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INVESTIGATION OF TRUNNION FAILURES INVOLVING MOVABLE
VERTICAL LIFT BRIDGES

INTRODUCTION |
| | In early Ju1y 1978, one of the four trunnions support1ng ‘the Tift span.
of Sh1pp1ngsport Bridge had suddenly fa11ed w1th 11tt1e or. no warning. The -
bridge was under normal operation at the time of failure which occurred_as
the Tift span was being 10wered,:_Immediater prior,to_the.faiIure, the liffI
.span was raised to permit:tne passage of barge traffic using ENe waterway.

~ Even tnough the extent of;the:damage'réSUIting from this‘faiIure'did"
‘not‘réSuIE in a total chIapSe of the etrudiure; bridge design and mainte-
hance engineers.directlyinV61ved_with the repair of the Shippingsport
stnucture wera higth-concerned eEout the potential of a catastrophic failure
that CQu1d:have-occurred as a result of Ehe,broken trunnion. An investi- |
gation‘ﬁas made so that a reporf ch]d‘be disseminafed to”ether engineers
responsible for the inspection and maintenance of movabTe br1dges. The Find-
ings of th1s investigation are presented in th1s report
- Background ' _‘ | |

The use of verticaI IIftfspan'Enidges.fnr crossing navigable rivers and

canals was considered as earTy as 1850 However, little;progress was made
until 1872 when small 11ft spans were constructed to cross the canal system in
New York. The South Halsted Street Bridge at Ch1eago was perhaps the first
major sthcture.constructed‘in this country. A1thongh_this bridge was design-
ed in 1892 and constructed shortly thereafter, it was not until 1908 ‘that the
‘use of vertical 1ift bridges became more‘widely accepted.forrwaten crossings

requining a movabie type‘bridge.




The Shippingsport Bridge is 1ocated near La Salie, I1linois, and
carries Route 351 over the I11inois River (Figure 1). The bridge was
designed and constructed during the mid 1920's and opened to land. traffic

in October 1928. Provisions were inc1uded‘in'the 0rigina1'design’for“

. adapting a movable 1ift span to provide‘vertical clearance for future water-

way traffic. The mod1f1cat1ons were made 1n the early 1930's and completed

~ before June 22, 1933, when the I111no1s R1ver was opened to 1n1and waterway
traffic., The movab1e 11ft spah was 1n serv1ce for about 45 years before the

fa11ure had occurred

"The 11ft span is 260 ft (79 2 m) Teng and’is supported by two towers

hheach cons1st1ng of four columns braced in both d1rect1ons The‘tWD front

co1umns of each tower are vert1ca1 and the two rear co1umns are 1nc11ned

'.'The sheaves are d1rect1y supported by the vert1ca1 columns {Figure 2). The

]'Vdes1gn provides 64 ft (19.5 m) of vert1ca1 clearance above high water‘when

the span is raised to 1ts h1ghest position.

. The weught of the br1dge is ‘sTightly over 1,000 kips - (4.4 MN) Counter—

- we1ghts of 500 k1ps (2 2 MN) are prov1ded at-each end of the Tift span so that
the 11fted we1ghts are balanced by the counterwe1ghts. The counterweights .

- move up and down inside the towers (F1gure 3).-

Each end of the counterweight and each corner of the 1ift span is
attached to 8 2%-inch (63.5 mm) diameter wire cables (F1gure 4), The 1ift

span and the counterweight are eupported through the cables by a 12%-ft (3.8m)

diameter sheave (Figure 5). ‘The sheaves are grooved to fit the cables.

Equalizers are also provided between the counterweights, the 1ift span connec-
tions, and the cabies. The trunnion which_setves as a shaft for the sheave has
a main diameter of 11 3/4 inches {298.4 wmm) which is reduced to 10 inches

(254.0 mm) at the journal box (FigUne 6). “The trunnion is designed for bending,
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Fatigue crack growth in fillet area.
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_baarfng,'and,shear stresses based on the nomina1asac¢ion at the bearing
" journal. Except for a 1/2-inch (12.7 mm) Fillet, 1ittle or no consider-
ation is given to the abrupt change’ in section of the shaft from the sheave.

to the journal box. This feature was also qommonTy used in the design of
 trunnions for-aascule bridgés; ' | ’

The fa11ure was 1ndueed by a fractured trunn1on that broke on the

inboard s1de of the subposts that fasten the sheave to the tower (F1gure 7).
Immed1ate1y after failure, the 1nboard s1de of the sheave dropped about
5 1nches (127.0 mm) (Figure 8) and came tb rest with the inner rim of the
sheave Being suppofted by the ckossframa at the top of the tower.. The out-
' board subpost was part1a11y collapsed (FigUré 9)'and fheainner portion‘of‘
the broken trunnion came in contact w1th the bottom sadd1e of the bear1ng
g block. The main restra1n1ng elements prevent1ng a total co11apse appeared
- to be the anchor bolts that fasten the 1nboard,bear1ng Journa1 to the inner
subpbst (Figufe 10) and the'seVEfely damaged channels’ at tha base of the
outer subpost . t' ‘ | .. |

EVEn though in th1s part1cu]ar case the damage was re]at1ve1y m1nor,‘a

| ‘catastroph1c fa11ure could have occurred if the conditions of structura1 -
. stab111ty and the mechan1sm of failure had var1ed . One of the main support- )
1ng e1ement5 wh1ch may have he]ped avert a total collapse of the tower is the

~ top crossframe wh1ch prov1des Tatera1 bracing or.support at_the top of the |

; 1nboard'subpoat. If the failure had occurred on the autboar&'side of the
~ trunnion, it is questionable as to whether ar-not the unsupported outboard
subpos£ could withstand the lateral thrust of the sheave as in the case of the
inboard fractura! Should the support-system for the;sheave becomé unstable or

unable to support the sheave in an upright position, it is doubtful that the
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.vertical coTumns cou]d W1thstand the s1de thrust of the 500 kip (2.2 MN)

counterwe1ght bearing TateraTTy aga1nst the coTumns

| Mode of Fa11ure

The type of fa11ure encountered with the broken trunnion of the
Shippingsport Bridge is a typ1ca1 fattgue failure resulting from the member

being subgected to repeated cycles of compTete stress reversal (Figure 11).

It s c1a551ca1 fa11ure associated. W1th progress1ve fracturtng as induced

by repeated Toads.” The failure starts WTth a m1nute crack and cont1nua11y

progresses until a final break suddenly occurs -The crack, wh1ch may occur

_at one or more points in a member, grows with repeated cycTes of h1gh stress

at the edges of the crack . (F1gures 12 ahd 13) The crack 15 often 1nduced

at a point- ‘of high 10caT1zed or concentrated stress such as 1n th1s case at

'an abrupt change in ‘section (thure 14)

A typ1ca1 plot of stress concentrat1on factors based on. f1at secttons

with un1form stress d1str1but1on 1s shown in Figure 15, The data are. based

.'on photoelast1c stud1es reported by Frocht ATthough the data used for

plotting the' curves may not. be ent1re1y representattve of the true stresses

- developed across. the f1TTet they are somewhat 1nd1cat1ve of the h1gh

K 10ca11zed stress cond1t1ons that are probabTy occurr1ng wtthtn trunnions

that are des1gned w1th an abrupt change in section. The curves show that the
stress concentrat1on factor also becomes h1gh1y cr1t1ca1 when the p/d ratio.

is Tess than 0,1. For a fillet radius p equaT to 1/2 inch (12.7 mm) the p/d

“retio for the trunnion that fa11ed is 0.05, 'whibh coqu resuTt in a stress

greater than twice the nomtnaT stress across the reduced section. The plot

‘aTso shows the effect of 1ncreas1ng the fillet rad1us to, 7/8 inch (22 2 mm)

" where t = p and p/d = .0875. By increasing-the fillet radius to the

-




S

e

Wby

e,
e

B .
L
v oo
L
o
b \
' o
: . "
* o
! o
Lo
%

A
g I e
\\\‘\}\:.:‘»‘ ‘“‘\\\‘Q\\-un\
R ;{\ux\\\\‘--u\:x\\“\\\‘\n

N o

§
&

i
e
it
R o
o
i

\\

1
i
il

RN ‘.
R TSN
i \\%\‘\\‘\“'“\\"\&\‘\\ ”\. O
R \\‘»..‘-& W
A bR 1

A
i I‘\“"“'\ W

¢

View of fractured trunnion.

gure 11.

a
-
H

F

1




- 16 =

M u, i

A e s Gt et

——

B
A \@\}SW

‘\\‘ }\\\
&

ite end of trunnion

opposi

Cut sections of trunnion showing fatigue crack at

Figure 12.



- 17 =

I
' Lo " R ) \ ,
3 . " : LT \
TR SR ;
‘ Py w F e I e

vl 0 i .
o fﬁ\w FAL
IR IR

& Wy

i .

I o YR R

AR R S

Moy ok T
A 3 I.‘W ) " N

. \\\\“*‘R\\t\\\‘“\

sk w n: S R p g TR O

Ay L

R A )
e

AR, :
}\} W \I}l\\ \&

"

W
porel

i Mgt I
|'\\\\|n‘\‘\\\:q| NS
. 0 e

ne 1.
G ety
Ay v
YR

.

I

Loy L &
A Y
f‘\\‘\‘t‘\\"\“'\‘-‘“"‘\““M \

PR

PRt p
W ey P .
- S T
ot kS . @ e e
g BRIt

‘“‘“\“‘“W.n\iwmi\l\li\ y

—
L e
it o o

i

i ez e 1 e e e

fatigue crack at opposite

owing

runnion sh

cut section of ©

w of a

o
end of trunnion.

~up Vi

Ciose

Figure 13.




- 18 -

T S A
£ : L

Y

PP P AT TP

PRSP NP ST RS

penetration of fatigue crack.

ing

on show

ew of cut secti

»
]
3

Side v

gure 14,

i

E



- 19 -

~578[LL4 404 S403084 coﬂmb:mucou.mmmﬁm [BOL3BA0DY]

Cp/d omaT

. .._m,r BunbLd.

T T L. 1 g T T 0

- A :
-———— o -
.I T - »
-—— (=] )
= w — iy
-~ | 4 - .

B Q-.
\/
o g ] |e—

x
1
.

G418 =

RN TR a7

R O R

— 0°¢

WOIOVE NOIIVEINZONOD SSHILS

ES




- 20 -

. . .-" . .
maximum that ceuld he eccomquated by the original configuration, the .

localized stresses within the fillet could bevneduced by as much as

30 percent.

The effect of high stress teversa]slin relation to the fatigue 1ife of

mild steel is shown jn Figure 16. Considering that the pulley is 12 1/2 ft

‘(3 8 m) in diameten‘and that 55 ft (16.8 m) of vertical travel is encountered
. during a 1ift, the pulley would rotate 1 1/2 revo1ut1ons each time the span

is either raised or Towered, Assum1ng that the 11ft span. has been ra1sed and

Towered on an avenage‘of‘TS t1mes per day w1th'3 comp1ete cycles of rotat1on
occurr1ng for each 11ft, over 600 000 cyc1es of comp]ete stress reversa] c0u1d.
have been accumu1ated over the past sevv1ce 11fe of 45 years

The curve re]at1ng to the mild stee] indicates that cumuTat1Ve fat1gue

damage would occur with stress levels near 20 ks1 (137 9 Mme ). W1th the ‘

' stress concentration. 1nduced by the abrupt change 1n sect10n, stresses we11
above the 20 ksi (137.9 MN/m_).cou1d be expected The pred1cted fatugua 11fe :

. of high- strength steel is shown also in FiQUre 16.. The curve for the h1gher

strength steel shows a fatigue 1ife of 2, 000 000 cycTes at stress 1eve1s
between 20 ks1 (137.9 MN/m ) and 30 ksi, (206. 8 MN/m ) whereas for the m11d
steel the fat1gue 1ife 15 about 600, 000 cycles at the same 1eVe1 of stress.

This reTat1onsh1p indicates that substantial increase in fat1gue 11fe at a

| ratio of about 3 to 1 could be achieved by ut111z1ng a high-strength steel in ~

- the design of the trunnion.

Other Factors

The effect of certain 10ad1ng factors not cons1dered in the original

des1gn were also. 1nvest1gated to determ1ne if these factors contr1buted to

, 'the failure. These factors included the effect of p0551b1y unba1anced Toads. .
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“in the cables support1ng the 11ft span and the counterwe1ghts, the effect of
1ncreased 1oads induced while ra1s1ng and 1ower1ng the 1ift span, and the
effect of 11ve 1oads or truck traff1c cross1ng the br1dge
Verification of the. 10ads 1n the cable suspenders was determ1ned by the

tneory of harmonic motioh. With the Tength, geometry, and unwt We1ght
VidenticaT for each cable, :the relative Toad Tevel per cable is directly
- related to-the sauare‘of the natura1 freqUency of each.cabTe An acce]erom-
“eter (F1gure 17) with auxiliary e]ectron1c s1gna1 cond1t1on1ng equ1pment was'ﬂ‘
used to determ1ne the natural frequency of each cable at one of the four -
support 1ocat1ons; Str1p chart record1ngs of the acce1erometen read1ngs and L

“the correspond1ng natura1 frequenc1es are shown in F1gure 18 A summary of J
e-cab1e load factors based-on_d1fferences.1n natural frequency is shown in
..‘Tab1e 1. The manimum Vanfatian in load for a given-cable Wass18”percent" :

| . The data also 1nd1cate a. 511ght unba1ance 1n Toad across the pu11ey, which. i”

-f'may have a slight effect 1n the bend1ng stresses 1nduced 1n the trunn1dn

| +An ana]ys1s of the load factors 1nd1cates about + 6 percent var1at1on in
stress due o the unba]anced Toading. " .‘ | ¢ ‘

' Stra1n gages were app11ed on two cab1e5-(Fﬁgure-j9) atvtﬁe same sUppent
Tocation where the acce1erometer measurements were taken Tnese gages were .‘
used to study the effect of Tive 1oads and Toads 1nduced wh11e ra1swng and
10wer1ng the 11ft span, A 1oaded truck w1th a gross we1ght of 72 kips
: (320.3 kN) was used as a test. veh1c1e to evaTUate the effect of live TOads

Iaue to truck traffic. The test veh1cje was openated at var1ous,speeds.from '
[a craw1 to 30 mph, A typical-strip chart recording of strain.measurements -
at a test speed of 3Q'mph is_shown in Figure'zo. Ana1ysis of the reconding"

~_ indicates about a 3 pencent increase in load through'the suspender cables
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- 25 -

TABLE 1

TLLINOIS ROUTE 351 OVER ILLINOIS RIVER

_Cable'

NORTHWEST TOWER

10ad

- f £ ' Percent
No.. _HZ Factor Deviation
1 2,76 7.62° 0.87° 137
2 2.76 7.62' 0.87 ~13%
3277 7.67 0.88 -1zzf:
b 308 9.9 1.09 4oz
5 307 9.42 1.08 - +.8%
6 3.06 9,36 107 R
7. 3.20 10,24 . _i.13i +18%
8 2.87 824 95 . - 5%
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while the test vehic1é’crossed the approach span which suppbrts ther1fftih§

_towers. The recording also shows Tittle or no effect with the test vehicle

-on the 1iff span, .

Strain measurements were .taken during .the normal operation of raising

and Towering the 11f£”5pan.‘ Figure 21 shows a typical strip chért recording
of measured strains induced while raising the 1ift span. The data indicate
. about a 4 percent increase in Tload under normal operation of raising or

- lowering the'1iftlspénsf""
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© SUMMARY AND CONCLUSIONS

t

~The mechanics of failure'associated With the-fractured trunhion on

B the Sh1pp1ngsport Br1dge were induced by propagated fat1gue crack1ng
- wh1ch became cr1t1ca1 after about 600,000 cycles of comp1ete stress

'reversa1 The maaor contr1but1ng factor 1n1t1at1ng the failure was the

development of h1gh concentrat1on of stresses in the cr1t1ca1 fillet areas

. resu1t1ng from an.abrupt change ‘in’ eectmon Jn_the configuration of the

The effects of other factors not norma11y cons1dered in the des1gn of
trunnions were cons1dered 1n the 1nvest1gat1on A study‘of these factors
1nd1cated poss1h1e 1ncrea$es 1n;stress of 6npercent dde to dhba]anced'loads’d

in the cable suspenders, 4 percent‘duedto the normal_operation of maisjng

or lowering the 1ift span, and 3‘percentadoeeto'1ive Toad. The“accumu1ated7fd‘..
~ effect appeared to be-from 9 to 13'pemcént;.depending-on'mhethem a loaded:
atfuck was on the approach span at the time of_ooerating the Tift spah!‘j
Avariation.in.stress of this magnitude is not unreasonable and would be
- Jnorma]]y considemed acCeptab1e.wHen compar{ngjactuaT'stresses to theoretida]c

| i.A1so; under norma1 circumstanceS' an adeqUate factor of safety is provided to

accommodate add1t1ona1 stresses of this magn1tude w1thout reducmng “the service

u.11fe of the strueture

Two approaches were cons1dered in the redes1gn of the trunnwons. One

”approach 1nvo1ved ref1tt1ng the trunnion supports W1th new bear1ng blocks

'_and sadd1es that wou]d accommodate a stra1ght shaft W1th no change in section,

However, to econom1ze the repa1r cost and to minimize the t1me required for

“the remadial work, a decision was made to.use the present conf1gurat1on.w1th
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-.modifications'that'wou1d extend the service life of the trunnion. 'Past'

stud1es of fracture mechan1cs indicate that a substantia] “improvement” 1n

fat1gue 11fe could be ach1eved by 1ncreas1ng the s1ze of the f111et and

by 1ncorporat1ng a higher strength stee1

Cracks of an 1dent1ca1 nature were aTso found in other trunnions

_ within the same structure and also three other structures under maintenance

. by the I111no1s Department of Transportatﬁon ‘The frequency by whuch

fat1gue cracks have deve]oped in the trunn1ons of the Sh1pp1ngsport Br1dge

and other 11ft bridges within the state 15 a1arm1ng An 1in- depth 1nspect1on

of the four structures revea1ed eV1dence of severe’ fat1gue damage in over.

50 percent of the trunn1ons w:th1n the structures Con51derﬂng-the number

of movab]e bridges in service throughout the country, the potent1a1 for a-

, catastroph1c fa11ure due to a fractured trunnTon shou]d be recognized by

engineers and techn1c1ans respons1b1e for ma1nta1n1ng and - 1nspect1ng these

E bridges. In regard to mOVab1e bridges, a thorough inspection should be
. made of. trunnions that have inoorporated‘an'abrunt change - in section,

”espec1a11y in cases where the trunn1on is subgected to ‘more than 90 of

rotation under normal. operat1ng conditions.




