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Abstract: A method of cable safety analysis is proposed for safety evaluation of long-span cable-stayed bridges.

The Daniels’ effect and the probability of broken wires in the cable are introduced to develop the cable strength

model and the reliability assessment technique for long-span cable-stayed bridges based on the safety factors

analysis of stay cables in service. As an application of the proposed model, the cable safety reliability of the

cable No. 25 of Zhaobaoshan cable-stayed bridge in China is calculated. The effects of various parameters on the

estimated cable safety reliability are investigated. The results indicate that the proposed method can be used to

assess the safety level of stay cables in cable-stayed bridges effectively. The Daniels’ effect should be taken

into account for assessment, and the probability of broken wires can be used to simulate the deterioration of stay

cables in service.
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Stay cables are the most important structural com-
ponents of cable-stayed bridges, therefore, ensuring
their safety under different load conditions is of great
importance to engineers. Uncertainties which arise from
variations in geometric properties ( cross-sectional
properties and dimensions), material mechanical prop-
erties ( modulus and strength, etc.), load magnitude
and distribution cannot be incorporated within the eval-
uation of stay cable safety levels. Probability analysis
provides the tool for incorporating structural modeling
uncertainties in the evaluation of the cable safety factor
by describing the uncertainties as random variables.

Haight et al.'" computed the cable safety factors
for the main cables of four suspension bridges by the
probabilistic method, and type | extreme value distribu-
tion was used to estimate the true number of brittle
wires in main cables. Cremona'” presented a probabilis-
tic approach for cable residual strength assessment. The
approach is applied to the Tancarville suspension main
cables by taking into account tensile test results, in-
spection data and weight-in-motion records. Faber et
al. "’ gave an overview of reliability based assessment
of parallel wire cables, both for design and assessment
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of cables in existing structures. Cheng et al. ' applied
the inverse reliability method to estimate cable safety
factors of suspension bridges satisfying prescribed relia-
bility.

Although the probabilistic approach has been
found to have some applications in design and assess-
ment for the main cables of suspension bridges, less
work has so far been presented regarding the evaluation
of stay cable safety factors of cable-stayed bridges. In
the original study by the authors, a probabilistic cable
strength model is proposed based on the work done by
other researchers in estimating the cable safety factors
of a long span pre-stressed concrete cable-stayed
bridge. The variations of constitute law of wires, the re-
duction of ultimate stay tensile capacity due to the so-
called length effect as well as the reduction due to the
large number of individual wires working in parallel
were taken into account in the approach. Whereas, the
randomness of structural geometry, service loads condi-
tions etc. were neglected. Therefore, the proposed paper
attempts to present a framework for the assessment of
cable safety factors of existing long span cable-stayed
bridges in the framework of statistics. For this purpose,
this paper first presents a deterministic model of cable
safety factors and the analysis of its probabilistic prop-
erties. Then, the proposed approach is applied to evalu-
ate the cable safety factors of an existing long span ca-
ble-stayed bridge in China.
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1  Probability Properties of Cable Safety
Factors

1.1 Deterministic model of cable safety factors

Traditionally, the cable safety factor v is obtained
as the ratio of the cable ultimate tension-carrying ca-
pacity T, over the maximum cable tension due to dead
and live loads T, namely,

Tu
=7 (1
The cable strength T, can be expressed as
T,=A.0, (2)

where A, is the cross-section area of the stay cable, and
o, is the rupture strength of the stay cable.

The maximum cable tension due to dead and live

loads is given as

T, =T, +T, (3)
where T}, is the cable tension due to dead loads. The
stay cable carried the self-weight and the second dead
loads of the structure, 77, should be designed according
to the optimal method. The diversity of designed T,
and operational cable force is inevitable, therefore, T},
is gained from a field test such as the ambient vibration
test. An optimal extrapolation method has been used to
obtain cable force due to traffic load 7, in Ref. [5].
1.2 Cable strength model

The assessment of the required and sufficient safe-
ty of stay cables was based on many structural reliabili-
ty analyses with a detailed modeling of the physical be-
havior of parallel wire cables.

Cables are represented in the present study by a
model illustrated in Fig. 1. Each cable strand is consid-
ered to be composed of n individual parallel wires of the
same diameter and length, and each wire is formed by m
segments in series. The model includes a reduction of the
ultimate stay tensile capacity due to the so-called length
effect as well as a reduction due to the large number of
individual wires working in parallel, the so-called Dan-
iels’ effect'®. An arbitrary number of broken wires in
the cable due to deterioration or construction errors is
taken into account in the present study.
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Fig.1 Cable modeling (WS: wire segment)
1.2.1 Wire segment modeling

For obvious technical reasons, tensile tests are
performed on wire segments. These segments repre-
sent the elementary length unit of a cable model. From
a mechanical point of view, wire segments have intrin-
sic properties expressed in terms of idealized or sim-
plified strain-stress constitutive laws. Different behav-
iors can be found in the literature, such as the perfect
elastic, the elastic-brittle, the elastic-plastic, and the in-
elastic laws, etc!"™",

In this paper, a simplified two-stage linear law is
applied to simulate the behavior of wire segments ac-
cording to the results of tests in the library. The first
stage represents the pre-yield linear strain-stress rela-
tionship, and the second line represents the post-yield
nonlinear behavior. This model is interesting because it
introduces only four variables E, ., &,, o, as shown in
Fig. 2. Tab. 1 provides some test results for two one-
meter-length wire segments of two different stay cables
from Zhaobaoshan cable-stayed bridge, respectively.
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Fig.2 Strain-stress relationship of wire segment

Tab.1 Test results of wire segments

Number Diameter/mm Area/mm? Ultimate Yield Elongation Elastic
strength/ GPa strength/MPa percentage/ % modulus/GPa

C21-1 7 38.48 1710 1510 4.0 200

C22-1 7 38.48 1730 1550 1.5 200

A total of four random variables are used in the
present model, namely E, ¢., ¢, and o,. Due to the
limited data used here, the correlation of these random
variables cannot be estimated reliably. The Monte
Carlo simulation is used to generate the samples.
Therefore, the choice of variable distributions is also

vital. The lognormal distribution has been chosen as
Cremona'”’ recommended for the Tancarville suspen-
sion bridge.

The proposed approach is to generate random
samples. Each variable is described by a statistical dis-
tribution for which the parameters are fitted on experi-
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mental data from tensile tests in specific structures.
1.2.2 Wire modeling

A wire is simply modeled as a series of a system
composed of wire segments. The wire strength is
therefore the strength corresponding to the weakest
segment. Intuitively, if the wire and segment lengths
are respectively L and L,, m = L/L, segments have to
be simulated to constitute a wire.

An applied stress o at the wire ends produces de-
formations ( or displacements) different for all the
segments. The problem is therefore reduced to a serv-
ices problem. From a geometrical point of view, this
problem consists of adding the m strains ¢;, for the
specific stress ¢. The latter should not exceed the min-
imum of the ultimate individual segment strengths o :

&
Evie (O i) = E; 3j(0'wire)
0 <0y < Opu = m]_in( a;) (4)
From the above formula the wire constitutive law
O ire = uire (&) -
1.2.3 Cable modeling
1) The Daniels’ model for the strength of a
parallel wire cable
The strength of a parallel system with n compo-
nents may, if n is large enough (n >150), be shown
to be normally distributed with mean value
w, =nxg[1 =F (x,)] +c, (5)
and standard deviation

)=

a, =X {nF (x) [1 -F.(x)]} (6)
where ¢, may be assessed from
¢ =0.966n7a (7)
and
4 f:(xo)xg (8)

_zfz(xo) +Xof 2 (X)
where f, (x,) is the density function for the wire
strength. The parameter x, is the solution of

xo =max{x[1-F.(x)]} 9
provided that there is f,(x) =0 and [1 - F,(x) ] —0.
A correction for the standard deviation can also be
given but it is usually not necessary. In particular, if z
is Weibull-distributed, the parameter x, may be deter-

mined from
1

x0=[l%]ku (10)

¢, may be considered as a correction term to the
asymptotic solution (which is valid for large n).

For illustrating the Daniels’ effect, an intact 100
meters long cable with 200 wires is analyzed by Faber
et al. ©! The systematic reduction of the cable mean
strength as a function of the number of wires in the
cable is illustrated in Fig. 3(a) with the parameters u

=1788.7,k=72.62 and A =3. The exponential at-
tenuation of the mean strength to the number of wires
for the same cable is gained by the Monte-Carlo simu-
lation, as shown in Fig. 3(b).
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Fig.3 Illustration of the Daniels’ effect. (a) Ref. [3];

(b) Monte-Carlo simulation

The reduction factor decreases when the number
of wires increases. The decreasing rate is more dis-
tinct when n < 100. However, as the mean value of the
strength of the cable decreases, the standard deviation
decreases even faster. Even for a moderate number of
wires (n >100) the strength of a parallel wire bundle
can be considered to be deterministic. Together the
two effects are often referred to as the Daniels’
effect. A more straightforward attenuation curve is il-
lustrated in Fig. 3(b) by the authors. Therefore, the
Daniels’ effect for the stay cables with the number of
wires from 109 to 301 in Zhaobaoshan cable-stayed
bridge cannot be neglected in the present study.

2) Broken wires in the cable

The wires breaking for a variety of reasons makes
the topic more complex. In this paper the “broken
wires” is described as the probability of broken wires
in the cable P;. P; is defined as the ratio of the num-
ber of broken wires over the total number of the wires,
and this is assumed to have a binomial distribution. In
theory, the distribution function parameters of P} can
be gained from the results of non-damage identification
in practical stay cables statistically. But up to now few
detection techniques can fulfill it actually, so a simpli-
fied formula is applied to estimate P}, namely,
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Py =T =P+ T (11)

where P is the connatural probability of broken wires
due to molding in the factory or for many sorts of am-
biguous reasons before the cables are fixed on the
bridges, and is arbitrarily taken to be 1% in the pres-
ent study. T is the period of service of stay cables,
which is taken to be a maximum of 30 years. / is the
rate of wires breaking, which is dependent on the en-
vironment and load conditions. According to the actual
standard, P; =5% 1is defined as the failure criterion,
namely, the cable is required to be replaced when 5%
of the wires are broken.

3) The cable strength model

The constitutive law of the cable residual strength
can be deduced by taking into account the Daniels’

effect and the probability of broken wires as follows:
Fcable = waire,l(g)Al O Sses € max (123)
=1

(12b)

where 7 is the number of unbroken wires in the cable

-1
‘9max = nv}lzrleX[ gmax :fwire( a-wire, max) ]

section. Monte-Carlo simulations are sufficient to cal-
culate the mean cable strength value, and the cumula-
tive distribution function of the mean cable strength
can also be defined.
1.3 Cable force due to service loads

The ambient vibration method is applied to meas-
ure the cable forces of existing cable-stayed bridges in
the service stage. The cable force due to dead loads is
gained by ambient vibration measurement with the ex-
iguous traffic flow on the bridges, and the free hours
are generally suitable for the measurement.

The experimental assessment of cable forces based
on the vibrating chord theory, as shown in Eq. (13),
has been successfully applied to cable-stayed bridges:

where ¢ is the ¢-th vibration mode of cable; f, is the
frequency of the ¢-th mode; L is the effective cable
length; and w is the weight per unit length of the ca-
ble.

Bounding conditions, environment conditions,
geometric properties etc. are the main factors which
influence the frequencies of cables. A detailed analy-
sis is conducted to gain the exact cable forces.

The cable force due to traffic load can be simpli-
fied as the given ratio to the cable force due to dead
load, namely as 7;/T, = 5. The randomness of the
load effect due to traffic conditions should be taken
into account.

The mean values of cable force are gained from
ambient vibration, and the coefficient of variation is
taken to 0. 02 according to the comparative studies by
Chang et al. "

2 Application to Long Span Cable-Stayed
Bridges

2.1 Reliability analysis

Zhaobaoshan bridge is located at the entrance of
the Yong River to the Eastern Sea in Ningbo, crossing
Zhaobao mountain in the district of Zhenhai and Jinji
mountain in the district of Beilun. The bridge is a sin-
gle-tower and double-cable plane pre-stressed concrete
cable-stayed bridge. The main span is 258 m in length.
The main tower is 148. 4 m in height. There are 102 ca-
bles arranged upstream and downstream, respectively.
Zhaobaoshan bridge opened to traffic on June 8, 2001.
The general view of Zhaobaoshan cable-stayed bridge
is illustrated in Fig. 4.

A four-year periodic inspection project has been
conducted on the bridge, and the cable force records
per six months has been applied to analyze the safety
factors of the stay cables. In Chinese design code for

4w 2
To :E(f L) (13) cable-stayed bridges, 2.5 will be the design safety
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Fig.4 General view of Zhaobaoshan cable-stayed bridge
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factor of stay cables, so the limited state function is
named as
A T 1Moy, s 14

A, 0 S’n)_(l+n)TD . (14)
where A, is the area of a wire in the cable, o, is the
mean strength of the wires taking into account the
Daniels’ effect, T}, is the cable force due to dead load
in service stage. The mean value of % is gained from
the analysis in Ref. [11]. A, o, and T, are assumed
to be independent and have a standard normal distri-
bution. The random variables and statistical properties
for cable No. 25 is presented in Tab. 2.

Tab.2 Statistical properties of random variables
for cable No. 25

Random Distribution Mean Variation

variable type value coefficient
A, /mm? Normal 38.5 0.05
o,/ MPa Normal 1620 0.05
Tp/kN Normal —* 0.02
n Normal 0. 025 0. 05

Note: —* the mean values were gained from periodical detec-
tion, refer to Ref. [11].

The Monte-Carlo method is used to calculate the
reliability indices. The results are illustrated in Fig. 5.
From the figure, it can be seen that the reliability in-
dex of cable No. 25 has smooth change in different
detection dates, other than the reliability index of up-
river, cable No. 25 has a sharp decrease at the last de-
tection, which causes the field detection engineers to

pay more attention to the cable.
- —o— Upriver cable No.25
—0— Downriver cable No.25

w

Reliability index
)

—_

2001-09-04 |-
01-12}
002-05-12 F
2002-09-21 -
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2003-05-11

2

Detection date
Fig.5 Reliability indices of cable No.25 in Zhaobaoshan Bridge

2.2 Sensitivity analysis

An important step in the structural reliability ana-
lyses is the sensitivity analysis of reliability indices.
This helps to identify important parameters. The sensi-
tivity analysis has been conducted regarding this prob-
lem. The results are listed in the following sections.
2.2.1 Effect of coefficient of variation of the ca-

ble force

The measured errors of cable force in the service
stage is unavoidable. By changing the coefficient of
variation of the cable force from 0. 01 to 0. 05, the re-
liability index of the safety is computed using the pro-
posed algorithm. The results are plotted in Fig. 6(a).

It can be seen that the reliability index of the safety of
cable No. 25 decreases slightly as the measured error
of cable force increases. The results indicate that the
precision of cable force measurement has a major
effect on the safety evaluation of cables.
2.2.2 Effect of probability of broken wires
Since the probability of broken wires P; in the
cable is the vital parameter influence on the ultimate
strength of the cable, various values of P} are
considered for the considered parameter, i. e. six val-
ues are used: 0, 0.01, 0.02, 0.03, 0.04, 0.05. The
variations of the reliability indices are shown in Fig. 6
(b). It can be seen that the reliability index decreases
as the probability of broken wires in the cable increa-
ses.
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Fig.6 Sensitivity of reliability indices with respect to (a)
coefficient of variation of the cable force; (b) probability of broken
wires; (¢) ratio of the cable force due to live load to dead load

2.2.3 Effect of the ratio of the cable force due
to live load to dead load

By changing the ratio of the cable force due to
live load to dead load, the reliability indices are com-
puted using the proposed algorithm. The reliability in-
dices are compared in Fig. 6(c). As the ratio of the
cable force due to live load to dead load increases, the
estimated cable safety indices decrease. The results in-
dicate that the traffic load is also a major influence
factor on the safety assessment of stay cables.



Probability evaluation method for cable safety of long-span cable-stayed bridges 97

3 Conclusions

1) Based on the presented models it is found that
the strength of the stay cables may effectively be trea-
ted as random variables. A more reasonable reliability-
based method is proposed for evaluating the safety
level of cables for cable-stayed bridges. The Daniels’
effect, i. e., the effect of having a large number of
wires in the cable is further verified in the study.

2) The probability of broken wires in the cable is
assumed linearly increasing during service, which
should be an effective and simplified approach to take
into account the effect of the deterioration mechanism
of fatigue and/or corrosion.

3) The detection results of cable force of cable-
stayed bridges during service are integrated with the
proposed method to rate the performance of stay ca-
bles quantitatively.

This paper provides an improved understanding
of the cable safety assessment of cable-stayed bridges.
However, the target reliability index should be studied
in the future for assessment of the practical safety lev-
el of the stay cables of bridges.

References

[1] Haight R Q, Billington D P, Khazem Dyab. Cable safety
factors for four suspension bridges[J]. Journal of Bridge
Engineering, 1997, 2(4): 157 —167.

[2] Cremona C. Probabilistic approach for cable residual
strength assessment [J]. Engineering Structures, 2003, 25

(3):377 —384.

[3] Faber M H, Enelund S, Rackwitz R. Aspects of parallel
wire cable reliability [ J]. Structural Safety, 2003, 25(2):
201 —225.

[4] Cheng Jin, Xiao Rucheng. Application of inverse reliability
method to estimated of cable safety factors of long span
suspension bridges [ J]. Structural Engineering and Me-
chanics, 2005, 23(2): 195 —207.

[5] Cremona C. Optimal extrapolation of traffic load effects
[J]. Structural Safety,2001,23(1):31 —46.

[6] Daniels H E. The statistical theory of the strength of bun-
dles of threads: part | [ C]1//Proceedings of the Royal So-
ciety of London: Series A. London: The Royal Society of
London, 1945, 183: 405 —435.

[7] Betti R, Yanev B. Conditions of suspension bridge cables:
the New York city case study[ C]//TRB Annual Meeting.
New York: Transportation Research Board, 1999: 105 —
112.

[8] Matteo J, Deodatis G, Billington D F. Safety analysis of
suspension-bridge cables: Williamsburg Bridge[J]. ASCE,
Journal of Structural Engineering, 1995, 120(11): 3197 —
3211.

[9] Perry R J. Estimating suspension cable strength[J]. ASCE,
Struc Cong, 1995,19(4):442 —454.

[10] Chang C C, Chang T Y P, Zhang Q W. Ambient vibra-
tion of long-span cable-stayed bridge [ J]. Journal of
Bridge Engineering,2001,6(1):46 —53.

[11] Zhu Jinsong, Xiao Rucheng. Safety analysis of stayed ca-
bles of large-span cable-stayed bridges|[J]. Journal of
Chinese Civil Engineering, 2006, 39(9): 107 — 112. (in
Chinese)

REERAFRRLZETEIMRTE

e

B iR’

- 3
(REAS

(" RERFRFL ISR, £ 2 300072)
C RFREHRREIALLZ, L 200092)
CRrEIIRFIBRELELEMLEAETTEL LR T, L% 100022)

TE A 7 AHE S AR AR ATRAE R T iRE AR & R A e 75 k. % )& Daniels 5 fe
B 2 Rk R AR S K TR RE T4 280 RS E AT Rk 1F
KRR GG R BE, AT T FRBELAERR DR, S 25 5 R AR N 6% A K, A
T ARG EBOT R ARG YR 5T R AW 445 & Daniels 28 R T 2wk ;15 8 B 41k )
BALTT VLRI KR K g R A T R R AR F R AT AR A & BT A 0 R AL IR 4R 12 B 4

Medi ke ge K00 77 k2 R 208y
KRR A A HGHER 4G AR
FE 5 ES U447



