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ABSTRACT

lements of structural risk analysis are described. These elements

e definition, estimation, and assessment of failure mode frequency,

and associated risk. Developed risk analysis techniques are used

Sate a eritical steel suspension bridge component and an automobile

; component. The major feature of the developed techniques is the
ted improvement in the statistical analysis of structural jileld

ance due to the incorporation of a minimum amount of engineering

re mechanics analysis.

HICTION

sim of optimum structural design is the achievement of reliable perfor-
4t minimum cost. Although "'cost' and 'performance' are defined by
ard economic methods, the word '"reliable" ill-defined. It is re-~
i to the probability and consequences of a failure, and to the accept-
+ of those consequences by people who interface with the system. For
ssple, the brittle fracture of a drinking glass that is dropped on the

- is an undesirable but hardly catastrophic event. Although it occurs
istively often, its consequences are generally minor and rarely lead to
> injuries or fatalities. On the other hand, the collapse of a large
scture, such as a highway bridge, has enormous consequences in terms of
¢% human and economic loss.

e

meepts of risk analysis can be used to define if the degree of risk
ptable to society, and hence the acceptable reliability of large
ures. The risk or hazard associated with the use of a given compon-
s#v product is related to both the frequency, f, and the severity, 5, of
failure events that result from its use or exposure. A failure event

+ leads to a negligibly small amount of property damage and no personal

vy (severity of zero) is called an “incident" (e.g., the fracture of a

ter glass). A failure event which has direct consequences (severity =

} is called an accident. With respect to accidents resulting from
t¢le fracture, the frequency factor is the probability, p, that a given
sponent will fail by rapid crack propagation (perhaps after fatigue has
i a critical size crack to develop). The severity, S, can be measured
terms of the dollar cost of the accident that results from the
ture, the number of lost ‘working days (outage time), or the extent of
sonal injury.
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ios Angeles, California, U.S.A. 90024, and President, Failure Analysis
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A. 8.

fiékfm§¥ be quantified in terms of a hazard index, I by simply multipls
he failure probabili & i {: i i
SOl ones probability, f, by the mean severity, §, for the particular

gz th1§ P§51s,-the rjs# due to a large number of low-severity failures «
equivalent to the risk due to one failure that has greater consequence

The degree of risk acceptance and reasonableness of risk are more
complex issues that cannot be defined precisely. In the long run, the
?easongblgnessAof a particular risk, either "actual" or ”porceive&” b%
iﬁ;lizﬁi iivéel?ﬁeg toﬁthe general level of risk that those exﬁosed ti
el tf‘ alleddy found gcceptgble or unavoidable (e.g., the risk of

1,1eq~du? to old age, disease). This point has been discussed in
great detail in recent years [1,2]. ' ‘

hﬁif?fgf}n% ana1y§is can play a strong role in the estimation of both ti
probability of failure due to various events, and the severity spectra

or the

526 frgquency and severity of the failure events. The particular data
iq?w? in the Plot pertain to automobile accidents. The severity scale
has been obtained from a combination of National Safety Council classifi

cation
Safety

Sev 3 o < P | 3 3
oicsial_tﬁlngs d?e apparent from the figure. First, high severity event
i bw;t\ lei§ frequency than the low severity events. The inverse rels
;UCE ai Zce?hirezuency and severity is observed in many natural phenoms
> earthquakes, wind gusts, and floods 5 1 istributi
_ : ; sts, « s. Sec ' Stxs 3
P " econd, the distribution o
::s]§aused by a defective vehicle defect or by driver error. This
thg,;iz fth the severltyvof the initiating event does not depend on whei
Vent 1s caused by driver error or an unspecified mechanical defect.

Figure

xg;;hcgizeSe?g d}Vlded arbitrarily ?nfo‘four partitions. The upper righ
ihere o ha%aigl?? 1)“rep;es?nts‘h1gh tr?quency, high severity events,

duce either‘é 5 ._.x}S = I? is high ané improvements must be made to ve
23 descriBeq ;oQ’fQT-)?t§ parameters.A The lower left hand corner (Regios
e comparét{ve S;;ﬂucn;y, 19w %everlty events and consequently, at leas
ity ive s se, describes low risk events that are of little in-

In the
quired

Sﬁiislw%tb ﬁhe c9nt1nue§ use or the improvement of a product or componer
: 1as 4 relatively high failure rate (based on a record of sipgnificant
ggsf experlence), but for which the mean severity § is small (Re;ién 43.
;dsiyf?E tTe?rﬂvﬂlySLS is able to postulate that severe accidént; are
Possible, then it must be shown whether continued usage could lead to

(1) an
(i.e.,

large to warrant safety and cost-effective product improvement.

The second area (Region 2) deals with high severity, but low frequency

events.
(e.g.,

necessc te i ri i i
€ssary to determine the risk associated with the continued operation
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similar structures. Particularly, it is necessary to determine whether

+ operation of similar structures can be achieved by lowering the

‘ating stress level by a given amount, say 20%, or by increasing the fre-
of nondestructive inspections (NAT) by a factor of, say two, or by doing
of these things. Alternatively, there may be concern over a real or
2ived high severity event where no failures have occurred over a

amount of. service (e.g., catastrophic failure of a nuclear pressure
- In these instances, f is so ill-defined* that past failure (and

5) experience is not sufficient to make reliable predictions of risk.
assessments must then be based on the operational history of similar
tures (e.g., non-nuclear pressure vessels), and account must be taken
¢ differences in stress level, material properties, and maintenance

¢n the nuclear and non-nuclear vessels.

I =fx 3§ . {1

ny the past three years, Failure Analysis Associates has developed a
¢ty of techniques to quantify risk associated with mechanical and

tural failures. The techniques are based on 1) the statistical

is of applicable field failure data to determine base line component
ity, and 2) minimum application of conservative engineering models
tgnificantly expand the data base to consider key parameter changes and
those cases where the available data base is too low to allow a high
‘idence in the reliability estimate. The combination of field data with
“ineering modelling is called Combined Analysis (CA). In those cases

o brittle fracture is the dominant failure mode, the analytical tool
st importance is Prebabilistic Fracture Mechanics (PFM). This tool
w5 the extension of conventional deterministic Linear Elastic Fracture
ariies (LEFM) to account for variability of Kye, da/dN, etc. Combined
siyses (CA) have been used to make risk assessments for high frequency,

¢ severity type failures, such as fatigue or wear-out failures of
smotive components, where failure of a system is generally

itrollable and does not produce large consequences compared to major dis-
rs such as bridge collapse. Risk assessments by CA have also been

& for large structures (bridges, supertankers, HF transmission towers)
have components under tensile stress at temperatures in the vicinity
Pr. In these cases, it is necessary to determine the probability of
ttle fracture of key structural members, particularly if there is no
undancy, since fracture of a key member can lead to complete structural
lapse of very high severity. It is this latter subject that forms the
iv for this plenary lecture.

consequence of the event. Figure 1 shows a typical way of plottis

Ef?t?}iyiesz majurAinjurics, etc.) and the U.S. Consumer Product
Classification (CPSC severity units ranging from 0 to 25,000).

given automobile accident is the same whether the accident

2 shows a schematic representation of the frequency/severity cury

RISK OF BRIDGE COLLAPSE DUE TO BRITTLE FRACTURE

other 5 BT o e ) s .
ther two areas (Regions 4 and 2) accurate risk assessment is ro-

to define the need and type of action required. The first - ¢+ illustrate the use of the combined analysis (CA) approach to structural

tability, we shall draw on the results of a recent risk assessment that
lure Analysis Associates performed. In 1967, the Point Pleasant Bridge
~+ilapsed over the Ohio River, leading to the death of 46 people and a very
ge economic loss. The collapse resulted from failure of a critical
wetural member (an eyebar) due to fatigue and/or corrosion, followed
trittle fracture. The bridge was constructed from 1060 steel and ex-
ienced relatively high live tensile stresses (A0 = 264 MPa at the eye-
surface) at temperatures below NDT (Typr~40°C). Failure Analysis

increased S, (2) an increased f due to time-dependent degradation

fatigue) ¢ 3 athe > i i = F 5 4
igue) and (3) whether the combination of f and § is sufficient}

“it the failure rate is constant, the best estimate of f is zero and the

%) upper confidence bound interval estimate is f_g5=3.0/T where T is

ihe total (small) exposure time, and the factor 3.0 is based on the 0.95
fractile of the chi-squared probability distribution with two degrees

:#f freedom.

) gp?re may‘have been a single, unexpected event of high severity
a bridge collapse) after a limited amount of service and it is
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giggc;a?fs w?§ ?skeg to determine, based on 1) the failure of this ons
;ﬁa §) ;;gz ia;a po1?t), 2) the lack of failures in other eyebar brid:eﬁ
a%ehér gridgéatggitgzy fe;} d?ta, the failure probability of a simiiw? .
eyebs : =3 'L was built from a different steel (1035 nd sul
Jected to lower nominal stress i oos oy m B o
Jec - ; resses, and live stresses (Ao = ]

bar surface) at temperatures belo T(T o0%8), e #tes boten o
: low NDT(TNpT =20°C). We refe

subject bridge as the moderately stressed)gr M8 bzidge, el il

All ste ~id E o i
steel bridges, be they girder or suspension bridges, contain struct:

members t E aded i ensi
bri§;Z: ;22t1?§:r2§;gadu1n tinzign. Suspension and through-cantilever
Tidge: : suspende: rom steel cables or, alt i r
- ) e Ty % ables or, alternative 3
ggipégnkS%IWhthbdrb made from sets of eyebars (so célled becauﬁelié ;fi
sha « the eyebars are bolted together in : " . e
; BJ v sets of two or mo
bl : re. 1
thaisizhggeanixbtwo eyebars are used to make up a link, the loads a:e(
g {g QUdS{elarrghogld fal}, the second one cannot carry the entire.§
such that e egz yfa?plled to it. The Joading is therefore "non-redundan:
B ’..~y:“ar:.a1lure causes link fajlure. If the link comprising the
ban ;zzfiiz ib,dLn tuﬁn, also non-redundant with respect to the bfidé@ p
Cailuw ¢ads to bridge collapse. This | e i a
of fhe bt » 2 1 e 1s happened in the case
wan;h?uioiﬁtlglaasant Bridge failure. However, in most bridge structure
e évén{tﬁrge 3y0f theie fyebars are bolted into a link; and)if one t&n
e "ee eyebars fail, the link will not fail g ai .
£ el Y i, 1 . fail. Eyeba ai B
does not always lead to link failure and bridge collapie ©fatiure, th

’;“ & vy . o 3 ] 1
qg;hhz;fgelghat ge a2d§¥zed contained some two-eyebar, non-redundant Yin
suc at an eyebar failure could possibly lead t i t
sue B . 8] "0 bridge collapse.
:iZPESezifofe necessary to Qgt?rmlne the probability ofgeyebar ga?luritn?
ré}{%ﬁ’i‘& structural reliability of the bridge. As in most 9tfucturél .
ééqQ;hlfgiyc§§22;fmsfoflthlsdtype’ it was first necessary to locate and

& ) 1g railure data bases, to obtai i : :
Seaush e g Lure ; s, in failure rate data f
;erzaigz;vng¥§zgs:5.t!Englneerlng stress and fracture mechanicqcanalsfw
Ver : ! © the failure rate data, to a iffe "
were then ¢ : : ¢ 2 5 account for differenc 13
;we:;sti;zgléfmiﬁerxaé§ progert1es, and other significant paramerersezalﬂ
twee s T Ttne subject bridge and those inc i d 1 .
- > of ; . se included in the data base.
}s?iisl 5¥::a§j%ea the ?ata collected on bridges with various charac:erﬂ
g . w"ust row is for all bridges in the inventory. These hif
;Gnegzi;ow fd?IUTT rate per bridge-year (about 10~ ° fpby) ’ Nine ofeigé)

“Il tailures (collapses) occurred in welded ] i )

‘ . and steel q i
rather than in through-cantilever, eyebar bridges EE Baliees:

i;;gggjpzfo;hgtEﬁzough—ganﬁilfver, suspension variety, which was the

san g "1dge as both the subject brid 8 ] i »

Sae r ) ge ) 3 idge and the Point Pleas

g;;gzgéig;rg ?éso L?nsldered separately. Since only 64 of th?s2d§:2;1

5 5101 ridges had been constructed, and si v F .

Syepe ¢ lge c C s and since one of them (Poi
leasant) had failed, the point estimate of failure rate for alé §§2§1

suspension bridges was relatively high. Three* of the sixty~-four bridges,

& ars upj £ at) £ S5 © 5.

had 106 s . eyebax subjected to Tel twely I 5 5

O teel \1gh tress levels The
failure rate of t}leb(” per brx ldﬁe year, 1is very hlgh (8 x 10 fl)b) ) ot

the SUS iXey i i
e other 61 suspension bridges in the United States, 14 are made of 1038

ste P P P P o 3
W;ge;ozg?b?:viongsbf?é ?peratlng at moderate stress levels or lower. It
failuré;‘iﬁ tﬁeq ?Zln accurate ?ocumentation as to the number of eyebar
gubiect‘b e se brldg?s, which are similar in stress level to the
ie ridge. We determined that no eyebar had failed (therefore, the

;::‘,. %) X3 ae -
égsnlgﬁnzhplgdfgnt Bridge, anq two other bridges, one of which was a
twin o dow§~ 2;2tt§ieg::nt B;ldge (the St. Mary Bridge) and had been
i@ 23 er i is i .
s etill mmirapaney which is a highly redundant structure which
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st failure rate point estimate is zero) in 17,0600 eyebars subjected to
srate stress levels over 40 year periods. This computed failure rate
sot sufficient for a risk calculation, because relatively little field
4 exist so that the upper bound, 95% confidence level estimate would be
ceeptably high (5 x 10 3fpby). Consequently, it is necessary to modify
point and confidence interval estimates with engineering inputs, and
we have performed the Combined Analysis (CA) described below.

towing the survey of bridge and eyebar failures, and the failure analysis

i the Point Pleasant Bridge, the critical failure mode of the moderately
svessed, non-welded bridge was identified as fatigue failure of an eyebar,

¢h could possibly lead to bridge collapse. The bridge reliability pro-

tem was then focused on the reliability of eyebars subjected to moderate

tress levels (MS). The MS eycbars are constructed from materials that

sve lower carbon content and lower tensile strength levels (590 MPa vs.

i MPa) than those used in the Point Pleasant bridge. Consequently, these

tncls are less susceptible to environmentally-induced, stress corrosion

racking, which was identified as a possible initiation mode of fracture

initiation (besides fatigue), in the Point Pleasant failure. Since the

vare of fatigue crack growth varies approximately as the fourth power of the

: stress level (actually, n = 4.34, inferred from fatigue data), and since

S bridge is less sensitive to the corrosive effects of the environment
ant Bridge, the rate of crack growth in the MS eyebars

cxpected to be at least (264/141)4-34 = 15 times slower than in the

+int Pleasant eyebars. If we assume that the same size initial defects,

i, are present in both the moderately stressed and highly stressed eyebars,

ihen the mean life of the MS eyebar is at least 15 times greater than that

«#f the highly stressed eyebar.

tive

“ic¢1d data were used to determine the frequency of failure for a highly
stressed eyebar. There was the one failure (Point Pleasant) in 664
.imilarly loaded and stressed eyebars on three bridges, each with about

i years of service. This gives an average eyebar failure rate of 4 X 107
fallures per eyebar-yecar and an eyebar failure probability of 1.5 x 10772
for the first 40 years. Two approaches can be utilized to predict the
faiilure probability of the MS eyebars (and hence the MS bridge). In the
simple analysis, the fatigue properties of actual Point Pleasant material,
wiich had been evaluated by a conventional (S/N) curve (Figure 3), were
«} to obtain the scatter in eyebar fatigue life. The scatter in test
4ta is a key parameter in a combined analysis, since it also defines the
itter in service data for nominally identical eyebars subjected to the
ame stress spectra, and hence defines the failure probability of both the
int Pleasant Bridge and the subject, MS bridge. There is significant
satter in the fatigue data due to natural material variation and the
variation in surface condition (i.e., initial size of corrosion pits)
fullowing 40 years of service. There is also a logarithmic relationship
Setween stress and mean fatigue life with an exponent of 4.34, which is
ypical of this kind of failure mode. If the log-normal time-to-failure
fel is used, the first failure in 664 eyebars corresponds to a failure
:.497 standard deviations from the mean regression line, as shown in Figure
5. This data point also defines a certain number of '"reference' laboratory
cycles corresponding to 40 years of bridge life. In other words,
suming that laboratory corrosion fatigue tests accurately represent

+1d conditions, then the scatter in field and laboratory data will be
identical. Consequently, the one field failure in 664 similarly stressed
shars indices to a first laboratory failure at about 13,000 cycles, it

4 test samples had been run.

§

i

%
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A vertic ine was > i
ductio; gé é;z;i:as thfn drawn to point M, which accounts for the 46% &«
VS Drigge ;oiﬁf ;tf?a? betw?en Fhe Point Pleasant Bridge and the sup
i el Ll fle? almos? nlneAstandard deviations from the mearn
i el fielitlgueffallure in this steel, both in the laborat
Pl sl (log—norﬁqlALﬁ JUs;ng any reasonable time-to-failure distribﬁ;
0 o failﬁrﬁ , :}bgl}) tq model fatigue, this indicates a neéi
To-¥FTY tow fir%tedgrouébfllty'tor‘the MS eyebars (for log-normal agéui
copraie 000 @;éb: ygd?b Qf sgrv1ce). If we assume that the MS brﬁb
i f;iluré“-érs"6% of whlchrare non-redundant and hence critfué
b b O;e?rﬁgabx}lty (calculated with the log-normal model) um
o negl{gib}; _ § f}fst_40 years of service is about 6 x 10716
factor_ofutwa‘feéuétioidigaégiégghisvS;m¥1? analysis indicates that’a
g s . . -res evel (along with no change i 2
i:;?guitszieszh.égYﬁl) results in a 2 x lnlahdccreasc ;Qdﬁiiligem;;;;i&
by o Earn ofsﬁé L?ﬁft Fo note th%t.although the mean life was incré:
o factor of oF, iéli e ca}?u}ated failure probability was decreased by
Distoitaas 2.8 fﬂtj‘ Th}s is because of the nature of the logwnormai
edbynls ln.,g?g l}ves, su?h that the failure probability decre
cally as the tail of the distribution is reached. =

whiis

A more refi 51 Bints i R .
of linear eysgtiglégziéjgy ana#YSIS was then performed based on the met i
3 e i acture mechanics. The rate “ati N

is given by the relation '+ The rate of fatigue crack growtl

DAY = proyma)™ ;

where D is primarily a £ : o
- 1y a function of the environment i i
; * s o ] 21 o
fgzgilons. The fracture toughness KI£ L ¥l whick
1 £F ] 2 R e o
the 1§f2€§§gte;nt§?e {dglgue life of a brittle steel part, since most of
o > part is experienced when the crps e ey
co s Jas T e - € e crack is small. 3
pi?po?egtsxhdve the same initial crack size aj, (e.g., a largélcorif b
Ope;afedmaieégzotgey thf ratio (C) of fatigue lives of two Eomponengilmﬂ
: at sStress levels oy ¢ in envi = - CILL S
and (Dy), is 1 and Oz in environments characterized by (i3

da/dN =

\ the materia}
and the peak tensile stress have

. Ny Dy fo, \
N2/ = Dy Aoy {

-onsequent 1)/, if ext ensive field data are avairlabil @t 11 he 1i#

(5 C * ext ; > fie Nty v . 3 3

tim. N set £ o -dar ivailable to de Cermine t if
ime N; under a se L of conditions denoted as (] ) > then the mean life un

condition set (2) o i 3
n set (2) can be determined from a knowledge of and N, Thu
g > G ¥ s
N
Ny = —— |
€ 4

N, thus defines the mean or
structure.

characteristic lifetime of the subject

The failure probabilit i
> 0 i1ty and usage lifetime, t, often fol a

untruncated Weibull distribution functinnc’ fo often follow a coTparancter
F(t) = 1 ~exp(-(t/8)%) (53

where B = distribution scale parameter,

lifetime; mathematically, the

w@ich.reflects characteristic
lifetime at which F = 0.65:
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distribution shape parameter which reflects the scatter of
lifetimes.

.=

he Weibull distribution with its fat lower tail is by far the most conser-
tve of the usually applied time-to-failure models to use for early life

faiiure probability estimates.

scribed in detail in [2], laboratory test data are most often used to
t the life scatter parameter o, since at least ten failure data points
The standard deviation

is do

o required for reasonably accurate estimation of a.
#f log N about the data mean regression line for eyebar fatigue failure
was calculated from 50 data points in Figure 3 to be 5§ = 0.2159. The

ibull scatter parameter o is related to S by [3]

%
= .-_-‘zg? (6)
s that
o = 2.60 (7)

i% the best available characterization of fatigue life scatter from eyebar

material with as-received surfaces.

are usually required to estimate the characteristic

of known conditions, or under different conditions

in Equation (3) has been determined from fracture

Reference [2] indicates that the best estimate for

racteristic lifetime of steel eyebars may be obtained from 1) the

sumber of failures (r = 1), 2) the stress levels (0U3), 3) usage times,

iti) and 4) corrosion resistances (D;) of the 17,600 actual bridge eye-
The formula is

Ffield failure data
tife B under a set
if the parameter C
sechanics models.

hars that were summarized in the data base.

17,600 1/
B = k. E t: (0. /o )n/n ]u = 440 years (8)
Q T 10710 o “i =2 .
i=1

where n = 4.34 from laboratory fatigue crack growth tests. It was assumed
in the analysis of the subject bridge that D;/D» = 2, that is, any environ-
mental affects would double the rate of fatigue crack growth in the more
susceptible Point Pleasant material, as compared to the subject material,
because of the greater possibility of hydrogen cracking in the higher

tensile strength material.

Figure 4 plots the Weibull distribution with By = 440 years and o = 2.6

and shows the Point Pleasant eyebar failure (at t = 40 years of life) at
the correct plotting position for the first failure of 664 similar eye-
bars (F = .0015). Clearly, from Figure 4, the occurrence of the first
failure at 40 years is in good agreement with the independently obtained
taboratory fatigue data scatter value of o = 2.6 and provide confirmation
of the analytical method. Of course, any tailure of the 17,600 MS eyebars
would dramatically change the results in Figure 4 and with high confidence,
invalidate the analytical method.

#eliability analysis can then be used to account for redundancy and to
calculate the probability of structural collapse due to eyebar failure,
and hence the failure rate of the subject bridge over the next 15 years

of service. The calculated best estimate value is 1.9 x 10°° failures/year
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which is very close to the NBI- -
all bridges, as shown in Table f?sed te Bhes o 20
analysis method described above
the subject bridge is '
in the inventory.

years ! for

and indicates that the risk of fail
) ure
about the same as that of any of the 262,000 bridg

In summa i
mary, the CA method, as applied above, requires three basic inpu

1) Field data under one set of iti
e er S conditions, to define a baseli
failure probability (characteristic 1i%etime). e

2) A knowledge or assumption of the ratio of s

i . tress le
environmental factors, levels,

and the initial flaw sizes betw
& ‘ E s een
;ﬁe f]fld environment and the subject environment, to de-
,1n? the constant C and hence the characteristic lifetime
N2 and BO of the subject structure. .

3) Sufficient laboratory tests to define the scatter in

r:leg?vF parameters (i.e., crack growth rate exponent n)
the fatigue life scatter parameter, . ’

O 55 e ters 4 11

uggs €gb;;k§a§i??ters haxg been established, the combined analysis may be
: € tailure predictions for a variety of design iti i

56 ‘ ¢ : F desi co J

through proper application of equations (2, 4 and 7). ¢ RS,

PROBABILITY OF BRITTLE FRACTURE IN STEEL STRUCTURES

The probability that a

structur i Fai rit i
£0 theeo Samients ure will fail by brittle fracture is related

and independent parameters:

1) pn(a) - the probability tha ] i
pn (& 4 taf 2 a' has e
D dnehe, y law of size "a'" has been

n a unit volume by manufacture or service.

135
et

?%g%%;t§) - the probability that the flaw is rejected by an
£ ction pro 5, that i 4 ject flay ’
e o process, that is sized to reject flaws above a
3) P(Fla) - the probabilit Fai i

) P | : lity of failure iven that a f{l:
size "a' exists in structure. E fhat @ flaw of

The failure probabilit

P of . :
the saustion Y Pg of the volume element Vu is then given [4] by

=

e TV, i P(F|a) 1-P(Rla, s); pn(a) da

i

p
. (9)

Duri i ) B
ing the past twenty years, several individual methods and combinations

of methods have been develo
of ped to reduce the abili it >
ture. They are summarized as follows: PRORERSLEG) B5 ML Eracs

1) Minl@%ze pn(a), through the use of specially prepared
materials, corrosion protection, careful welding, etc.

2) Max1@1?e_P(R[a, s), through the use of in
Sensitivity (minimize flaw size that c

increasing numbers of ins

mechanical error).

creasing inspection
: an be detected) and
pections (to account for human and

144

This further substantiates the comb i rie

5. Tetelman and P. M. Besuner
Rigk Analysis

3) Minimize P(F|a), by maintaining low stress levels in
materials of low fracture toughness at operating temperature.

4it of these procedures lead to increased cost, in decreased perfor-

sance of increased unit price of material, cost of inspection, or weight
terial. The total cost of a structure is a function of the cost of

sanufacture, Oy, the cost of inspection, Cy, the cost of repair, Cp, and

. cost of a failure, Cp. The cost of failure, Cp Pp, is accounted for

design and engineering practice either implicitly or explicitly. For

gwple, if the potential cost of a failure is large (e.g., catastrophic

ttie fracture of a nuclear pressure vessel), Pp is maintained at a very
tevel, even though this involves large manufacturing and inspection

sats.  Alternatively, if Cp is lower (brittle fracture of a railroad car),
sent Pp can be higher, and the cost per pound for manufacture and inspect-

sn of the car will be lower than for the nuclear pressure vessel. At any

‘on period of time, the state of the art and actual engineering practice,
determined by codes and standards, essentially define an "acceptable"
fur a given type of structure. For example, if the public is more

ety conscious, then society treats a failure as being more costly. Con-

juently, Cp increases, Pp decreases, and Cy and/or Cy increase for a

¢n class of structure. The decrease in Pp as Cp increases is consistent

&y the hazard I = £ x S remaining constant or decreasing, as more of

hi populatiom is exposed to the component [1].

i 4

in the simplest form, three basic practices exist for design of steel
structures against brittle fracture. These are shown schematically in
figure 5. The figure contains a plot of Kjec vs. temperature for structural
steels (Oy < 700 MPa) and high performance, high strength steels (o, > 1200
#Pa).  The data ave shown as a band to represent variability in material
werties. Also shown are three regions of possible combinations of K
temperature T for cach of the given design criteria. The size of the
eriap of the K and Ky bands determines the fracture probability.

of performance of weight based on conventional designs
ding or fatigue initiation, is achieved with non-redundant
figh yield strength structural elements, operating at high 0/0y ratios.
s oy = 1200 to {700 MPa, nominal s ss levels of 700 MPa are not un-
common.  With Kye = 50 MP‘am”a, this gives critical crack sizes a. of the
order of 1.3 to 2.5 mm in the clement. To achieve a fallure probability
iess than, say, 107" to 107°% per component-year of service, pn(a) must
He low and P(Riu, s) must be large. Both of these factors contribute to
the very high unit cost of these materials, and to the fact that their
re is generally restricted to wilitary applications where cost is of
significance than in commercial applications.

u

the second area of interest deals with th structural elements where the
catastrophic consequences of a failure dictate that the failure probability
must be kept extremely low. High consequences are possible if

1) The structure is non-redundant, such that fracture of a
structural element immediately leads to complete brittle
fracture of the entire structure,

[\

Large amounts of energy and/or harmful species are released
by the fracture,

3) Large numbers of people are exposed to the energy or species
released,

145



A. S. Tetelman and P. M. Besuner

Fracture 1977, Volume 1

4) The material cost of the replacement or repair is very large
4 >

5) ‘Leak-before-break i
. > 15 not an acceptable design basi rcaus
of the release of dangerous elements. ¢ fois because

Nuclear pressur
. € vessels and submarine hulls 2
P P s s S are two classes s o
that fit into the high consequence category. lasses of structures

An ext i > pr i1i
ik st::T:i{ lgxtfgiigrzhpzobﬁblllty can be achieved mostly by maintaining
sses, T -hrough low pn(a) and high p s) 1 -
5o t g (Rla, s) paramet .
cgul:)txglj fgn?rafly be lower than for the high perflrmanielmaterisiz b
o com\0n1341_>tress levels will be lower, of the order of 140 to 785
operanice g;rgh w%th 790 MPa. The main guarantee of safety comes thro;gf
3 -he structure at temperatures wel] above NDT, such that KTV’
= E e

and dynamic fracture eSS ¢ i
MP » am 42 an; or:LEXgLME?ughnc55 are b9th high.  For example, if K. = 280
2 a then ac = 0.3 m. This value is so improb;ble (Tine

pn{a 3 ~ g i
pn(ac)) and flaws so detectable (high P(R|ac, s)) that the failure probabit.

ity is negligible.

The i a £ 1 res i

Steeleigagrji of lntergbt deals with low yield strength constructional
: are operated at or below NDT tem t indi d i

Sttt 1 e ke e} ; \ perature. As indicated in

. St ura ements in bridges made of 5 (¢ ) s

fgnerzliy operate below NDT temperature% e e . sbee

oU and 70 grades, and A~514 often s i

! grad ] ‘en see operating t ) s be

without experiencing brittle fracture. B § Fetparmnies below NOT

There a seve reasons ; i

B e ;ZCzezﬁziltgcason; §9{ this phenomenon, most of which are related

ot 3 ) e probabilit ac initiati i

T s y of fracture initiation is low. These

) 15 2 E
1 The pe 1k nominal stress levels are l()W, of the order of
30-70 MPa. (.on.sequent Y, or I\I(- > 50 MrF "amv 2 e = 0.2 m, even at NDT.
% 7 Y 1y f > > 2 ). 2 o I

The pro ili : i i

vides tﬁzbzé;izfﬁ?:? a[craci gf this size being introduced is remote, pro-

vi s . element is not subjected to abusi g

Live (alpesiruct ‘ ; t jec -0 abusive loads, and the
ng) stresses are maintained below ’

: nt > the endurance limi
t@osi.cases where an abusive load is applied (e.g. iy ey
g}pe ine), large flaws are developed and are able én
distances (hundreds of metres or even kilometres).

In
a bulldozer impacts a
propagate over large

are gisvg?e initiql flaw distribution is low. Large initial flaw sizes
Strugtur;s.e‘oyly for extremely poor fabrication accidents, in welded
environmentgl 120harg zones ERC > 25) which are exposed to hydrogén
1 - oome brittle failures have occurred i g
Subject ente; S me brit S 2 ed 1in structural elements
“hese ¢ -tions, such as a key member of ryt i
and an eyebar in the Poi i o B B gy
int Pleasant Bridge In the £ : ] ¢
‘ eyel . 5 ormer case, t ac-
fgﬁ:i?ZIglnated at a large weld crack (a = 30 mm) that was expo;edhzofzdc
; CorrOSEE:eZEtof spoKtAZOO MPa. 1In the latter case, the crack‘nucleus W
a ¢ > Which in turn initiated a stress c 3 i . ] .
it " v G : €8s corrosion crack in a
;n we;ggs {n }0§? steel. Althoygh the flaw distribution pn(a)(is higher
Qresence o;eglon;das gompared with base plate or flanged connections the
a we and operation below NDT temperatur indi s ’
ot Dantete B o i -emperature only indicates
: : rac is possible, not that it is bab e
fraction of welds actuall in ) o Ersril o Sesll
ac L1y contain defects, and a lar e fracti E
b ’ ctic
fz?icté ?Ie b]gnt pPores rather than sharp cracks. Coisequenr]gn of the
¢ Lcrltlcal) 1s~nmch less than 1.0, rather than being 1.0 14v5;91 ed
in worst case' fracture mechanics analysis. o

lae6

Other steels such as A-36, API-5i
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3) High residual stresses are present around some welds; however,
sany welds are stress relieved. Even those welds that are not stress re-
iieved do not necessarily produce high residual stresses that act over a
targe volume, V. The residual stress gradient around a weld may be quite
§ (Figure 6). Consequently, while a brittle fracture may initiate at
% weld defect, when K = Ky, it will not be able to propagate (K = Kip)
wutside the heat affected zone, unless the nominal stress level is suffici-
st ly high (minimum 80 to 100 MPa for cracks that extend less than 80 mm
¢5 a zone of high residual stress near weld). Figure 7 illustrates the
rrbidden' zone where K < Kyp and crack arrest occurs near the weld, before
rack grows sufficiently large that it can be propagate in the nominal
ress field acting on the entire structural element.

res

&t

fairteen years ago, Pellini and Puzak [5] prepared a very significant re-
wrt in which they described the conditions required for brittle fracture
steel structures. Figure 8, taken from that report, summarizes the
siusses of brittle fractures they categorized after detailed analysis of
sany failures. 'The primary conclusions drawn from this report were 1) that
small flaws could serve as initiation sites for brittle fracture, if the
aws were subjected to yield loading below NDT temperature, and 2) that
irge scale crack arrest could be assumed at temperatures significantly
NDT, depending on nominal stress level.

e engineers have misinterpreted the fracture analysis diagram to imply
that structures should never be operated below NDT temperature, since small
fiaws are difficult to detect and yield point loads are always possible.

i fact, most structures such as bridges, towers, rail, turbine rotors,
wte., often experience service temperatures below NDT without failing or
As indicated above, the low failure frequency

¢ausing serious accidents.
results from the fact that

1) The probability that a large flaw exists in a region of
high tensile stress is very low,

KTe is large at temperatures 50°C below NDT. Furthermore,
there is little, if any, increase in Ky in going from say,
NDT - 20°C to NDT + 20°C. Consequently, the probability
of fracture initiation is already low, and it does not
change dramatically at NDT (as may Kip, Figure 9). Hence
the relation of operating temperatures to NDT has little
effect on fracture initiation, and

2)

Structural reliability depends as much on the scatter in
stresses, flaw size, and properties as it does on the
absolute value of the parameters themselves.

3)

ihe scatter in NDT temperatures, stress level, service tem%eratures
actually makes the failure probability based on an NDT + x C approach less
roliable or optimal than some would believe, but still apparently con-
vative in view of the low number of brittle fractures that have occurred
tructures operated well above NDT. The value in the approach is based
marily on its use for assuring crack arrest in those cases where the

of a brittle fracture are large.

sonsequences
account for the fact that con-
necessarily high. Most structures

a structural element fails by brittle
a bolted connection, or a second

furthermore, the risk assessment should
sequences of a brittle fracture are not
show sufficient redundancy that even if
fracture, the crack will be arrested by
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il e e ! ’ ‘

element will take up the load, such that complete structural collapse dos
a0t occur, and many structural failures do not lead to serious personal
injury or fatality, as few people are actually exposed.

ALL VEHICLES

In summary, the authors believe that
cribed above offer the most reasonable and efficient means to develop

optimum selection of design stress, materials, structural configuration
and inspection procedures to offer reasonable and inexpensive protectios
against brittle fracture and lead to minimum cost designs.

combined risk analysis methods des -

Op
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o NOTE: §;=0 FOR THESE POINTS

N (}ls
i
|

1l J ! v S— s
3 a1 o
2 510 oz 1o ' A

ACCIDENT SEVERITY, S; (CPSCscale)

sverit: istribution
Figure 1 Automobile Accident Frequency - Severity Distribu
* ' (State of Texas 1971)

NOC
INJURY

Table 1 Estimated Failure Rates for Bridges on
Federal Aid Highways P <:>
4
Number Number Failing Rate HIGH f O HiGH f
Mo. of Bridges Bervice Yrs. of Failures Per Bridge Year 2
LOW S HIGH S
od - - (QUESTIONABLE) (HIGH RISK)
Keywords - Steel, Steel 2,473 x 10° 1 4.04 x oY o
Continuous, Suspension o
S A
All U.S. Federal Highway 5 iz L
National Bridge Inventory~ 1.05 x 107 10 9.5 x 10
202,698 Bridges
HIGH S
W S
3 Bridges Known to Have g LO ) .
Eyebars of 1060 Material 128 1 7.9 x 10 (LOW RISK) (QUESTIONABLE)
14 Bridges Known to Have
Eyebars of 1035 Material 550 0 0
Severity §
*Rased on average life of 40 years from lst sample. . . N
’ - Four Areas
digure 2 Breakdown of Frequency - Severity Plot into
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?

e 2
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.

(1st Failure in More Than 1016)

LOG N = 13.02734 - 4.34155 Log Sp e
5 =S 2 =
) td Dev Log N 0.21590
200~ E:telg::t;:%}:ulzedzi :gd"zzrezgcg?;‘é ha‘;e a‘eprox;'rmteiy equal resistance to corrosion/
A e = y of material crack growth rate. Thi i ifi
;gs;sag:ggsxs 3?$1Lates that the 46% reduction in stresg range from Pth1312;?§;éf1ed
one in more than o mi1{jon bi11sen (heree HCSas 1E], 100 one in 664 (Point 7) to
: oin « The refined analysis is mor i
??$u§€ns1ders mare details and broader assumptions but uses the basic ide: conservative
rated above to arrive at similar conclusions.
1(;01 I S SRS N S S S 1 1 | IO N |
.5x108 107 5x103 103
N CYCLES TO FAILURE (Cyles x 10‘3)
Figure 3

Simple Risk Analysis Using Fati
: c k Sis g Fatigue Results of 1060 E E
Material with As-Received Surface Byebas
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99.9%
@pp = 440 yrs. (from Bridge Field Data)
90% -
5051
A Pp = 1 - exp [_ (t/440)2'6]
20% \
0%}
2.6 = Slope = o
5%t
(Based on Lab

iy Fatigue Data)

1%

.5%'

2%

1%} \
. 05% Eyebar Causing PP Collapse

First Failure of 664 @ 40 years.

L02%

01 Linsbiibsiidiabdiod bbbttt N oo R e e uaiall W S

1 10 100 1000

Age, t (yrs.)

Estimated Failure Probability Distribution for Pt. Pleasant
Type, AISI 1060 Eyebar. Characteristic Life B Estimated
from Field Data Weibull Slope Scatter Parameter Estimated
from Lab Data. Note Correlation Between First Failure and
Estimated Distribution. ("'PP" subscript denotes AISI 1060
eyebar) .
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RegiQns ng)and K(@) do not necessarily
req?xre high toughness material while
Region K(Drequires high toughness

NDT of Tow oy material
240
200
160

120

Kie (MPa.m%) ey

30

:
!
|
l
|
|
:
f
:
!
:

40 High oy

Temperaturs

&

Figure §

Schematic Comparison of
Factur}Temperature
Material

Applied and Critical

) ) i L Stress intensity
Combinations for a Low and

a High Toughness
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Lower Bound Residual Stress Distribution
e o e e = UPpEr Bound Residual Stress Distribution

300

200
=
o
=
v 100
2
ol
—
wy
-d
<
2
=
8 o

~100}

a,/t=.114
~200 b 1 1
0 0.25 0.50 0.75
DEPTH FROM SURFACE X
PIPE THICKNESS t
Figure 6 Assumed Distribution of Residual Stress Due to

Gusset Weld for a Through Pipe Thickness.
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//-—~ RAPID FRACTURE INITIATES

NOTE : KAvaﬂ = Available K based on

stress gradients caused by
N both applied and residual
~, stresses

RAPID FRACTURE

ARRESTS l
t e
|
|
l»q-—-—w.-—--.——-- FORBIDDEN ZONE _m._...,_,_..,.._...‘,.ll
I I
| l ]
ae ARREST o
B i
Figure 7 Schematic Representation of the Crack-Arresting Capability
of a4 Material Subject to High Residual Stress which Ini-

tiates Rapid Brittle Fracture
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CATEGORY
TENSLE
STREMGTH
CATEGORY (R)
T YIELD GLALLIELILIF:
SRR,
STRENGTH ey (8)
@
b /
&
»
CATEGORY (C) /
.
NDT +17°  NOT ‘+33° NDT Ix»s?"
! {
NOT
BELOW NDT «te ABOVE NDT
"t" TEMP {°C) —
Figure 8§ Sequence of the Discussion of Failure-Analysis Cases is

Indicated by Categories A to F Referenced to Various
Zones of the Fracture Analysis Diagram [after (3)]

Key to Figure 8

Category Temperature Flaw Size and Loading

=

Below MNDT Plastic strain loading of
small flaws

B Below NDT High-level, residual stress
loading of small flaws

G Below NDT Elastic stress loading of
large flaws

D Between NDT Elastic stress loading of
and CAT large flaws
B At FTE 1 ic strain loading of
moderately large flaws
F Above FTE and Near ultimate tensile
Frp strength loading of very

large {laws
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TEMPERATURE (°C)

140 =75 =50 =25 0 25
A533B (HSST)
120} 130
'“\NS 1004 KIC (9)—¥ Wi
2 gol s
= — Kpg (14) 0
= K~10° ksi-in%/ sec =
~ 60 70 .
L = bt
S Jen<
E Krg {18,19)— 50
S K~10 ks1‘-1‘nz/sec_30°u
20} <
o] i H 1 X L L ! L i i,
=150 -125 -1p00 -75 ~50 -25 O NDT 25 50 75 100

TEMPERATURE (°F)

and Instrumented Precracked

Figure 9 Comparison of Static, ODynamic
Function of Temperature for

Impact Fracture Toughness as a
A 533 Steel f[after (5)1]
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