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Broken wires retrieved from suspension bridge cables display a wide range for the critical

crack sizes and corresponding ultimate strength. During tensile tests, most specimens

fracture at short crack depths at a strength lower than the yield strength. This paper

presents the analysis of environment-assisted short crack growth in bridge wire. It will be

shown that the degrading environment in the bridge cable causes the reduction in the

fracture toughness of the wire at the short crack location leading to brittle fracture. The

paper will present a case study of short cracks observed during laboratory testing of

bridge wire samples which failed at tensile loading below the maximum yield strength.

The paper confirms the validity of linear elastic fracture mechanics in the analysis of

environment-assisted short crack growth in the bridge wire at fracture. It is shown that

the effective fracture toughness, (KC)M, at a short crack location could be significantly

reduced due to environmental degradation. The fracture toughness criterion is utilized to

forecast the degraded strength of cracked wire. Crack branching is shown to have no role

in the mechanism of crack growth in the high strength steel bridge wire.

Keywords: Linear elastic fracture mechanics; Environment-assisted cracking; Bridge cable

wire; Environmental degradation; Hydrogen embrittlement; Stress-corrosion cracking;

Net section criterion

1. Introduction

In many fracture applications, the role of sub-critical crack

growth is of major importance (Tiffany and Masters 1965).

This is manifested in the high strength steel bridge wire,

where the environmental degradation may cause apparently

innocuous cracks to grow until they are of a size sufficient

to cause failure. A basic principle of fracture mechanics is

that unstable fracture will occur when the stress intensity

factor at a crack tip reaches a critical value, which defines

the fracture toughness. Although this critical value will

depend upon many factors, including thickness, chemical

composition, and heat treatment, it is possible to determine

the fracture toughness of the wire, KC, by appropriate

experimentation (Bridge Technology Consulting 2007).

Since an analytic formulation of the stress intensity factor

contains parameters representing the crack variables, such

as shape and size, and also the loading variables, it follows

that the critical stress intensity factor represents a critical

combination of applied stress and flaw size. From the

viewpoint of short crack growth, it is more appropriate to

note that the critical crack size corresponds to a critical

combination of applied stress and fracture toughness as

described by the critical stress intensity factor. One of the

primary causes of sub-critical crack growth is aggressive

environments (Johnson and Paris 1967). The effect of

environmental conditions is therefore essential in the

analysis of cracked wires and the true definition of short

and critical crack growth in bridge cable wires. It is

important to note that experimental results have shown
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that some materials are highly resistant to stress corrosion

in smooth specimen tests. However, they are vulnerable to

stress corrosion cracking when pre-cracked specimens are

tested under similar conditions (Brown and Beachem 1965).

In situ wire breaks with crack depth to diameter ratio,

(a/D), of up to 0.5 have been retrieved from bridge cables,

where a is the crack depth and D is the wire diameter. These

cracks have evidently grown to a critical depth, ac, which

corresponds to a strength capacity lower than the applied

stress in the wire leading to its fracture. Fracture surfaces

demonstrate initial cracks which propagate transversely

across the wire until an unstable condition is reached and

brittle fracture occurs. Depth ratios of cracks, observed in

wires that broke in service, display a minimum (a/D) �
0.27, and a maximum (a/D) of up to 0.5. On the other hand,

cracks that are observed in wire test samples are, for the

most part, shallower than 0.25 (a/D), and therefore

classified as sub-critical, or short cracks.

The analysis of cracked wires in bridge cables has

received little attention in the past and the collected data

for crack depths is limited. Recently, more focus has been

directed towards fracture analysis of bridge cable wires

(Mahmoud and Fisher 2003, Gjerding-Smith et al. 2006,

Mahmoud and Moreau 2006, Mahmoud 2007). The

evaluation of the strength capacity of cracked wires at

fracture is important in the assessment of bridge cable

strength due to the cracked wire distinct behavior, which is

evident in the low ultimate elongation of cracked wires. If

cracked wires were lumped with intact wires, the remark-

able low ductility of cracked wires would not be fully

demonstrated. This could result in a significant over-

estimation of the cable strength. Thus the categorization

of wires in the bridge cable into cracked and intact is of

paramount importance in the accurate modeling and

representation of true cable behavior.

In this paper, the mechanics of short crack growth in the

high strength steel wire of bridge cables are discussed. A case

study of a group of cracked wires sampled from a suspension

bridge cable and their fracture resistance will be presented

and the role of the degrading environment will

be highlighted. Forecast of the wire strength at fracture will

be assessed based on the fracture toughness criterion. The

phenomenon of crack branching will be discussed and shown

not to occur in the high strength steel bridge cable wire.

2. Short cracks in bridge wires

The influence of the environment on the strength of high

strength steel bridge cable wire has received little attention

from a fracture mechanics viewpoint. The phenomenon of

local failure at the tip of a crack in the wire, causing the

growth of initial cracks and eventual failure of the wire is

manifold and complex. The primary task of the theory is to

combine the individual mechanisms of local failure and

create sufficiently simple and reliable mathematical model

for the entire process. It has been recognized that the

strength and deformation capacity of solids depend on

the environment in which they operate. The influence of the

environment on the high strength steel bridge wire is

manifested in the strength degradation and the pronounced

brittle behavior of the wire. Microscopic quantities of

pollutants could be sufficient to change the strength of the

wire significantly. A change in external conditions has a

strong effect on processes of local failure at the tip of a

crack. Therefore crack growth rate as a function of external

parameters is a significant factor in the material – environ-

ment system. In a suspension bridge cable, the live load

fluctuation is typically minimal, and therefore the effect of

external load parameters is inconsequential. However,

short crack growth in bridge cable wire is evident from

the available test data. Thus, the phenomenon of short

crack growth in the wire should be described within the

framework of the fracture toughness, KC, concept. This

could be achieved by studying the degradation in the

fracture toughness of the wire material under the influence

of the environment. Bridge cable wire is made of much

higher yield and tensile strength steel than typical structural

members, therefore it is more susceptible to environment-

assisted cracking. Moreover, environmental conditions

within suspension bridge cables, including trapped moist-

ure and partial or complete loss of galvanized coatings,

promote chemical reactions that charge hydrogen into the

wire. These reactions, in combination with surface attack

and pitting that produce stress concentrations, lead to flat

transverse stress corrosion cracks in wires. Stress corrosion

and hydrogen embrittlement have been reported to cause

cracking in high strength steel suspension bridge cable wire

as the sacrificial loss of zinc coating from oxidation and

access water into the cable have caused pitting and the

formation of cracks that subsequently grow and fracture

wire. The cracking sequence observed in a number of

suspension bridges usually starts with a corrosion pit,

followed by a growing part-through transverse flat crack.

When cracking reaches a critical depth, usually about half

the wire diameter, failure of the wire occurs. The failure is

sometimes accompanied by longitudinal splitting of the

wire (Fisher et al. 1998).

The process of sub-critical failure under stress can be

divided into two periods: the incubation period which

defines the interval of time during which the crack is

formed, and the period of the sub-critical crack growth.

This paper will address the growth phase of sub-critical

cracks, which will result in fracture in bridge cable wire.

The rate of sub-critical crack growth, da
dt, is a function of

the stress intensity factor, K, such that:

da

dt
¼ fðKÞ ð1Þ
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The function described by equation (1) is equal to 0 when

KI � KEAC, while when KI � KEAC, the function increases

monotonically with increasing KI. The ratio of KEAC

KC
for

ductile metals is usually close to 1. For high strength steel

materials and brittle alloys, such as the bridge cable wire,

the ratio of KEAC

KC
could be much less than 1, depending on

effect of the environment at the short crack location. The

quantity KEAC is defined as the threshold stress intensity

factor for environment-assisted cracking. It is important to

emphasize that there is no implied relationship between the

fracture toughness and resistance to environment-assisted

cracking (Johnson and Paris 1967). It is also worthy of note

that some recent work on suspension bridge cable wire has

shown degradation due to the effect of hydrogen embrit-

tlement (Service et al. 2004, Gjerding-Smith et al. 2006,

Bridge Technology Consulting 2007). The ASTM E1681-03

Standard Test Method for Determining a Threshold Stress

Intensity Factor for Environment-Assisted Cracking of

Metallic Materials, Volume 03.01, developed by Subcom-

mittee E08.06, provides the procedures for the measure-

ments of KEAC (ASTM E1681-03 2003). The specification

adopts the more general quantity KEAC instead of the

traditional KISCC. The KISCC value for a specific material –

environment system at a given temperature is defined as the

threshold stress intensity factor, under which sub-critical

crack growth does not occur under sustained loads in the

environment.

Due to size limitations of the bridge wire, the following

methodology is proposed to evaluate KEAC for the bridge

cable wire.

3. Proposed methodology for identification of KEAC

for bridge wire and practical implications

The ideal case is to establish experimentally a minimum

value for the quantity KEAC, above which the growth of a

short crack in a bridge wire occurs. A pre-cracked wire

specimen surrounded by corrodent solution should be

loaded at initial stress intensity somewhat lower than that

required for dry break and the time to fracture noted. The

stress intensity required for dry break is defined by the

fracture toughness of suspension bridge cable wire, KC,

which was first measured by Bridge Technology Consulting

(2007). Successively, lower initial stress intensities are to be

used until a specific level of stress intensity is reached,

which is insufficient to propagate the crack during the test.

From these data one can readily arrive at the minimum

stress intensity required to propagate the crack, KEAC. It is

of paramount importance to note that from this proposed

methodology, one cannot state that a crack will never grow

at a stress intensity lower than the observed KEAC, because

an extension of the time of the test by one or two orders of

magnitude might result in crack growth. There is no

available data for crack growth in wire to date. It is

assured, however, that initial stress intensity higher than

KEAC will cause crack growth due to the effect of the

environment at the crack location. Therefore in conducting

the test, it is of significance to establish a rough idea of

maximum testing time required to be reasonably sure that

environment-assisted cracking will not occur at a given

value of the quantity, KEAC.

It must also be noted that the environment-enhanced

crack growth is governed by the material – environment

system which involves the effect of relative humidity,

temperature, and hydrogen diffusion (Mahmoud 2003).

As soon as the applied stress intensity factor, KI, exceeds

the threshold stress intensity factor for environment-

assisted cracking, KEAC, short crack growth ensues. The

short crack growth will continue until the applied stress

intensity factor, KI, reaches a critical value and wire

fracture occurs. The critical value of the stress intensity

factor is strongly related to the local environment at the

short crack location. Thus, it is perceivable, under the effect

of the environment, that a certain level of the stress

intensity factor, KI, may lead to the fracture of the wire at a

short crack of a given size in a wire inside the bridge cable.

However, under less aggressive environment, the same

value of KI might not lead to the fracture of another wire

that contains a similar size short crack. The apparent

practical implication of this hypothesis is that wires that

contain short cracks which were developed in-service would

display a range for the critical value of the stress intensity

factor at fracture depending on the local environment at

each short crack.

In the following section, a case study is presented for a

group of cracked wires retrieved from a major suspension

bridge cable, and the concept of effective fracture toughness

at short cracks is established.

4. Case study of short cracks in suspension bridge

cable wire

In this section, a case study of the short crack behavior for

a group of wires retrieved from a main suspension bridge

cable is presented. Before proceeding with the analysis of

short crack growth, the analysis and definition of critical

crack depth threshold for bridge wire are introduced.

Analysis within linear elastic fracture mechanics is com-

pared with the net section criterion, to account for the

plastic deformation ahead of the crack tip.

4.1 Fracture analysis

In situ wire breaks with crack depth ratio, (a/D), of up to

0.5 have been retrieved from bridge cables. These cracks

have evidently grown to a critical depth, ac, which cor-

responds to a strength capacity lower than the applied

stress in the wire leading to its fracture. It is established that
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in situ wire breaks demonstrate initial cracks which

propagate transversely across the wire until critical depth,

ac, is reached, and (quasi) brittle fracture occurs. Depth

ratios of cracks, observed in wires that broke in service,

display a range of crack depth ratio, (a/D), that varies

between 0.27 and 0.5. Figure 1 shows a low magnification

(611) scanning electron microscope (SEM) micrograph for

a wire break with a straight crack front and (a/D) � 0.5.

The dashed line in Figure 1 was drawn by the testing

laboratory to define the front of the critical crack along

which the failure occurred. On the other hand, an

aggressive environment could invoke fracture in a wire

that contains a short crack, as seen in Figure 2.

Cracks that are observed in non-broken wire test samples

are, for the most part, shallower than 0.27 (a/D). Therefore,

cracks with depth ratio lower than 0.27 will be regarded as

sub-critical or short cracks in the 5-mm suspension bridge

cable wire. With this definition, most of the cracks detected

in bridge wire samples are classified as sub-critical, or short

cracks. It is important to note that wire fracture could take

place at a short crack depth when the applied stress

intensity factor, under the effect of local environment,

reaches a critical value, as defined below.

Cracked wire data retrieved from many suspension

bridges shows an increasing trend of short crack growth

with the passage of time. This indicates a crack growth

rate that could eventually reach the critical crack depth

ratio, as observed in the in situ breaks, leading to the wire

fracture. However, the time for this to occur is not known.

In the short crack domain, if the applied stress intensity

factor exceeds the quantity KEAC, short crack growth

occurs. When the stress intensity factor at a given crack

location reaches a critical value, (KC)M, wire fracture

occurs at a short crack depth. The quantity (KC)M
required to cause fracture at a short crack depth depends

on the environment –material system, which includes the

effect of degrading medium, temperature and relative

humidity at the short crack location. The above-described

mechanism could be explained in light of the well-known

phenomenon of delayed fracture that factors in the con-

centration of atomic hydrogen at the mouth of the crack

(Mahmoud 2003). The material – environment system

parameter, (KC)M, could be defined as the effective fracture

toughness at a given short crack location. The value

of (KC)M is given by making use of the following

formulation:

ðKCÞM ¼ sC � Y
a

D

� �
�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p � asub�c
p

ð2Þ

where sC is the fracture strength of a wire with short crack

depth of asub – c and Y a
D

� �
is the crack shape parameter for

the wire under tension, given by (Mahmoud 2007):

Y
a

D

� �
¼ 0:7282� 2:1425

a

D

� �
þ 18:082

a

D

� �2

� 49:385
a

D

� �3
þ 66:114

a

D

� �4
ð3Þ

For a group of cracked wires that were retrieved from a

suspension bridge cable and tested in tension, the fracture

strength, sC, and the short crack depth were measured and

recorded for each wire specimen. Figure 3 displays the

relationship between the effective fracture toughness due to

environment-assisted cracking, (KC)M, and crack depth to

diameter ratio, (a/D). The figure demonstrates a strong

correlation between the two parameters. The data point at

the far bottom right corner of Figure 3 was taken from a

broken wire and reported a very low fracture strength.

Figure 1. Wire break with straight crack front and critical

depth ratio, (a/D) � 0.5.

Figure 2. Wire break with semicircular short crack.

250 K. M. Mahmoud and J. W. Fisher



Exclusion of that anomalous point results in a stronger

correlation between (KC)M and (a/D).

The observed range associated with this set of data is

34.64 – 64.71 MPa �m1/2, whose maximum bound is less

than the recently evaluated fracture toughness of the sus-

pension bridge cable wire of about 65.70 MPa �m1/2

(Bridge Technology Consulting 2007). It is worthy of note

that all the values of the fracture strength, sC, for this set of
data, with the exception of three specimens, were below the

maximum value of the yield strength measured for the cable

wire. One of these three specimens reported a fracture

strength that is very close to the average strength of intact,

i.e., non-cracked wires. This raises questions about the

sharpness of the crack in that specimen. There are no SEM

images to confirm the presence of cracks in that specimen.

It is likely, however, that the specimen contained corrosion

pits that was not sharp enough to grow a crack. The above

analysis validates the computation of the fracture capacity

for cracked wires within the scope of linear elastic fracture

mechanics.

Ideally, to evaluate the fracture strength for a cracked

wire inside the cable, the effect of the environment –

material system should be precisely known to determine the

effective toughness, (KEAC)M, at a given short crack. In

addition, the depth of the short crack should also be

known. This is, however, very difficult to establish and to

account for in the real cable due to the differences in the

effect of the environment –material system at different

short cracks along the cable length. A viable and practical

approach is to infer the fracture strength based on the

measured dry fracture toughness, KC, and the relevant

crack depths within linear elastic fracture mechanics.

Relevant crack depths are those which will result in

fracture stress lower than the yield strength. The benefit

of this approach is that the fracture strength could easily be

established using a measurable material property: the

fracture toughness, KC. The latter has been shown to

provide a practical means for the calculations of the

strength degradation of a cracked wire, as will be demon-

strated later (Mahmoud 2007). Therefore the employment

of the fracture toughness, KC, criterion is of significant and

practical importance.

4.2 Net section criterion

The fracture surfaces of cracked wires exhibit quasi

cleavage (brittle) failure with negligible ductility. As has

been mentioned earlier, most of the wire fractures took

place under the yield strength of the wire material. To

demonstrate the negligible effect of plastic deformation in

cracked wires, the net section theory is introduced. The net

section capacity is a conventional method that is widely

used to estimate the strength of structural components

under plastic collapse conditions (Mahmoud 2007). The

critical nominal stress, sCr, is calculated from:

sCr ¼
ANet

A
sf ð4Þ

where A is the nominal cross-sectional area, ANet¼A –

ACrack is the net section area, with ACrack being the area

occupied by the crack, while sf is an assumed material

property known as the flow stress, and is taken as the

average of yield and ultimate stresses.

Figure 3. Range of the effective fracture toughness due to environment-assisted cracking, (KC)M.
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Equation (4) assumes that the stress distribution is

uniform tension across the net section of the wire at the

failure state. This hypothesis is well justified by the known

tendency of plastic deformation to smooth out uneven

stress distribution across the uncracked surface.

The average critical nominal stress, sCr, using the net

section theory is only 6% higher than the average fracture

strength calculated based on linear elastic fracture me-

chanics. For the particular case presented here, this

translates into mere 0.4% less force capacity, or 1% on

the factor of safety. Obviously, this confirms the observa-

tion that the limited plastic behavior effect on the assessed

cable strength and factor of safety is negligible.

It should be realized that the plastic solution using the

net section criterion could render unconservative results for

the fracture capacity of a wire with deep crack. In other

words, it would lead to a significant overestimation of the

cable strength. For the cracked wire shown in Figure 1, for

instance, the crack depth to diameter ratio, (a/D)¼ 0.46.

This corresponds to fracture strength of 449 MPa, using

linear elastic fracture mechanics, whereas the net section

capacity produces fracture strength of 738 MPa. The value

of the dead load stress in the wire, at the suspension bridge

from which the wire was retrieved, has been calculated as

482 MPa. As soon as the crack depth to diameter ratio,

(a/D), reached the value of 0.46, the dead load stress

exceeded the wire fracture strength, calculated using linear

elastic fracture mechanics, leading to the wire fracture.

Evidently, in this case, the wire fracture strength is not

governed by the net section fracture capacity of 738 MPa,

which exceeds the dead load stress in the wire. The

overestimate in the fracture capacity of the wire in this

particular case is significant.

In the final analysis, plastic deformation as demonstrated

by the net section theory overestimates the factor of safety

if used for the full range of crack depths. In other words,

the use of linear elastic fracture mechanics results in

negligible effect on the fracture capacity of cracked wires,

whereas the use of plastic approach could significantly

overestimate the cracked wire strength. On balance, the use

of elastic fracture mechanics with relevant crack depths

proves as the best available methodology to determine the

fracture strength of cracked wires in the cable.

In the next section, the minor role of crack branching in

bridge cable high strength steel wire is highlighted.

5. Use of toughness criterion to forecast fracture strength

of cracked wire

Fracture toughness degradation due to environmental

factors has been observed in high strength steel wire

(Gjerding-Smith 2006, Bridge Technology Consulting

2007). The degradation of toughness has been correlated

to the strain energy density for bridge wire (Mahmoud

2007). The strain energy density criterion was developed in

1970s as a rational approach to linear elastic fracture

mechanics and was also shown to be applicable to ductile

fracture (Sih and Madenci 1983). In recent experimental

work (Bridge Technology Consulting, unpublished results),

the fracture toughness for the new bridge wire was

evaluated at 76.65 MPa �m1/2 to quantify the adverse

effects of degradation on the deteriorated wire toughness.

Assessment of the strain energy density evaluated from the

stress – strain curve of the wire follows the work in (Jeong

et al. 1995). A relationship between the toughness and the

strain energy density for a bridge wire was first proposed by

(Mahmoud and Kassir 2003) as follows:

K2
c ¼ b �W0 ð5Þ

Where b is a function of the elastic properties of the wire

material that will be considered constant with exposure to

the environmental degradation. The fracture toughness of

the degraded wire, (Kc)d, is correlated to the fracture

toughness of the healthy (new) wire, (Kc)h, by the following

relationship:

ðKcÞ2d ¼ ðKcÞ2h �
ðW0Þd
ðW0Þh

ð6Þ

Where (W0)d and (W0)h are the strain energy density for the

degraded and healthy wire, respectively.

The fracture toughness measurements of the degraded

wire along with the strain energy density criterion allow for

the calculation of the fracture strength of cracked wires at a

given time in the future by use of the typical stress strain

curve produced by the conventional tension test. This

affords the practicing engineer a simple tool for forecasting

the fracture strength of cracked wire proportion in the

bridge cable.

6. Crack branching in high strength steel bridge

cable wire

The first analysis treatment in fracture mechanics to include

the effect of inertia forces on crack propagation was

also the first to attempt a quantitative treatment of crack

branching. This was the ‘moving Griffith crack’ solution of

(Yoffe 1951). Yoffe considered a crack propagating in an

infinite elastic region under a uniform applied stress acting

normal to the crack line. The special feature of Yoffe’s

analysis was that the crack retains its original length. In

essence, it is a disturbance that propagates at a constant

speed without change of form. While physically unrealistic,

it did at least provide an indication of the influence of crack

speed on the stress state at the tip of a rapidly propagating

crack. Yoffe was motivated by the idea that while the

stresses about a stationary crack are such that crack
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extension will occur in the line of the crack, there might

be a tendency for the crack to curve or branch at

high propagation speeds. The next important dynamic

crack propagation solutions were those contributed by

(Broberg 1960, Craggs 1960). Broberg argued that, if the

surface energy is negligibly small, then the crack will

nucleate from an infinitesimally small microcrack and will

achieve the limiting velocity immediately. He therefore

solved the dynamic problem of a crack expanding from

zero length at a uniform rate. Baker (1962) subsequently

generalized Broberg’s solution to include a finite initial

crack.

All of the above solutions are artificial solutions that

have no direct structural applications. Even though crack

branching offers attractive research opportunities to

mathematicians and experimentalists, its practical applica-

tions are not of nearly as much significance (Kanninen and

Popelar 1985). In 1966, Clark and Irwin (1966) provided a

practical solution to the problem. They found that the

crack speed just before crack division was nearly the same

as that of the most advanced crack in a multiple division

crack pattern. Hence, in contrast to Yoffe’s argument, the

crack does not branch solely because it reached some

critical velocity. Clark and Irwin were able to arrive at an

alternative explanation through estimates (quasi-static) of

the crack driving forces prior to and following branching.

Upon finding them to be nearly equal, they concluded that

‘it seems best therefore to regard attainment of a critical K

(or G), rather than a crack-speed-induced modification of

the stress pattern, as the primary factor controlling crack

division’.

It has been established that simultaneous growth of

many parallel cracks is unstable. As soon as, for some

random reason, one of the cracks gets slightly ahead of the

rest, the stress intensity factor of the leading crack becomes

greater than that of the others and, consequently, the

growth rate of this leading crack increases. At the same

time, the stress intensity factor and growth rate of the

neighboring cracks decrease. This effect is more pro-

nounced the greater the lead taken by the leading crack,

so that finally the most dangerous (leading) crack remains

as the only one (Cherepanov 1979).

Based on experimental study for many high strength steel

alloys (Carter 1971), it has been shown that that when

(KISCC/KC) exceeds 0.5, rapid brittle fracture will occur

before the stress intensity factor for crack branching, KIb,

can be reached. In the study, the condition for crack

branching has been established by the following inequality:

KIb � 2 KISCC ð7Þ

The high strength steel used for bridge wire is similar in its

properties to the H11-Alloy high strength steel whose

yield strength is 1295 MPa, and fracture toughness is

59.10 MPa �m1/2. The threshold stress intensity factor for

stress corrosion cracking, KISCC, of 32.85 MPa �m1/2 was

determined for H11-Alloy high strength steel (Carter 1967).

Bridge Technology Consulting has recently measured the

fracture toughness for the Mid-Hudson Bridge wire at

65.70 MPa �m1/2 (Bridge Technology Consulting 2007).

Therefore it is reasonable to assume that the stress intensity

factor threshold, KISCC, for the wire is approximately

32.85 MPa �m1/2.

With the above values for KISCC and KC, for the H11-

Alloy, it was not possible for the stress intensity at the tip of

the extending crack to reach the critical level for branching

(KIb4 2KISCC) before the onset of rapid brittle fracture at

KC. Similarly, for the high strength steel wire material

whose properties are almost identical to the H11-Alloy

high strength steel, crack branching will not occur as

(KISCC/KC) does not exceed 0.5.

The influence of the microstructure in fracture mechanics

is referred to by the random factor. When KI5KIb, the

initial random fractures at the front of a crack resulting

from uniform pitting and the influence of the external field

do not grow beyond the limits of action of random factors

of the microstructure (on the order of the grain size).

Therefore, small microcracks at the front of a crack cannot

be related to the phenomenon of crack branching; their

growth is explained by the electrochemical mechanism of

the growth of pits and cracks (Cherepanov 1979).

Occasionally, a longitudinal split or line of discontinu-

ities has formed in a wire during manufacture. When these

conditions exist at a crack location, the crack extension will

arrest when it encounters this zone. This is not a branching

crack but the intersection of a propagating crack with this

anomaly (Pense et al. 1997).

The above discussion asserts the well-known notion that

crack branching does not take place in bridge cable wire.

7. Conclusions

Short crack growth mechanism in the high strength steel

wire of suspension bridge cable was introduced. The brittle

behavior of cracked wire allowed the calculations of the

fracture strength using linear elastic fracture mechanics.

Comparison with the net section criterion, to account for

the marginal plastic deformation ahead of the crack tip,

provided only negligible increase in the structural capacity

of wires that contain short cracks. A methodology for the

evaluation of the threshold stress intensity factor for

environment-assisted cracking in wire, KEAC, was pro-

posed. The paper provided the definition of effective

fracture toughness at the short crack location, (KC)M,

which is affected by the local material – environment system

at the crack location. Forecast of degraded wire strength is

proposed based on the strain energy density approach.

Analytical and experimental evidence from analysis of wire
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breaks show no role for crack branching in the mechanism

of crack growth in the high strength steel wire of bridge

cables.

References

ASTM E1681-03 Standard Test Method for Determining a Threshold

Stress Intensity Factor for Environment-Assisted Cracking of Metallic

Materials, Subcommittee: E08.06, Book of Standards, Volume: 03.01,

2003.

Baker, B.R. Dynamics stresses created by a moving crack. J. Appl. Mech.

1962, 29, 449 – 458.

Bridge Technology Consulting. Main cable investigation at the Mid-

Hudson Suspension Bridge – Fracture toughness identification of main

cable wire. Technical Report prepared for the New York State Bridge

Authority, New York, 2007.

Broberg, K.B. The propagation of a brittle crack. Ark. Fys. 1960, 18, 159 –

192.

Brown, B.F. and Beachem, C.D. A study of the stress factor in corrosion

cracking by use of the precracked cantilever-beam specimen. Corrosion

Sci. 5, 1965.

Carter, C.S. Crack extension in several high-strength steels loaded in 3.5%

sodium chloride solution. Document D6-19770. The Boeing Co.

(available from Defense Documentation Center), 1967.

Carter, C.S. Stress corrosion crack branching in high-strength steels. Eng.

Fract. Mech. 1971, 3, 1 – 13.

Cherepanov, G.P. Mechanics of Brittle Fracture, 1979 (McGraw-Hill Inc.,

New York).

Clark, A.B.J. and Irwin, G.R. Crack-propagation behaviors. Exp. Mech.

1966, 6, 321 – 330.

Crags, J.W. On the propagation of a crack in an elastic-brittle material.

J. Mech. Phys. Solids 1960, 8, 66 – 75.

Fisher, J.W., Kaufmann, E.J. and Pense, A.W. Effect of corrosion on crack

development and fatigue life. Transportation Research Record 1624,

Paper No. 98-1038, 1998, 110 – 117.

Gjerding-Smith,K., Johnsen,R., Lange,H.I., Leinum, B.H.,Gundersen,G.,

Isaksen, B. and Naerum, G. Wire fractures in locked coil cables. J. Bridge

Structures 2006, 2, 63 – 77.

Jeong, D.Y., Orringen, O. and Sih, G.C. Strain energy density approach to

stable crack extension under net section yielding of aircraft fuselage.

J. Theor. Appl. Fract. Mech. 1995, 22, 127 – 137.

Johnson, H. and Paris, P. Sub-critical flaw growth. In The National

Symposium on Fracture Mechanics, Lehigh University, Bethlehem, PA,

June 19 – 21, 1967.

Kanninen, M.F. and Popelar, C.H. Advanced Fracture Mechanics, 1985

(Oxford University Press, Oxford).

Mahmoud, K.M. Fracture strength for a high strength steel bridge

cable wire with a surface crack. J. Theor. Appl. Fract. Mech. 2007, 48(2),

in press.

Mahmoud, K.M. and Moreau, W.J. Evaluation of the fracture toughness

of the Mid-Hudson Bridge cable wire. In The 5th International Cable-

Supported Bridge Operators’ Conference, New York City, USA, August

28 – 29, 2006.

Mahmoud, K.M. and Fisher, J.W. Assessment of cracking potential in

bridge cable wires. Seminar on Bridge Cables, Bridge Engineering

Association, New York City, USA, February 2003.

Mahmoud, K.M. and Kassir, M.K. Degradation of bridge cable wire due

to stress corrosion cracking and hydrogen embrittlement, in Mesome-

chanics of Computation and Design of Use-Specific Materials: Simulation

and Fabrication of Advanced Materials with Mesoscopic Structures, edited

by G.C. Sih, S. Sakai and V.E. Panin, pp. 19 – 23, 2003 (University of

Tokyo, Tokyo).

Mahmoud, K.M. Hydrogen embrittlement of suspension bridge cable

wires, in System-based Vision for Strategic and Creative Design, edited

by F. Bontempi, pp. 947 – 950, 2003 (A.A. Balkema, Lisse, The

Netherlands).

Modjeski and Masters, Inc. Corrosion Investigation of the Main Cables for

the Mid-Hudson Bridge, Poughkeepsie, New York, Phase III, Volume 1,

1992.

Pense, A.W., Fisher, J.W., Stokes, F.E., Kaufmann, E.J. and Siegrist, C.A.

Final Report on Mechanical, Chemical and Metalurgical Examination of

Ben Franklin Bridge Cable Wires, for Weidlinger Associates, Inc, March

14, 1997.

Service, T., McKrell, T., Mayrbaurl, R., Latanision, R. and Paskova, T.

Embrittlement and cracking of cold-drawn high-strength bridge cable

wire, in The 4th International Cable-Supported Bridge Operators’

Conference, Copenhagen, USA, June 16 – 19, 2004.

Sih, G.C. and Madenci, E. Fracture initiation under gross yielding, strain

energy density criterion. Eng. Fract. Mech. 1983, 18, 667 – 677.

Tiffany, C.F. and Masters, J.N. Applied fracture mechanics. Fracture

Toughness Testing and its Applications, ASTM STP 381, American

Society for Testing and Materials, 1965.

Yoffe, E.H. The moving Griffith Crack. Phil. Mag. 1951, 42, 739 – 750.

254 K. M. Mahmoud and J. W. Fisher


