¢. G-30.

A

LA THESE A ETE
" MICROFILMEE TELLE QUE
NOUS |’AVONS REGUE

Canad4

<z



Fracture In A Plate éirder ¢
Railway Bridge R

st

. Joseph Schneider - /. %

v

A Méjbr Technical Report :
1 in »
, ‘ The Depart@ent
Coof
Civil Engineering

Presented in Partial Fulfillment of the Requirements
for the Degree of Master of Engineering at
Concordia University
Montréal, Québec, Canada

June 1986

CT ¥
© Joseph Schneider, 1986




T Aot AN

= T g

R o

N

i ]

"

Permission has been granfed
to the National Library( of
. Canada t
"thesis and to lend or sell
.copies of the film.

)

The -author (copyright owner)

has reserved other
publication .rights, and
neither the thesis nor

extensive extracts from it
may be printed or otherwise
' reproduced - without his/her
written permission.

A}

L

U
Iz

to microfilm this -

ISBN ,0-315-;2236-5

.

-

- -

L'autorisation a 8t#& accord@e
3 la Biblioth&que nationale
du Canada de microfilmer
cette th&se et de préter ou
de vendre des exemplaires du
filmu'
L'auteur (titulaire du droit
d'auteur) se r8serve les
autres droits de publication:
ni la th&se ni de 1longs
extraits dg
doivent @tre imprim&s ou
autrement reproduits sans son

autorisation &crite., '
\

!

[

celle-ci ne.



rat!

- : SR LB

- \ - ABSTRACT

- * .
. . .

* Failure In<A Plate Girder.

Railway Bridge

steph Schneider

LN

A large crack was discovered in June 1976 in a plate girder

weld of a horizontal stiffener and penetrated°the gf?der web, result-

ing in a 1.25 metre long crack. ’

Analytical studies were carried out to determine the theoretical
N /
life of the welded detail and the results are compared with the life

of the actual detail that suffered failure.
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Jgetrofi$ procedyres are

'railway bridge. Fatigue cracks originated in the partial penetration

‘described and evaluated through a field inspection‘performed in

)-\u\ + .
October 1985, nire yearf’after the retrofitting.
)
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Conclus1ons are drawn from the analysis and{qszectfhn<?ﬁithe

4] o .
similar detdils.” - ..
. o e

w,

- retrofits and presented as recommendations for future design of
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wjdth of hole para}lel,to'the applied siréséx

area
width of hole perpend1cular to the appT1ed stVess éf

influence line coefficient

/

the number of standard deV1ations‘below the heaﬁ-fine

!

unit stress ¥
unit stress on gross area

unit stress on net area
/

/
4

moment of inertia

height

vertical impact factor percent
momentégﬁ inertia about the xx.axis -

constant term relating to the mean-1ine of statistical
analysis results -

stress concentration factor baséd on the‘nét area stress :

i,

. . 4 . .
stress concentration factor in an infinitely wide plate

~1eng .
the in rse-s]ope of the mean-line log,a}»- log N curve

bending moment !

number of cycles — ‘ ¢
, , .
number of cycles to’failure
10ad . \ ,
stress concentration factor \\ g .

0

gross thickNess- L
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- net thitkness

-3

-* width of plate
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- distance from the neutral axis

- the reciproca] of the anti-log of the”stang?rd deviatmon

of log N

- the non- propagating stress range for N = 107 cycles

- stress range
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L 'During the first half of this centyry t_he desi"gn of railway W"»m ’.
j)} \ bridges did not changeva;;preciably, exce'pt for the trend to ssomewhat )
% te ! heavier H\fe ]oa;h'ng and the appearance and use of marginally higher ' -
) - yield steel. In the a;*;a of fabrication, rivetting remained the - |
% -t predominant method of fasterﬁlng and details that had proveg to‘be "‘1 . "
’ suitable throuéh experieﬁce were copﬁed repeatedly. . \-
As a result, fétigue failures were relgtivé?y rare and this can
be attributed to the %oﬁowing: . |
o fb . (a) -The use of 1owe‘r" yield strength‘mater'ial resulted in .. "
T . co less a\qla\'ﬂaﬁe stress f.or live Joad. As a consequence the stress
. rar?je, one of the sig‘nificant' compon\ents'in,fatigue,.was also low. - o
(b) The.,tfanspértétion‘explgxijon for moving goods both within ;
,Canqda and for.export had not yet occurred. Therefor,e—‘the number of
~ . W’Ies experi’er'i'ced within any period was.also low.. R 8 ’
(c) -Rivvetting pr“Ovide'dy excellent fatigue resistant details, as - .
. '\ Jater research wou]d’saow. Furthermore, ,‘the rivet holes had an
! o additional beneficia} feature gs‘they acted a; é}rack‘arrgstei's, .
’ "should some failuresoccur, thus preventing orlsignifi‘cantl’y* delaying
‘ the ’appeakance 'of large cracks. _ .
"y By, fhé 1960's the r;ilways ‘accepted the “modern” fabrication f F
approaches and made the switch to wel'ded constrbction. Unfortunately ‘
/@/- N ‘
. 7 N
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CHAPTER 1
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GENERAL INTRODUGTION

o o oL
. o~ .
7 " a a, L.

1.1 Introduction’ AT TN b
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the early welded designs incorporated details patterned after the

"‘ existing riveited construction detaﬂs,ﬂ instead of developing new .
details more suitable to welding and welded design. ‘
This sw;'tch td yeld‘ing tOgetl{er with heavier average®}o 'n§
" caused by the neoed to be morevcompetitive in%he.transeorting of raw
materials and mér;ufacutured goods, the increased frequency of travel

)

resulting” from the transportation explosion agé the higher live load

LY

o sk stress\rT}e available fyom the use of higher yield strength steel’

4\, resu1ytr_g in g si‘gn'rﬂcant 1ncrease of fatigue related failures.

~ W T
| ! . . - l Q:- Q’ e b . .
' Y g
1.2 0Objectives
The primary objectives of this report are:
. 9

(a) to investigate and analyse a specific bridge girder <

’ » . -~ 3! v

L failure

i

(b) ‘fc’o evaluate the effectiveness of the retféfitg?provided

" {c) to make recommendations for_future designs that would

o , prevent the recurrence of siimilar failures. -

Yy

_ 1 3 Outhne of_ The_Report o - ‘ .

, Chapter 2 presents a descr1pt1on of the structure and the 1oad1ng
’jﬁcry prwr to the discovery of the failure,
Chapter 3 presents a detailed descrlption of the failures found.

Both the major failure, the main subject of this report and other

.

)

b
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* minor failures are described. '
Chapter 4 presents the ana]jsis developed to determine, from a

theoretical basis, the expected)life of the failed detail. The

analysis uses the most current guidelines available for evaluatiné low\x\‘

stress cycles and variable loading effects in the calculation of

[

fatigue life.

‘Chapter 5 presents a description of-the progressive stages of the

"y failure from the initial crack initiation through to the final fu]i

failure pattern. . \

'

Chapter 6 outlines the methods used for retrofitting the diff- 7
erent elements at the failure locations. . |
Chapter A pre&ents an=evaluation of the-effectiveness of the
retrofitting. The basis of this evaiqation is aff 1qZPectAop cairigd

) years after the retrofitting work was € mp]eted

chapters and offers design and fabrication recommendations to prevent

similar failures in future designs. . e :

Is . ! ’

-

g o

T e, -
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o CHAPTER 2 D

' R N
DESCRIPTION OF THE STRUCTURE

2.1 Inhroduction A

Bridge 8.75 spans across and over Ontahio Highway 7 approximately
five (5) kilometres west of the City of Ottawa inlthe vicinity of
Bells Corners. The bridge is on a straight phrtion of thelrailway
ljne’and therefore no Fentrifugal farces occur during the'passage of
a train. : . _

In thfs,chapter the bridge geometry is described, the splicing
of the horizontal stiffener is examined and the loading history of

the'bridge, prior to the discovery of the failure, is examined.

gam San Sl TN Yy e . . %,
o e o N ;
® LY (,-\.,. \' . _’\
2.2 Br1dge Geometnx ‘ e

The structure is a four span continuous bridge with spans .
. measur1ng 28.651 m, 35.814.m,"35.814 m and 28.651 m. The bridge ‘is:

also severely skewed with a skew angle of 66 degreeSvfrom normal,

1

all as shown in Flg 1.

The cross-~ sect1on of the br1dge shown in Fig.-2, consists of
-

tqo welded through plate g1rders (TPG) spaced 5.410 m centre-to- .
centre and carries a sjng1e track located on the 1ongitudih;1 centre-
line of the span. S s
The girders are 2.743 m deep, shop welded in lengths of between

16.750 m.and 20.750 m. Each girder has continuous horizontal stiffeners
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welded to the exterior face of the web at a distance of .0.2h or 0.546'm

from the top and bottom flanges.;gyﬁrtical stiffeners are welded to

- the web on the interior face, spaced at app?oximate]} 1.2.m. The sﬁop

- welded girdebs are made.continuous by field bolted splices.

. -
'

hd . . 1y

longitudinal

) " diaphragm ;;7
- — - X ’ . 2

2 743

o FIG. 2.2 - BRIDGE B8.75 - TYPICAL CROSS-SECTION ° /7/

/

The floor system consists of w.610x140 transverse f]oor@éams.

/

The floorbeams are dt right angle to the longitudinal centré-1ine
N . /
spaced at approximately 1.25im for the full length of ypé bridge.

A single 1qngitudina1 diaphragm is located between the flaorbeams _ '

3.

on the centre-line. .

*

The rails are suppqrted directly on a 1.0 m concrete ballasted

. . . o ;
deck which was poured in situ dver the top of the floor system. i ¢



2.3 Detail of Horizontal Stiffener Weld

"’

The shop weld, splicing the. horizontal stifféners;'was a partial

penetration weld as shown i Fig. 2.3. The outside surfaces of the \
weld were ground flush, leaving a net total throat of 5 mm based on

measu(ementS taken after the failure.

\L
, Z:
,\__[
T :
weld grOund flush

FIG. 2.3 - PARTIAL PENETRATION STIFFENER WELD

<

2.4 Loadirg istory - R
The failire was discovgred in Jurie 1976 at which time the
,Structure had been in service for about ten (10) years. Based on
1nformat1on from the ra11way, the traffic over -that period consisted
of light passenger trains and the occasional emergency rerout1ng of
1ight freight trains. y
The 1igﬁt passenger trains were made ﬁp of one e1ectric-]g§:mo- /
'tive fo]iowed by four passenger cars, as an average. The frequency
of trave? over the ten years was two trains per day in each_dire tion.
*fhe typical VIA passenger pra{:~and its loading pattern is shownc:;-~‘\\\\

Fig. 2.4.
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‘The emergency fright, for the purpoge this work, was assumed

to be e'quiva]en’t to a .Cooper E5Q loading med, p\ of one locomotive
followed b} fifty (50) freight cers The'freq : Cy of this 'loadmg .
over the ten years was assumed to be one train per month he
assumed emergency frewght and its 1oad1ng pattern "is shohn in Fig 2.5,
A11 the above. mformatmn on 1oading and frequency of travel 1s

sunmar‘ized in Fable 2 1

-

o

, - M
YEARS of SERV;EE\‘“¢¥ ‘ [

PASSENGER TRAINS per YEAR 1460
PASSENGER LOCOMOTIVES ﬁgr TRAIN BT
| PASSENGER LOCOMOTIVE LOAD 1022 kN

PASSENGER CARS per TRAIN 4 °
PASSENGER CAR LOAD T e
FREIGHT TRAINS per YEAR i 12

. FREIGHT LOCOMOTIVES per TRAIN ' ]

) ( FREIGHT LOCOMOTIVE LOAD 1580 kN
FREIGHT CARS per TRAIN 50
FREIGHT CAR LOAD | 1776 kN.

TABLE"Z.I - LOADING HISTORY
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CHAPTER 3

DESCRIPTION OF THE FAILURE

L

-

3.1 Iﬁtroduction

_Ih this chapter the three failures that were discovered in the

varioys-bridge elements are described. ¢ <
' _‘,..'.Slri,: D B *
Fhese are classified as: .
| @ &
(a) Minor Failires - where the crack had initiated in a

secondary element but had not propagated

fnto any main material
+ (b) Major Failure' * - where the crack had propagated from the

§econdary element and progressed into or

. . through the main material

v

3.2 Minor Failures . . - S .

~ Two locations-on the bridge were discovered to have minor

S
failures. These locations are shown in Fig. 3.1,"and both failures
occurred in the north girder. .
In both instances ;hb cracks coincided with a shop welded splice

in the horizonfa] stiffener. At these locations the stiffener had

not separated nor had the crack tip extended into the main web

material. At both locations the crack was not visible as the painy’

1

-film had not separated. However, when the paint was removed the

crack was visible even to the naked eye. Examination with magnetic

y; . 5
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partical testing équipment revealed that the crack, in both instances,
: _ -
: o was ‘on the face nearer the top flénge of the girder. An enlarged
detail of “the minor failures is shown in Fig. 3,2. -
. . 2
. \w\_/ , . ~
i > ¢ of welded splice
3 f o ¥
N~ ¥ . - R
: . . Yo
% [ = = web
] - L
’ ~1.- ) A
% N . S “le—crack st1ffener()
! ,
" I Sy —
a ' ( Plan View of Stiffener
T I = . - :
! ' FIG. 3.2 - MINOR FAILURES (ENLARGED DETAIL) By
. /
]
, - 3,3 Major Failure ' ]
\ AJsoishown in Fig. 3.1 s the location of the major failure in
fhe Bridgeﬂ This large crack was found in the north girder apﬁrox-
imately 3.8 m east.of the centre pier. ’
The‘horizonta] stiffener at the failure location had fractured
g

and was totally éeparated. The failure in the Stifféner ocqu;req‘at
a location similar to the minor failures, at a-shop welded spljce.

The fracture had also penetra;ed the full thickness of the main web*
material. ‘Weblfepara%ion had occurred and iook,the %orm of an elong- '

ated "S", extending above and below the horizontal stiffener with a
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total length of 1.25 . ' , o
The crack, at the top, stopped 60_mm from tﬁe top f1;:ge to web
fillet weld toe and, at the bo£tom, 45 mm above the level of the

concrete bsilast deck. An\;hlarged view of the majop;failure is
i ' o o

shown in Fig. 3.3. ) ‘ . e

€ o

East
el

Inside Elevation

. £ 3 o ~
Ll FIG, 3.3 - MAJOR FAILURE (ENLARGED DETAIL)
- Y . .

[



vy AT

"']5- ¢

3.3.1 Exam{natipn of Major Failure

A close examina{ion of the web failure, opppsite‘theghorizontal

- stiffener, revealedfa thin ligament of web that had not separated.

Ihis intact piecé of web provided thg evidende’tﬁat two .cracks entered

‘ihe web., The crack‘frqh the top surface of the partial penetration

.weld in the horizontal stiffener penetrated the web on the left side,

i

<

as shown in Fig. 3.3, and progressed upward,td%erd the top flange?
while the crack from the bottbm §urf e of the stiffener weld penet-
rated the wgh on the r?ght s1de and progressed downward towand the -
bottom flange IBOth cracks, after penetrating the. web followed a
path normal to the dxrect1on of the princwpal stress. _

From these observat1pns it wassconcluded that‘the failure was
due to fatigue from repeated dynam1c loading rather- than a s1mp1e |

overload.
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CHAPTER 4 ./

. - ANALYSIS OF THE MAJOR FAILRE . *. -+ &
. . . J e ) - .

4. 1- Int;odugtion '
Bridge structures. such.as the one. being exam1ned are designed

on the basis that each element functions independently. However .when

]

the bridge is in"service, a11 e]ements function Together u1th the
;ésult that some elements, cons1dered redundant in the 1n1t1al des1gn,'

" are subjected to §an1f1cant stresses by virtue of the1g,partic1pat1on !
in the overall scheme of load distribution. | \J

- This chapter analyses the major failure wh1ch was found to orig-

~

inate in the horizontal stiffener, an element generally considered to I

be redundant in many designs.but subjected to significant participating
f~stresses with the passage of live loads, : ’ ’

The factors considered are:

(a) the assessment.of multiple cycles From the'bassage of a

‘single train T

e )
N : (b) the stress concentrat1on due to the partial penetrati

weld - e . :

’.

Kc) the éffect of vaxiéble.ampiitudé stresses

.. (d) the assessment of low stress cycles = e

i -~

, The method used to evaThaté the fafigue life is as outlined:in
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i “British Standard BS 5400 : 1980 : Part 10 [1Y"he approach uses a )

-.cumu]ative damage evaluation.bgenerally referrgd to as The Palmgren-

L - Miner Rule. Since the investigation is of an actual failure, a
higher probabilit& of failﬁre is also iffluded in the determination
‘ pf the total fatigue life. ,In_addition, the effeéts of low stress

«cycles, those below the non-propagating stress level for constant

.

" amplitude fatigue life, are included in the calculations through the
. 7 . . - 4 . .

uée of an adjusted slopé of the o~ N curve.

$

'
4

,L' MR} v -
‘o

4.2 Moment Range Histbry - Passenger Train

N ‘ Data for calcu1at1ng %he moment range history of a typ1cal S .

[

passenger tra1n was gathered/by traversing, mathematically, one - Ve

] el

passenger train across the major failure point lnfluence 1ine shown

ol - \<;§£:j/74§. 4.1 t
‘ ) y By moving ‘the train incrementa]]y, in one-tenth span ‘increments,

across the 1nf1uence line a cont1nuous ‘moment history spectrum was

determ1ned at the failure 1ocat1on from the pass1ng of one passenger

tra1n The moment history spectrum_ is plotted in Fig. 4.2. .

CaTcu]at1ons of the moment ranges from this history spectrum

. J was accomp]ished by using the 'reservoir' method of cycle count1ng
) o . described in detail in BS 5400 : 1980 : Part 10 : Appendix Bt ) 4/////

The 'reservoir' method provides a means of reducing an irrggularf |

series of stress fluctuations to a simple list of stfesswranges.

This method is suitable when dealing with sport stress histories,

such as those produced by individual loaé%ng events. It consists

y ' ‘ " of imagining a plot of the graph of each individual stress-history . o
N
/\ -
. - TN g
3 ! ¥ . h N
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as a cros; seéti;n of 5 reserQoir which is §uccessiVe1y dipined from
each loﬁ point, counting one cycle for each draining operation. The

‘ k ‘results are tabulated in descending 9ydé; of magnitude in Table 4.1,

For reference the information used in the calculation of the .~

i moment ranges is included in Appendix 'B' consisting of the following: ™ ]
{ . ,
‘g 1) influence line coefficients -
E 2) method of calculating moments
b .
% . 3) cycle calculations using the "reservoir method"
% 4) summary of moment ranges.
; ® ¢
% ' \..:"
& .
MOMENT | MOMENT RANGE | NUMBER ° -7
1D (per track) of
- CYCLES | A
' ) kN.m /|
J
A , "'},m 2880 - 1
‘ M2 854 o ' o
/ M3 o 849 1w
' M7 ' 673 B
M5 481 1 |
M4 279 1 o
‘ ‘ M6 216 1
Mg B [-Y AR 1
. "i}" “ 9

TABLE 4.1 - MOMENT RANGES (ONE PASSENGER TRAIN)
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4.3 Moment Rapge History --Freight Train

The moment range history spectrum of a freiéht train was(derivedl
from the information developed to compile the moment range history
spectrum pf a pagsenger train. The éassenger train data was adjusted
to accoﬁnt for the heavier loading as well as the greater number of
| . freight cars. These adjustments are described-in detail in Appendix’
‘ " ~ B.3. The resulting moment history spectrum‘is plotted in Fig. 4.3.

Using the same method of cycle counting as for the passenger

S e -

‘ train, the results’are tabulated in descending order of magnitude

with the corresponding cycles in Table 4.2. . y

.
N

C ' o MOMENT | MOMENT RANGE | NUMBER
. - . 1D (per track) of
— CYCLES
kN m
M1 © 8189 ]
h M2 ) 3203¢ 1 . (\\
, . M3 2511 T 45 : '
M4 2511 1
T M7 > 2061 . 1
: M5 1931 1
‘* ‘ 3
Mg 1599 1 :
M6 1132 Co
. * M8 " 868 1
3 ” . M0 . 343 1 -

TABLE 4.2 - MOMENT RANGES (ONE FREIGHT TRAIN~).r

@

I4
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of a live load:

Vertical impact

1 Y £ g S AN S G g 1o

where: Iv

e . T

In the-case of this

Rolling Impact

4:4 Impact Calculations’
N ‘ I -
In addition to the live load moments, the effects of vertical
_-impact and rolling impact mist be added as both these effects amplify

the raage of stress the detail will experience during the.passage

CSA Standard S1 - ]950 ‘Stee]QRailway Bridges', requirés that a

"percéntage of the static live Toad equal to

+ 16
L - 30) -

4értical impact percent

-

length in feet, centre-to-centre |

' of suppofts‘

be added for the direct vertical effect.of impabt".-

bridge the vertical impact percent is:.

CSA S1 - 1950 also réquirgs that “vertical forces due to the
rolling of the train from side to side, acting downward on one rail
and upward oﬁ the other, the forces on each rail being equal to 10

percent of the static Tive lpad per track“' be -added. .

(117.5 -~ 30)



e et AL

-24-

i

4.5 Design Moment Rarge Summary . v

The brldge girder i's subjected to a number of fluctuating Toad
effects from live load, vert1ca\f1mpact and r0111ng impact dur1ng
the passage of both ﬁ"?senger train and freight tra1n traff1c These
effects. discussed in seq¢1ons 4.2, 4.3, and 4. 4 are summar1zed in.
Table‘4.3 and sum up to 'give the 'De&n Moment Range'. P

]

-

. 4.6 Stiffener Stress Range Calculations

Us1ng s1mp1e beam theery; the stress at the Tongitudinal

" horjzontal st1ffener‘Q\? ‘be ca]culated from the following formula-

. f=My g ,(4,2)
Ji ) 1 '

where; f = stress at the stiffener _ ~
' M= moment at the, failure location (P01nt e ) X

'& = d1stance from the neutral axis of the girder ..

¥

‘to the st1ffener
S moment of inertia of the total girder section
about its neutral axis

——

For referehce, the detailed calculations of the moment of

k%4

. inertia are included in Appendix C

. By u51ng the moment range: frm)]hb]e 4.3 in the above formula
the resulting stress becomes the stress range‘wh‘Zh the horizontal -
stiffener is subjected to during tée passage of the movieg loads.

The summary of the stress ranges at the hor1zontal st1ffener

‘correspond1ng to the various moment ranges listed in Table 4. 3 was

:
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MOMENT | MOMENT | VERTICAY ROLLING | DESIGN| CYCLES |
RANGE | RANGE | IMPACT| IMPACT | MOMENT .
. . RANGE .
/track | /girder /train
kN m KN-m KN-m kN-m KN-m- '
2880 1440 330 288 2058 1
854 | 427 . 98 '85 610 "
, £l e s | 9P| . 85 607 1
-5
- 673 37 | 77 - 67 481 1
1 N [J] ~ Ay 3 ¢
| g 48 | 247 55 48 M4 {1
w ’ " * R
g 279 | 140 / 32 28 200 1
_ 1z w08 | 25| 22 155 1
) 0o ter g | 19| - 17 120 1
‘ 8189 | 4095 -| 938 819 | 5852 1
‘ +'3203 1602 367 N 320 | 2289 1
A 2511 1256 288 251 1795 | 45
: $
s b 251 1256 288 | 251 1795 1.
© . o - C
o 2061 1031 236 206 1473 ] \ -
. » ,‘ ‘ ,
) 5| 193 966 2 |, 19 1380 - 1
v . ‘ R
& 599 |- 800 183 60 | 1183
1132 | * s6s 130 ns | o809 | o1 |- L
] . - 868 434 . 99 |, . 87 620 RN
~ Al \ ' .
\ 343 172 39 34 245 1
TABLE 4.3 - DESIGN MOMENT RANGES
v Ry T
B .':, < ' ‘ b - (s .
‘%s*\ Q
' co T -
L\/ ' -
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TABLE 4.4 - STIFFENER STRESS RANGES

}

; . -26- ’ “
compiled and is shown in Table 4.4 )
aggég¥ sTRess ¥ cYcles | DEsIGN.| sTREss CYCLEY-
at MOMENT at
RANPE STIFF, /train RANGE STIFF. |* /train
k. MPa kN-m’ MPa
l Passenger Train Freight Train
2058 &| 15.09 | * 1 5852 | 42.91 1
610 | 4.47 ] 2289 | 16.79 ]
607 4.45 1 1795 | 13.16 1 45
agr | 3.53 1| s | 1316 1 A
344 2.52 1 1473 | 10.80 1
2000 | 1.47 1 1380 | 10.12 2
155 1.14 1 1143 8.38 1
120 0.88 e 809 | .5.93 1
' o 620 | . 4.55 1
. 245 1.80 1
AN

Q@

4.7  Design Stress Range Calculations
' (-8

"

. Whenever the “line of stress" is deflected from a regular path,
the stress increases at the deflection and this phenomenon is commonly
referred to as the "stress concentration”. ‘

In the case of a partial penetration weld this stress

&
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concentration has two factors that mus&,be aiuatfd.
reduced section avai]ab]e'tg transmit the load which can be evaiud
by using the nef{section ;vailable. Second and perhaps more severe
is the stress concentration caused by the’resulting geomet}ical
discontinuity. '

The combined effects of thede two factors can beé determined
either by special analysis such as a finite e]ement gné]ysis where
the detail is modelled to~r?f1ect the aé?ua1 geometrica]vdiscontinuity

or by the use of stress concentration factors published in a number of

reference texts,

“  This réport used the. latter.approach to show how such a problem

v -

can be evaluated withobt the need of highly sophisticated computer

analysis. '

«

4

{
- 4,7,1 Effect of Reduced Section v’

2

Calculation of the stress due to fﬂ? reduced section can be
made by simbly using the° net area at the section where the load i .

transferred. Since the total load bein§ tr;nsferred remains constant

”

g-w-tg o : .(4.3)

where: f, = stress on net ayé’

-

thgn:
-'W:tn = f

-
1

g stress on gross area

x
1]

width of stiffener. o ' -

[ad
"

n n?t ;hicknes%abhrough throat OiJNeld

= gross thickness of stiffener

.

e
ot
(1=}
ft

L

? -

K . - - T

// . Since the Stress’amplification is thé ratio of f, for formula
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K4 , .
4.3, can be rearranged to give the required information as follows:

-.h “—
=
ad

w

|
!

’ et - ®

¢ g -

-
o

-t
-

16 mm, and t, = 5mm, the stress

n

In this case with t

Yo

]
concentration is: '

. - 16 ’
i i ~ " SCF et - ————
d 5
. s 3.2

i

a
-
-

4.7.2. Effect of Geometric Discontinuity

The stress concentration effects due to geometric disconﬁjnu-
'itiei have han studied widely Pothvi?alytica11y and exherimental}y.
[pe results have been published and provide the means of evaluating
this effect yithout the necess;ty of highly involved and complex
finite element modelling and analysié. ,
- '+ Most af the reference d%rks are based on the assumption that

o

any hole, or crack, can be represented by an elliptical hole.

. Based on many observations made in the assembl} of sheared
stiffener mqtérial, similér tonthe hofizpnfal stiffeners on the
bridge, tﬁe gap at the'welded edge of the spliée can be considered
to have a 1 mm gap. T%{s gap can be approximated bf.“an equivalent

'~ellipse" with a minor axis of 2 mm. Using these assumptions,'the"
Qébmétric discontinuity of the partiat~penetration splice weld can
be drawn 4s shoyﬁ in Fig. 4.4, : : ‘.
A For the analysis of an el]iptical‘hole, R.E. geterson's ref-

erence text “Stress Concentration Factors" [2]\state§'thét the stress

- ‘e

. » . .
N . - A}




é55 equivalent
- £ ellipse g

11
16
\
‘\
4N—_\ﬁ
§
>\

2 \
. ) 5
. ) " )
~ FIG. 4.4 - GEOMETRIC DISGONTINUITY ASSUMPTIONS

.

v

. i
concentration factor, in an infinitely wide plate, was solved math-

ematically by Kolosoff [3] and Inglis [5], and is given by: v
' oW ] '
Ko = 1420 - (4.4) |
. a -
) ‘ . 5 ‘ ' . “ !
,wheréﬁ Ko = stress concentration factor in an b
- . * infinitely wide plate
b = width of hole perpendicular to the -
’. .
applied stress
_a = width of hole parallel to the
0
applied stress o L
Formuta 4.4 is shown in“’graphical form iﬁﬁ Fig. 4.5. o
Furthermore, for the very narrow ellipse, approaching a ,cra.ck,
: /s ’ . ,
a "finite-width correction" formula, developed by Koiter {6] can be~ -~ -
" used to ad}ust for the actual stiffener width in this case. T.pe ' -
A , )
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“formula déveloped is the following:

) Ktn . o b b2 b 1/2 ‘
\ . = |1-0.5—+0.326 [— 1 - (4.5)
. Koo : ] W

B " where: 'Kin = stress concentration factor based on
e . | areéa stress
Koo = stress concentration factor in an

infinitely. wide plate

o .
n

- width of hole perpendicular to the
4 . applied stress ’
.*.‘ X N Q *
W = width of the plate
. ' \
Formula 4.5 is plotted as a grazg:ig Fig. 4.6.
Using the detail information given in Fig.'4.4 where
bt ) ‘ a = 2mm- \ o
‘ b =11 mm o
w .= 16 mm . T
‘ .
the stress concentration in an inf1n1te1y wide plate is foundm
from Fig. 4.5 or Formu]a 4 4, for: ",
/ . . bla=5.5
ot ; . K = 12.0

o

t ,
Furthermore .the correction for a finite width is found from
Fig. 4.6 or Formula 4.5, for:

N
[

R |
Kip /Ko = 085 . ‘

0.69

il
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. , Combining twg,Athe stressfgoncentnation factor to be aﬁplied
- to the stress calculated on the net section, due to the geometric

%ﬁscontinuity, is calculated to be:-

X

- - Ktn o= K x Ko
; B T
: ' P . o
! . : = 0. 45 x 12.0 - .
| = 54 -
3 - }

4.7.3 Design Stress Range Summarx

The design stress range to be used in ca1cu1at1ng the fatigue

life of the part1a1 penetration weld is determined as the peak strese
% ? ’\ range that the detail is exposed to during the loading cycles. This
| l . is foend by tak1ng the stress range in the st1ﬁ2ener adjusting for
the effect of net section and multiplying the result by the stress
. . AR concenrration.factor resulting from the geometric.discontinuit}.’ ot

. ‘ ‘This information, ¥n summary form, is Shown in Table 4.5 .

i & .
s 3

By 4.8  fatique Life Evaluation

Present day standards and supporting references provide
information to calculate a fatlgue life expectancy for many detai]s
However, none of the various references reviewed deal specifically

rtial penetratlon welded joints where the net weld throat

' : .speci 1ca11y accounts for a very. small percentage of the plate th1ckness

Most references provide data for the more usual type of weld w%e(e ///i

‘ﬂ,*\\\\7 ' the net throat is 75% or more of the plate thickness. 1In our case

Y



‘o ==
, - S31JAD PUR- JONVY SSIWIS N9ISIA - §°v IIaWL
4 . - . i \
. 1 L°Le 9L°§ 081 "G = 403084 - 4 ,
: 2°€ = 4030y - 4 :
‘ 1 9°8¢L 95 vl 55 s
, ! 5 201 86°81 £6°S L 2°51 28°2 88°0
. ~
_ L ©ogthpl 28°92 8E'8 L L6l 9°¢ pLL
| 6 vLL 8¢ " 2¢ ZL ot L T R Ll
, L 9-98l - 95" p€ 0870 L S €Y 09°8 252
) N L . vlez L2y 9L°€L L 0°19 0£° L g5’ 4
-
wJ/me by 122 LL" 2y 9L"€L | 6°9L RTAT Svb
L . L'062 £L°ES 6L°91 L 2 L1 0c" bl v ¥
. - S 19L L€ #€1 16°27 { 8092 62°8v |4 60°SL
, . uted] Jybiaay ulea) Jabuassed
. - edW ediy ! Bdi edi BdW ediW
rs
4 —— ©uredy NOILD3S uLedy NOILI3S
, - aad . 3ONWY  |* L3N uo IONVY Jad IONVY 13N uo JONVY
: SSULS JONYY ——SSTULS & $S3YLS JONVY SSIYLS
e ,STTAD |, NDISIO [, SSIULS -~ |-UINIHAILS | SIDAD |4 NOISIQ |, SSIIS YINTHATLS




. -35-
with the net throat comprising only 30% of the 6&até thickness, iﬁA
was decided that the guidelines and information provided could not
be used with"any degree of confidence. '
As a consequence the approach used follows the general gu1de]1nes

of BS 5400 : Part 10 : 1980. The spec1f1c steps used were: )

-

R ,
1. The design stress at the root face of the partial penetration
weld was the stress on the net section mu1t1p11ed by the stress
8
concentration factor as shown in Table 4.5
2. A joint classification was selected that was eqhiva]ent to a

f]ame cut surface with similar geometric propert1es from

: 5400 :1980°: Part 10. R

3..The "cumulative damage calculations" outlined in BS : 5400 : o
Part-10 : 1980 Clause 11 and Appendix 'A' were used to calculate

the Jife expectancy of the joint detail. - -

o d -

4.8.1 Joint C]assigi;ation .

Appendix 'H' ~ "Explanatory Notes on Detail Classification"

in BS 5400 : Part 10 : 1980 states that "the stress concentrations

' 1nherent in the make-up of a welded joint have been taken into s

account in the c1ass1f1cat1on of the deta11~ However, where there
1s a geometr1g§1 discontinuity, such as a change of cross section
or an aperture, the resulting stress concentrations should be

determined ejther by special analysis or by the use of the stress

concentrations factors available".

Sy
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In this case the usua],c]gssificétion for a partial penetration
or fillet weld would be a Class W. However, ince the Class W joint
has some degree of stress concentration included in it’s design para-
meters and because the stress concentrations froﬁ the §evere geometric
discontinuity have been accounted fo; separately, the choice of Class -
W wou]d‘result in overstating the stress conceniration effects.

By comparing the crifical corner of a cruciform joint with an . B
en]a;gea }iew of the inside corner of the'partial penetration weld,
both shown circ]éd in Fig. 4.7, the similarity become quite eviaent.
.Accordingly, a ore rational selection ;s to classify the partial
penetration weld as a Class F joiht._»Fér this classification ’ )

/ " BS 5400 : Part 10 : 1980 requires that stress concentration factors

be included, which is consistent with the approach followed in this

. 4 f

7 . , —‘———«r—-——- N Ny

analysis.

< l e : N
A
\
. /",\’ similarity | -
R Y
'Class F' . Partial Penetration » -
ce o Cruciform Joint Weld Joint

i

FIG. 4.7 - COMPARISON of JOINTS

"
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4.8.2. Calculation of Non-Prqpagating'Stress Range

4

" " When a de@ail is subjected to f]uctuq‘ing stress of constant p
amplitude, therk js a certain stress range below which an 1ndefinite1y
large number of cycles can be sustainéd witi\out failure., The 'val‘ue of
this "non-propagating stress range" can’ be determined from the follow:
ing equation, given in.BS 5400 : Part 10 : 1980 Appendix 'A' ..
Nx G = Ko xal (4.6)
where fiN = the predicted numb;r of cyc]eﬁ to failure
| of the stress range 0, o )
Ko = the constant term relating to the mean line '
;o of the S;atisiical analysis results _ :
m = the inverse slope of the mean-line .
K : Tog 0. - log N curve '
A = the reciprocal of the anti-log éf‘the sfdnﬂard

deviation of 1log N

d = the number Sixstandérd devia@iohs below the

PR,

mean-line - ' .

For the Joint being analysed/the following values are approp-

riate: )
d = 3.0 * This value corresponds to‘a probability
, - l - of féi]ure.of,o.ld%, This value was
chosen as the task is to evaluate-an ( ' :
actual failure. L . | fg
N =10 . This value is the accepted endurance ° \
' limit’ ‘ ,‘ -
Op = This va!ue'corresponds to the non-
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C ” propagating stress rangé'for N =107 ‘\
ko= L73x 0 A :
These values correspond to values
o = 0.605 o ' ‘
) for a Class 'F'-detail in BS 5400
m = 3.0, . i
Using Equation ‘4.6, .. the value of Oo is calculated as follows:
1 ’ . b ' N
f . : R : ) s .
s ) (" S
,§ o, Nx 0" = K xl&d o : g
: .
: B" =K XA
X ‘ N ;
; 03 = (1.73 x 1012) (0.605)3
; ‘ ' , . ) . ) , i ]07. .—
. \ ) S
; =383 x 10
0o = 33.7 MPa
. . . ‘ . € ;
: - : -
4:5.3"L1fe txpectancy Calculations: . ’ °
L : The treatment of low stress cycles, those below the non-propagat-
‘ . ing stress range, Og, have‘been ignoréd in thezpasf. Howevc{ggrecent" a\g
research suggests this to be in error and recommendations have’ been
included in BS 5400': Part 10 :.1986, Appendix 'A' for evaluating this
R . r’l\_ s [N + .
feature of fluctuating stress histories.
) " BS 5400, states -- "when the applied fluctuating stress has vary- .°
¢ J . ‘ . . .o °
ing ‘amplitude, so that some of the stress ranges are greater anq some. °
; . less than (O, the larger stress fanges will cause enlargement of the

initial defect. This gradual enlargement reduces the value of the
non-propagatinb‘stress range below Op. Thus, as time goes on, an in-

creasing number of stress.ranges be1;z¢;§(can themselves contribute

<

A d .
. T
'

9
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to the further enlargement of the defect. The final result is an

earlier fatigue failure than could be prgdicted:by assuming all stress
v ranges below 0o are ineffective". ' ) . X

LN o

" Following BS 5400, the life eipectancy of the partial penetrat-

_jon stiffener weld ds calculated as follows:

~. ’ . } 1 ) ) .
o Life = .. . (4.7)
. . }E n ) .
é “ ‘ ? :
L ' oo T
? where: - n n’ m‘
: ' —_— = == when 0. 2 0o
. ~ 8§ ." N ’ ]() - .
i . . — . . n ~ n m+2
o ‘ — = — When-o’. < Uo
- J Noow\g r
. A , 5
B ! 4 A .
¢ . Using the desigh stress range and <cycles from Table 4.5, the

' éverage Toading histbry from Table 2.1 and the.non-prbpagating stress

Q .
Crange, 0y, calculated in Section 4.8.2, the values to be used in

"r‘ ¢ 3

Equation 4.7 are: .

h = from Table 4.5 and Table 2.1
o= 10 )
0. = from T§b1;§4.5 . : o Sk
o : . O = 33.7Mpa
\ m = 3.0

Table 4.6 is a summary of the calculations to determine the

A

. 1$fe expectaﬁcy of ‘the detail being analysed. It should be noted
that only stress ranges that result in a finite life are shown in

the Table, and for reference the first stress range giving a I(n/N) = 0.000

»

»

-
.
.
.

is shown.

«



f// . . ) _40_ ’ )
/ J
V/ ?
, / ] . 3
/ T, (0/Ge)° | (/M) .
f ‘ ) ' .per year
j .
/ 260.8° | 463.8. 1460 0.068
! ” . 77.2 12.0 1460 0.002
, sl 769 1n.9 .| 1460 0.002
(2]
s 6.0 5.9 - 1460 0.00
43.5 2.2 1460 0.000 A
/ N ' -
N 741.5 | 10652.3 | . 12 0.013
- {g] 2904 637.9 | 12 0.000 | »
o 227.4 7.2 | 540 0.017
w r
) 227.4 307,2 12 0.000
. « Y (n/N) =Y 0.108
B ‘ , r ,
\ Sl e Life E&pectagfy .= 9.6 years

)
<

.

TABLE 4.6 - LIFE EXPECTANCY CALCULATIONS

&

i ~

4.9 Conclusions

n

o

Based on the inf;rmation provided of four‘ﬁassenger trains per
day, one emergency light freight t}ain‘pér monfh, and aﬁ assumed gap
in the stiffener fit-up of 1 mm, the time required to inftiate a
crack.iq the partial penetrdtion stiffener splﬁcexwéld is calculated
;d be bjslyears.w >
Recognizing that the crack: when fina]]y'noticed, was after about

(

¢
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10 years of service and since the crack had propagated throdah the ,
total width of the horizontal stiffeder weld and 1.25 m of web, the’

calculation of the life expectancy is in remarkable agreement with
y 7 ‘ A
\ .

the actual service experienced.
However, while these results-are except%onal]y‘good; one carinot

N

- assume_{ﬂat such preeis%on'can be expected in a1l cases. . The two

r1t1ca1 assumpt1ons that affect such calculat1ons are:

ﬁ) a real1st1c 1oad1ng h1story ’

7

b) an accurate representatlon of the defect.
t

White the f1rst of the above asSumptions can be assessed with a
good degree of'accﬁracy from records the second can onlw be based on

exper1ence and close exam1nat1oﬁ of similar details. Neverthe]ess,

e L

the ca]cuiat1ons can be used to g1ve a good indication of potent1a]

prob]em areas and deta1ls

P -
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CHAPTER 5

N ¥ .
PROGRESSIVE STAGES OF FAILURE

5 1 'Introduct1on

The major fai]ure analysed in Chapter 4 can be considered to have
occurred in a number of distinct stages This chap%%r describes the

var1ous~§tages from the initial crack format1on'through to the final

. stage that exﬁ%téa at the time the failure was discovered.

b

Since the fratture“faces coqid not be examined it was difficult

to clearly define where brittle fracture may have occurred. However,

it is clear that br1tt1e fracture would have gpcurred when the crack

initiated by fatlgue grew to a cr1t1ca1 size.
The various stages are shown in Fig. 5.1 together with some

description;to show the general directibh in which the crqck progréssed.
&’ . . ., v .

. /‘ ..l'r'
. ' ,

-

5. 2 St;ge I -- Crack Initiation

-

Stage I of the failure was the Crack initiation at’ the outer tip
of the.stﬁhjener we]d‘as shown in Fjg; 5.1 (a). .- :
Both top and bottom part1a1 penatrat1on welds had cracks 1n1t1ated
after’ approx1mate]y 9 1/2 years, as determined from the analys1s desc-
- ribed in Chapter 4. Since the b#fage has a skew, a ‘certain degree of
racking w11[ occur.'rcsu]tlng in the br1§ge suffering SOme jateral

deflection. This lateral deflection caused the stiffener tip to-be

stressed to a higher level tHan the portion adjacent to the web. As a’
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‘s

result the stiffener tip has a higher stress range and, therefore, it

can be concluded that the crack would be initiated at that [ocation,

<
&

5.3 Stage 11 -- Failure of P.P. Welds

Stage II of the failure consisted of the .progressive failure- of

. the partial penetration welds. The crack. initiated at the tip, pro-

gressed toward the stiffener to web fillet weld, as shown in Fig.

1) ' .

The initiql progress was iikely a class{ca1‘fat%gue'failure,

-, progressing ih a ductile manner 3s additional ]oadjﬁg cycles occurred.

., . .
. g R . ', ) ¢
\ : . ‘
.‘ . [ a . ‘
\
\

»

At some stage, the crack grew to a critical sizg'and it is possible
that a.portion of the partial penetration welds féiled}in a brittle

manner. This brittle fracture would require relatively little energy.

°

as the weld had little area. < a

ot

At the stiffener to web f111et however there is a srgn1f1cant .
increase in weld-area and the energy required to fall the partial

penetration weld would be insufficient to drive tpe»crack, in-a brigi;e

manner, through this much heavier weld. This would create the cond%tionh‘

-
. S . { g 3
for the start of the next stage. > '

5. 4 Stage II] -- Failure of F11]et welds

Stage I of ‘the failure can be considered $o have started when
the cracks in the partial ‘penetration welds penetrated the contlnuqys
horizontal Ejl]et welds connepping‘the stiffener to the girder web.

The failure in the fillet welds was'again a classital fatigue

-

-
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failure driven by the }oading cycles from both passenger and freight
trains. ’ N
At this point the cnaEtE started to turn from a vertlcal position,
a]ong the¢entre-line of the stiffener weld, to one nonnal to the N
d1rection of the pr1nc1pa]«stres;J\ As a result the top crack and the
bottom crack progressed in a sTight lateral divection with respect to
each other. ) ‘
As the cracks progresseo through the filiot‘weld tﬁe crack tips

also penetrated the web mater1al at this stage and the final separat-

" ion of the stifener weld occurred ! ‘ ) ‘ \

The failure’ dur1ng this stage is shown in.Fig. 5.1 (c).

o T

v

\\ ‘.~ . ¢ . ‘ .
5. 5 Stage IV -- Fai]ure of Web "

Stage IV is a cont1nuation of the faIJure through the main web
mgteriq1, as shown in Fig. 5.1 (d).

: The‘top and bottom craéksfprogresséd in ;lassica1 fafigue fashion,.
driven‘by the beriooic loading, at s]igbtly'difforent angles through
the web with each’foliowing a direction normal the principal stress
at their respectwve locat1on As a reSult _two distinct and separate
cracks cont\nued to- grow and, in fact, overlapped each other as shown
in Fig. 5.1 (d). .Th1$,resulted in a thin ligament of web separating
the two cracks whjoh'p;ovioedltoe jnitial ¢lue to the cause of the

Il

failure.
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5.6 Stage V -- Final Fracture

Stage V is the total fracture, at the. time the failure was dis- 
‘covered. This finai stage is shown in cross-section in Fig. 5.1 (e).
I'e The web at thét point was SEparaped by tyo distinpt‘cracks'over'a
total length of 1.25 m. Thé upper crack was apprﬁximately sooﬁﬁn
Jong and the bottom crack_approximately 785 mm. The two cracks, éach
started at the horizontal stiffener and grew in opposite direct-
\”B . ~ fons. At the horizontal stiffener, a thin ligament of web remained
unbroken with the two Efacks overlapping by apbrogimqtely 60 mm,
TInitia]]y this‘stage wés simply a continuation of the Stagé v
failure. However; with the tw; cracks overlapping, the ends
opposite each other created|a fle%iblé, bellows-1ike mechanism and*-';”.ﬂ
further failure progress, at thqsﬁ eﬁds, ;toppgdf/—ﬁz—zhp~otbgr eghg
the web material remained rigid and fatigue f;%Ture'continued Q}th.
" -each loadiﬁg cycle. o
It is probable that the.last stagé; of the frasture failed in
a brittle mannér when the crack had:grown to‘g critical size. The
top end of the failure wouid have been arrested .in a region of
residual compression tﬁat rgsh]teﬂ from.thé top flange ta weﬁ wé]d-

. ing, while the bottom end of the failure stopped near the neutral .

_axis of the gird

‘net compression.
| . ;

. \ ey '
(’ . . 5.7 Probable Future Failure .- T

Had the faiture not been discovered the probable progress of. -
. . the faiiure‘wou]d hdve been the'fo]fbwing: ‘

.
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. . 1.- The bottom end of the fallure, Seing near the neutual auis;

0 « " where the stress range is very low, would have prbgre;sed
slowly until it reached the neutral -axis of the cracked .
section. | ’ ‘

2 - The top end of the fallure, belng in a-high net ten;io% area,

» would have progressed'more quickly and would have contlhued

l to propagate into the top flange. ‘ -

3 - Having penetrated uhe.top flange, the failure would have
continued to grow until thg/remaluing area of the.top flange )
.o . was 1nsuff1c1ent to sustaln the total load. At that point

. the top flange bbuld have failed totally. and the girder
N T would attempt to carry the load as a srmple span, ' \
" - 4 - w1th one half of the web already atled , the remaluing-
R e portion of the web would be inad quate to carry the total
. shear load. It 1s probable that thi span would have collapsed

T under the subsequent passage of a t aln
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- CHAPTERS .

REPAIRS AND RETROFITTING

6.1 Introdugtion . o/
The classical and most effective way of stopping a crack is to

dri1l a round hole at tﬁevénd 6fvthe crack. [t is, however, critically

important that the.hole contains the crack tip. Careful inspection is®

yeqdired to ensure that the hole did, in fact, eliminate thé‘crack tip. .

.y The best method for retrofitting failures where material has
’ "become separated is to use a bolted splicé provided the location
permlts the drilling of holes and the installation of bolts.

This chapter describes the repair and retrofitting carried out
on the following elements:

tﬂ- .

a) A1l horizontal sbiffener welded splices, including those

where no cracks were uncovered. )

b) The girder web at the major fallure where total séparation -

of the web mater1a] occunfed

Y
3

.
-

6.2 Repair and Retroflttlng of Horizontal St1ffener §pl1ces

At the three locations where cracks were found in the hor1zontal
stiffener,'a 38 mm diameter hole was drilled through the web from the
" inside face of the girder. The hole was centred to ensure that the

' total stiffener thickness and weld were contained within the hote
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diameter. The drilling was continued for a distance of about 20 mm

-

into the horizontal stiffener matem’g,l : .

After the drilling operatmn was completed, the hole was checked
to ensure that no crack existed beyond the area that was drilled.

This inspection was by means of dye penetrant, a procedure suitable
for inspecting difficult to reach surfaces. '

With fhe welded splice ‘ngw isolated from the girder web, the ~ -
horizontal stiffener welq wgs flame cut to separate _t‘he two sides of
the stiffener splice. This procedure ensures that any crack in the
pa\rtial penetrat{on weld was{rerﬁoved totally.

Finally, the horizonte] stiffener was reLepliced by means of a
splice plate connected with high strength bolts. |

Details of the total retrofitting scheme for the horizontal

_stiffener splice is shown in Fig. 6.1.
f 2 A !
stiffener flame cut
L after 38 nm hole drilled
horizontal
stiffener _{ ‘ ‘115 x 10 p]ate x 610 (top only)
y i
P _+‘i 4 g2l s, bolts
‘ ,’I\k .
| web—/ l _I 38 m dia. hole ~
| . P71 (centred on stiffener &
” drilled 20 mm into
‘ stiffener material) : R
r A ' .

R

FIG. 6.1 - RETROFIT AT HORIZONTAL STIFFENER WELDED SPLICES
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Having discovered cracks in the horizontal stiffener welded
splices at three locations, it was concluded that all other horizontal
stifféner splices were probaplx welded using the same procedure and
therefore could develop sisﬁiz; cracks. To ensure that no future |
failure could originate i similar partial penetration welds, the
identicaliprocedure of retrofigting was garried out at the other

63 horizontal stiffener splice Tocations.

6.3 Repair and Retrofitting of Girder Web

.

To ensure that the existing crack in the girder web was Srrested.
a 25 mm diameter hoTe was drilled at each end of the two web cracks.
In addition, the unbroken ligament of the web was cut through during

the drilling for retrofitting of.the.horizdntal stiffener, as‘deQF- ,

N

ribed above in Sehtion 6.2,

Again to ensure that the crack tips had been removed all the

drilled holes were inspected with dye penetrant. N
Retrofitting to replace the failed web capacity for shear and

bending was accomplished by means of splice plates on both sides of

the web, connected with 22 mm high-strength bolts. The bolt péttern

s

was adjusted to provide acceptable edge distance along the crack

!

location. Cooe

Details of the final web splice provided are shown in Fig. 6.2.

’

v
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CHAPTER 7~

INSPECTION OF RE%ROFITS .
7. 1 Introduction — \
" In Oétober 1985, nine &gars and four months after the failure had
. been retrofjttéd, a visualwinspecfion'was carried ou; by the writer to .
assesg the suitability efpthe rgtrofits: Although no bolts nor splice )
plates were removed, ; close examination was made at all the critical
Tocations. Careful examinatfons were made of the holes drilled
through the web which were Teft7unCOmerg¢ oppdﬁite the horizontal
stiffener'sﬁYice'iotations for evidence of new cra;Ks. In addition
-a close .Took was taken“aﬁ the'b;]ted web splice plates for any

e&idengﬁ of slippage of the bolts. ‘ , i

T
7.2 ~Re§nJ{L of Inspection .

Examination of the 62 uncovered holes drilled opposite the ~

o

<" ™horizontal sti¥fener sp1%ces showeq no evidence of new cragking.
Further examination.of the bolted splice in the horizontal stiffener
.showed no evidenée of boig slip nor any sign gf cracking at the
end of the .weld connecting/the'horizontal st}ffeﬁer to the gir&er web. ]
Examination of the bolted web splice plates showed no evidence
of bolt slip, as the paint applied in 1976 had not.cracked in the
corner between the splice plates aﬁd the girder web. While it was
impossible to confirm absolutely the effectiveness of the drilled

_ holes in,arfesting the web cracks without removing the sp]icé:%lates,.

.
’ ,——)
s
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. the fact that the retrofit showed no signs of,distregg for over nine

years of sérvice and that therevwas no evidence of paint cracking

between the sp11ce plate and the web, which would have 11ke%y—aeeu¥#an‘
' had further crack1ng taken p]ace,tends to suggest that the dr111ed .

[
‘ ho}es were effect1ve in arresting the web cracks.
. ) ‘ ,
1 LS .
|' /‘\.
) 1 & '
.
. 1
- - R
. o \
7\‘ . . *
' 1
, .
¢ . ' . . . e
“ ’ + d
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CHAPTER 8 ,

i CONCLUSIONS AND RECOMMENDATIONS
h \. L3
8.1 Introduction °
‘ ‘Fa11ures, inspite of the fact that they are undes1rable, have
very useful funcéfons F1r§t they force the engineer to re-evaluate
the des1gﬁ’1n an attempt to explain“the reason or reasons” for the
fa11ure Second, this re-evaluatian provides better insight 1nto the
functionjng of the structure enabling nmprovements to be made to
exjst%ng specifications. Third, they provide an opportunity to
evaluate thé‘hadufactﬁring proceddres used. Fourth, they provide an
'oppdrtunity to eva]uate the suitabi]ity d%uretrof1tt1ng procedures

This- chapter deals with the Spec1f1c conclusions reached from

the deta11ed ana1y51s of the deS1gn and manufactur1ng procedure used,

and recommendat1ons are provided for future designs., -

4
4
‘x

8.2 Conc]us1ons
From the results of the study of this ra1lway g1rder br1dge

fai]ure the following spec1f1c conclusions can be drawn:

E ‘ - .

- 1,- The passage of a train, or vehicle, across a bridge generally
produces a single major load cycle. In continuous bridges, however,

‘the single passage of a train can cause mu]tiple.lodd cycles which

must be accounted for in the fatigue evaluation.
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2 - Members that.are considered redundant in-the initial design

participate as part.of tﬁ&ﬁiotal structure in service and therefore -
can "pick up" s%gnificant stresses not angﬁfﬁpated in the original
design. ! ' o ‘ )

3 - A.crack can continue to propagate and even change direction .

under\gzgﬂmic loading unless there is a void that can act as a crack”

-arrestor. . ) ) o

\

4 : Partial penetration welds are difficult to evaluate, for -
fatigue performance, due to the ill-defined profile of the unfused

area.* This geometric discontinuity can result in extremely high

stress concentration factors.
. N = - ) ' g
5 - Theé™Cumulative Damage" approach outlined in BS ;5400 :

LY

Part 10 : 1980 provides a convenient method, of evaluatﬂﬁ?hme fatigue
life of various details. Furthermore, the approach can be used on :

¥
any structure as it accounts for multiple cycles, variable amplitude

. loading and the effects of low stress cycles.

.6 - Drilted holes are effective in arresting cracks provided

the total crack tip has been Eemoved. ' ) i ‘5 , iy

7 - High strength bolted splice plates are-an effective and

.
N v
. . N '
.

8.3 Recommendations

N __omaal

" From the prdbleml encountered in-apalysing *th@ bridge .failure .,

e o8

e el
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1ngs and be appsﬂﬂgd by the Design Eng1neer. o ' .
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»

and developing solutions ‘to provide a satischtory’retrofit,‘the -

following recmnnendations‘can be madei' TR
M f ' N B .
l - Spec1f1cat1ons Should recemmend 1hat multiple cycle loading
from the passage of a single veh1cle or train- should be evaluated when

check1ng for fatigue, a L L ;

S
1

2 - Secondary members, -that participate with main members in

.‘carrying load, must be treateq as prlncipal members when des:gning

connection dEta1ls ' "y

y

3- Intensecting welds shoﬁ]d be avoided. This.hpproéch would

'preyent the build>up. of high.residual stresses from the welding and

in addition proviae a natural crack arrestor in the copnection detaiT:

. LY | 1
4 Al weided splices should be shown on the shop detai1 draw-

5- A]l welded splices shou?d have suitable non-destructiVe"
examination SPECTfled to ensure that defects, if present are-of an |

acceptable size. T <y

o

6 - De51gn speciflcations should provide more guidance for the

fatigue eva]uat1on of multiple cyc]e Vpriable amp]1tude loading

. conditlons w 3 N

4

i
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APPENDIX 'A' | : -

REVIEW OF OTHER CODES

A.1 Introduction ' .
| In preparation for the analysis to determine the expected 1ife of,

A}

partial‘penetration, horizontal stiffener weld a number of specifications o

were reviewed for guidance. ‘The-specifications reviewed were:

(a) CAN3 - 56 - M78 * “"Design Of Highway Bridges”

Canadian Standards Assotiaﬁion

~

" (b) Ontario Highway Bridge Design Code - 1983

B Mini&try of Transportation’ and Communication, Ontario

(c) "AASHTO 13th Edition - 1983 '“Standard Specification Fdr.
Highway Bridges"’ ‘

American Association of State Highway' and Transportation Officials

3
»

" (d) BS 5400. - 1980. "Steel, Concrete and. €omposite Bridges"
British Standard Institute

1

A.2 Treatment Of Fatigue Analysis

Fatigue analysis in both North America and Britain'is treated, as
a general rule, in.a similar manner. Both have accepted the stress
' range'concept and use Miner's cumulative damage as the basis‘for cal-

. , B )
culating the life expectancy of various catagories of details. - However,
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major differences do exist: in the gﬁ%dance proéided for the handling of

nbn-standard details and non-standard loadings.

A.2.1 North American Approath

The three North American specifications reviewd treat the design
for fatigue in an identical manner except for the mass of vehicle to be

used in the calculations. The procedure used is as follows:

4
i

(a) The fatigue loading is based on the design vehicle

¢

(b) The number of cycles of maximum stress range to be considered in
the analysis is selected, baged on the type of road and the average’

.t

daily truck traffic expected

(c) Details are divided into Catagories based on the severify, roughly

-corresponding to their. stress concentration factors .

(d) An allowable stress range is specified for each catagory of detail
varying with the number of cycles expected during the life of the

detail Reing considered

(e) The member or deiail is'designed so that the actual range of stress
does not exceed the allowable fatigue stress range specified for

*  the particular member or detail.

— )

However, no guidance is provided in any of the three North American’
specifications on how to handle non-standard loadings or variable amp-
litude stress ranges. A further difficulty is encountered yhen trying to
assess the remaining life of an existing detail. This problem-becomes

3
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even, more difficult when the loading patterns change .

,

A.2.2 British Approach

Ihe British Standard BS 5400 provides three methods for the fatigue .

/

assessment of details and thus provides the required guidance and flex-

_ibilty for handling most details and a variety'of\lbadingp.

A.2.2.1 Simplified Procedure “ -

| This method determines the Timiting value of thefmaximum rangé
" of stress-for a 120 yéar design. 1ife and can be used when the following
| conditions are satisfied: SN IR ' N

(a) The detail class s in acébrdante with sketches shown ih Table 17

-7 of the standard |

. . &
(b) The design Tife is 120 years
(c) The fatigue loading is the stanﬂafd Toad spectrum
“(d) The annual flow of traffic is in accordance with Table 1 ofvtﬁef" ot «

éiandard

For this'procedure the ‘actual stress range calculated from the
standard fat%gue vehicle must not exceed the allowable stress Eange

'speéifiedl
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.A.2p2.2 Damage Calculation - Single Vehicle Method

This method determines the fatigue Tife of the detail in ?
> .question and may be used when fhe standard design life and/or the -
“annual flow given in Table 1 of the standard is not applicable. It

3

should only be used when_the following conditions are satisfied:
(a) The detail class is in accordance with sketches shown in Table -17
of the standard but' not class S which covers shear connectors in

o

concrete

o e s, A Sy e

b
o),

The fatigue loading is the standard load spectrum

L

T Ty e

For this method.the predicted fatigue 1ife of the detail is
+ calculated usihg the Paimgren-Miner rule for damage calculation and : ‘

fiust be less than the sbecified'design life for the detail to be
’ accéptable. =

i .
A.2.2.3 Damage Calculations - Vehicle Spectrum Method

This method involves an explicit calculation of Miner's

,summation and may be used for any detail for which the & - N
. ’ _relationship is known and for: any known load or stress spectrum. For
' t;is method the stress spectrum can be qFr?ved’by traversing each
vehicle in the 1oad specfrup acéoss the strﬁcture. Using the re- ~
sulting design'spgctrum the value of Miner's summafion is‘ca]cu]atea
. as outlined in Clause 11 of fhe standard and includes the effects of
b stress levels below the non-propagating stress level. This summation ‘

sh&uld not exceed 1.0 fer the fatigue 1ife of the detail to be

acceptable,
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A 3 Conclusions

It 1s evident from .the above comparison ‘that the North American
standards can best be appl1ed to new des1gns as they are based on,a
predetermxned expected 11fe w1th the detail subjected to stress cyc\es
from a standard veh1cle loading at a frequency determined by the type .
of road.

On the other. hand, the British Standard providés much more flexib- -

ility. It can be used for the design of new structures for standard

"loadings by fol\1m1ng the procedure outl¥ned in Sect1on A 2.2.1 or

A.2.2.2 above, or for non- standard loading by folTOW1ng the procedure

outlined in Sect1on A 2.2.3 above.

3

Furthermore, the method can be used to evaluate the remaining life

*of any particular detail if the historical loading is known and the

expected loading in the future can be determined.

-
]

For the pr&b]em inherent in this study the British Standard

provided the g:}%;nce as well as the methodology for evaluating the

“expectedglife:of the detail that suffered failure.
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“  APPENDIX 'B!'

MOMENT RANGE CALCULATIONS

B.1 Influence Line Coefficients‘

The 1nfluence line coeff1c1ents used for calculation of the
moment at the fa11ure 1ocat10nfare tabulated in Table B.1. " These
coefficients are based on an 'N' ratio (interior span to exterion'
span) of 1:25,'with each sbén\divided into fén (10) equal segments,
as described in the AISC "quents, Shears and React%on Tables" [55].

The graphical reﬁresentafioq of these coefficients is shown in

Table 4.1. _ .

o |‘ ‘ . ’ . P

B.2 Method of Calculating Moments for QOne Passenger Train

The passenger train loading useq for momeat calculations is.made

up of one passenger locomotive followed by four passenger cars as

LN

shown i Fig. B.1,
The train is moved progressively such th&t the front wheels are
positioned at each one-tenth span interval. For each position the

moment. was calculated by summing the moments of each individual load.

-The moment of ‘each individual load was calculated using the following

. formula:

M = CPL -‘B.l)'

where: M = moment : S | .



-68-

SINIID144300 INIT JININTANT

. 5271 =N . .
ueds JoLJ4a3jul 30 y3busl = N . w o m c L W\ , ¥ m - w
ueds Lowgmux% 40 y3bus| = 7 T a . i

9500° . 6 .mw_.o.u 6° LE90°. 6 8500° 6

8010 g §5€0°- 8" 1610° , w..‘ 8600° g:

¥510° L ‘syso- | L oo - | L 200 | - L
. 6810° 9 .~ | 9a0°- 9° 820"- |+ 9 " LELD" v

lzo” | v g 8580°- s £9€0° - g 8210° g

sLzo’ A 0260°~ | ¥ 8.8.\\ v.... sLL0° s

1020° £’ 0680° - £ 6620° - JEY £600"- , £

¢910". ¢’ ERLO° - e mowouu i e 9900° ‘ Al .

8600° Le- §6¥0° - L 8600° - S $£00° U
o 0°a 0 0°3 .0 . 08 0 0y
N Hmmuu : 22@&% uwmw_u E&mfz_: : .“_,M_mw_u %2@»..:5 uuww_u 22335
- ot oAb e e S bt f oo somesir ke 2 .,



N
© ONIOYOT NIVML ¥3ONISSYd WONMAL --1°8 *91i, . .
960 9 , 960 9 %09 |, 9609
- [ sszsel | | sessl 882 81 8828l BEEED
890 € . | o
: AN s s 2z ., e 222 222 222 e P4 74
C 10 I[ Il —_Jl ]
- SALI0WOD0 sJed Jsabuassed b , L
? i o K ;
ep e = ) “ N L -

>

T B Y DU st Kt S s’ N o A




.
- .
e ———

L. jw»unw

-

2

g

)

> 1. From the start, position A.0, to positioryA. 8 the momentsﬂ“%X”

1hwere adausted by the rat1o of the frelght laco t1ve "Toad to the B
. passenger 1ocomot1ve load, a factor of 1 5 o g; A

X | S ’ 70 ‘i\* L |
‘ ¢ = influence line coefflkith (Table B.1) .
\P = corrﬁondmg point Toa ' \ 5
. . L = length of exterior spgq=\\\ : _
¢ ‘ ‘ \ ‘
f" Table B.2 liéts the moments at the fai]yfé locatipn corresponding

“to the position of the front wheel of the passenger train and is the

data used to plot the ﬁqmgnt history shown in Fig. 4.2.

*
L] '3 . : ' L N

~ . ’ ‘ |
B.3 Method of Calcula€1ng Moments for One Fre1ght Train -

The fre1ght train load1ng used to develop the moment h1stony s
made up of one fre1ghL 1ocomot1ve followed by fifty (50) freight cars
as shown in.Fig. B.2. . . '

, The moments. were derived from the ‘peak moments. calculated for
the pas§enger train cross%ng, showﬁ in Table B 2, with adjustments
made to account for the heavier loading and a greater numper of cars.

'f?ese adaustments were as follows:

Y %

2. Beyoﬁ% pos1t1on E50 the moments werg adJUStEd by the ratyp of

the fre1ght cak load to the passenger car load, a factor of 4.0.

3. Between pos?iion A.8 and E50 the moments were adjusted

.‘ ' . . ' h . ‘ .
‘progressive1x;;§/a factor of between 1.54 and 4.0. This progressi-

vely Jarger a ustment accounted‘for the fact that as more freight
cars filled the bridge the fictor had to increase to—gpﬁaﬁéjfhe

\ T

w -

-




.

W

?.—m.:. Jabuassed aup) NOILYI0T 3UNTIVS 3® AYOLSIH LIN3WOW - 2°8 378Vl

'3

.

. S RLTP 062 | w9 -] ost }.auv -] oo | ezz-| 3 | 16l €8
g 9yl 082 v96 - | ofl ogy - | 0°3 695t - | 99 8¢ 2°8
68 -0z |01 - ot | v6s - | 60 | sotL-| §3 | 6SL Iy
B % B ooz | stit-| ozt | 88 - | sa | zss | v | 8L 0°8
| oeot - 02" a6 - | ot | sor-| o | otes - | ed | oz 6'Y
0 ose | e6gz. - | ove | oz9 - | oot | zetL- | 970 | govt - | 2o | €22 8'Y
8e oce | wwe - | oce | sz9 -] o6, | esii- | sa | eozt- | 1o | ssl LV
€L ose | sov - | oz2 99 - | o8-} stor-| va-| ss -] 02, €6t 9y
gor | ose | ess - | oz | ez6 5 | o go6 - | ¢a | oev” | 68 | usl R
52l obe | tv9 ooz | oozt -f 09 -} watt-{ za | o8- -| 88 | 89l vy
el 0&§ tie - | o6l 6121 - | os sezt - | -1 gse - | L9 Lel ey
pEL oze | 2ec - | osu fewizt- | ov | wist-| oa-fosyr - 9w | 95 - | 2w
951 ot | 99 - | ozt | 66 - | -o¢ gzz- | 69 | vew - | sg | os Ly
ssl” | ooe | o1s - | oot | ess -| oz ostz - | 80 | see - | v8 | o 0V
u-Ny o | wm ENE wNy N 9 L] wewy 0 Ny o
133YyM L93UM L39YM BNEET ; [93yM Lo3YN
JudWoY JU04 - | JUBWOK juod4 | juswoy juodj | Juswoy uos4 -l juswoy quody [ 3uswoy UoU 4
o ) o
- g . ~ e . ~ "
, . Y
‘ ) , ' .
u u\ _ - AN ’ L b .
' - ) . ) .

3



-
.
- . 3
)
"
!
v .
f
.
°
-
0.
N
.

. . - ‘ ONIAYOT NIVML LH9I3¥4 TWIIdAL --2°§ *BId - ,
. ﬂ ) ..* R
S 960.9 %09 960,9 - :
. \ 261 2L 882 8L 882 8l " 882 8l -] 88z-81
. 8v0 € | T o ‘ * *
R , S ] ‘ L
NP "~ (1) oL 06, 888 - B89 888 , - .'888 888 888
. . nu 3 . - . . o | | .
. - | _ 1 . ]
. : - : - P Y o -
.,,~ ) 3 9A130WO20} ) _} B -~ sJaed v:mmwt 0s . "o
- - »na. i . sbﬂ. ’ \, - ) 4.:!\.. . u. . \ N . - .. >
,.M - - N ) ‘v . . o, ) . ?
v : B . ) - P \, ' & N R - . e
' . . n ;.
& - . - - —— * - i

~
A ¥
* <
.
, Q.
~
,-
.
= o
- -
= - -
~
- .
- - - -c
s
.
- “ma e
.
D
paa—

«
.
»
. -
.
4
-
s
4,



3. s

. . . >

4

boundary conditions of Items 1 and 2, listed above.

~

= 4. Position E50 had a furthenfadjustment of +324 kN-m to account ’
‘for the additional front wheel load of a freight car.reguired.fo fully

 load the Bridge

5. Positfon E8O had an adjustment of +264 kN-m tq'accoqnt for one

additional freight car to fully load the bridge. - °
' 6. Positions E50 and E80 are repeated forty five ,(45) times tos

P

' . , accbunt,de the fifty (50) freight car train. . L

7. The final £50-46 and E80-46 positions are adjusted for the

ratio 6f the freight car load to the passenger car ioad, or a factor

]
# . . =

of 4.0

’ : - Table B.3 lists the moments corresponding to the position of the
‘front wheel of the freiéhtvfrain for the peak moment locations only’ .
‘and includes the adove adjustments. This data was used to plot the

moment higtory shown in Fig. 4.3.- -

'/

8.4 Qig]e Counting By The 'Reservoir Method'. ,

The purpose of cycle counting is to reduce an irregular series
of stress fluctuations to a simple 1ist of stress ranges. The method

is described in detail in BS 5400 : Part 10%: 1980 as follows:

a v

1. Derive the peak and trough values of the stress history, due )
to one loading event. Sketch the history due to two successive

[ . !,
occurrences of this loading event. Mark the highest peak stress in

»



~74-

1y

{utedy qybiaa4 dup) NOILYI0T F¥NIIVA 3e

© AMOLSTH IN3WOW - €78 378Vl

, 6Ly - y2¢ 0% 6L¢l - | 0-083
0 0 0 . ose3 | sssi - oy ot - | 03
899 ‘ 0% 191 0623 | ¢90v - 69°¢ B8illL-| 9@
0862 - o't el - 0813 5662 - ) sz°¢ €06 - £'a
2902 - C o | 915 - | o913 | w0z - w6z | 0wz - | 89
Levy - o'y | fui- | oz3 | sl - 99z | 285 - | ¥
0¥SZ - N 9c9 - | 9p-083 | 62s¢ - 152 govl - | 29
6ty = | vae o'y 621 < | ov-0s3 | ss6 622 ogY 68
os22 - | voz - | ow | ogo - |cv-oe3 | 26 - ‘ oz Lose - | 98
6t - | vze | o'v 612l - sy-0s3 | eve b1 £22 8y
0822 - | 92 0'p 99 - |. 0-083 | 0 0 0 0"y
ummmwz, WNY- uﬁmuwz‘ 0 ummuuz L umwuwz i )]
PN R AT BT R o o
ybrauy | - Cpy fpy~ |4sbusssed| 7uody § 3ybrady | Cpy Cpy ssed{ ~Fuoay

»




Y v s s,

t

.o A?wt‘;,,;»‘,“ o

-

EC

.each occurrence, o .

2. Join the two marked points and consider only that part of the
plot which falls below this line. '

*

3. Dra1n the reserv01r from the lowest point leaving the water
that cannot escape.’ If there are two or more equal Towest points the
L3
drainage may be from any one of them. L]st one cyc]e having a,stress

range 0} equal to the vertical height of watee;drained. ' ..

Y

4, Repeat step (3) successively with each remain1ng body of

~ water untr] the whole reservoir is emptied, llstlng one cycle at

each draining operation.

5. Compile the final 1ist which tontains all the individual stress

ranges in descending order of magnitude. Where two or more cycles -

-

of equal stress range are recorded, they can be listed separately or

_combined. If they are combined care should be taken to record the

correct -number of cycles corresponding to the particuler stress range.

The above method is adaptable to any irregular series of fluct-
uat1ons In this case the fluctuations are, in fact, moment fluctua-
tions and'therefore the results are moment' ranges.

F1g B 3 shows graph1ca]1y the procedure for the pa$senger train :

while Fig. B.4 shows the procedure for the freight train.
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'B.5 Summary of Moment Ranges

*

\

The moment ranges, for the passenger train, are calculated from
"Fig. B.3 and are shown in Table 8.4, Similarly the moment ranges for

the freight train are calculated from Fig. B.4 and are shown in Table B.5

; ‘Moment | " Minimum - Maximum ' Moment . Cycles
j - ID , Range ‘
§ v ' kN-m ‘ © kNem
. oM - 2450 - 430 2880 1
'7 | e - 1406 + 552 854 :
, ™ i279 + 430 849 1
M4 - 1182 + 903 279 :
M5 - 1117 + 636 1 <
| M6 . =732 + 516 216 RS
R M7 - a0 - 23 | e | oo
| Mg 0 - 167 67 |

TABLE B.4 - MOMENT RANGES (One Passenger Train)

-




Moment . Minimum - Maximum Moment ‘Cycles
ID ' Range * ' ¢
L kN m | ' |
M1 - 7204 - 985 8189 | 1
M2 - 4791 + 1588 | 3203 1
‘ M3 - 4791 + 2280 | 2511 45
P M4 4701 + 2280 | 2511 1
‘ M5 . - 4471 + 2540 3 | 1 ?
MG - 4067+ 2935 n |
. M7 -"3529 - 1468 2061 1
Ny M8 - 2930.+ 2062 .88 .| 1
oM ol - 9324 667 | 1599 1
M10 - 0- 343 343 1

. TABLE B.5. - MOMENT RANGES (One Freight Train)

o N\
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APPENDIX 'C'

. .  MOMENT OF INERTIA CALCULATIONS -~

The moment of inertia of a built up giQQer section can be calcul-

: . . $r -

3 ated using the followingaformlua: <\ :

+ . '
'i . , ‘
2

D=Ly (L, +a2) RERTRY
s ‘ : . where: I = moment of inertia of the ;ota1 section about

: ,;ts neutral axis
' ." e ' ' I,, = moment of inertia of an element about its own
neutral axis |
A = area of the element
y. = distance from the total section neutral axis

to gpe neutral axis of the element
- .

‘The data for the girder being investigated, with the material’
' 'sizes, 1s shown in Fig. C.1 while the calculation of the moment of

inertia is shown in Table C.1.

1




508 x 44 (top flange)

127 x 16 (stiffener)

w0
w
[§¥}
[se]
N Ae—-L-- —
127 x }Z—Mer)
*~—508 x 44 (bottom flange)
FIG. C.1 - GIRDER CROSS SECTION
T2
Element Area Iyx Y Ay
mm2 x106 mma mn xlO6 mm4
508 x 44 22 352 | 4 1393.5 | 43 404
127 x 16 | 2 032 0 825.5 1 385
. 2783 x 14 38 402 24 078 0 0.
127 x 16 '{ 2032 0 825.5 1 385
508 x 44 22 352 4 1 393.5 43 404
\
24 086 89 578
, I = 113668 x 10 m

TABLE C.1 - MOMENT

3

OF INERTIA CALCULATIONS




