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Abstract

Purpose of research. Bridge constructions are frequently subjected to harsh circumstances such as severe weather,
earthquakes, traffic accidents, and even explosives. Bridge structures may lose some of their important structural parts
(e.g., cables or piers) as a result of such intense external stresses, and further collapse is possible, as progressive collapse
is often caused by the abrupt loss of one or more critical structural components. Cable-stayed bridges have very tiny cross-
sectional areas and are subjected to high loads. Such strong pressures can destroy anchoring zones due to large stress
concentrations, resulting in cable loss. Bridges with cable stays must be thoroughly investigated for the danger of
progressive collapse induced by cable loss scenarios. Suggests considering the most common cable failure
scenarios throughout the design process. To evaluate the effect of cable loss, do a static analysis with a (DAF) of
two. There are two primary ways for avoiding progressive collapse. First, adopt structural or non-structural measures
to provide a high level of safety against localized collapse. Second, prevent failures from spreading by establishing a
solid foundation that allows for local failures.

Methods. Materials and methods. Damage to cables in the mathematical modeling of cable-stayed bridges. A
continuous beam suspended from tension elements (cables) forms the basis of the conceptual model. His strength
calculation plan is by comparing stiffness and flexibility matrices of intact and damaged systems. The stiffness matrix
for an intact system is calculated using its reduced shape. The flexibility matrix is then calculated by inverting the
reduced stiffness matrix. The conceptual model is interactive. As a result, the stiffness matrix is infinite. For direct

analytical calculations, the parameter n is set as the ratio of the stiffness of the system (n = %}, and a reduced
beam

form of the stiffness matrix is obtained to obtain an intact.

Results. The secant module seems to give a very good approximation, since the error remains less than 1% for
cables up to 300 m long and less than 2% for cables up to 7560 m long. Russians Russian Bridge has a length of
135.77 meters and the longest cable is 579.57 meters, as a result, the error rate of cables on the Russian Bridge will
remain less than 1% for some cables and less than 2% for some cables. Considering that the modulus of elasticity of
the steel material of the cable is rarely known with an accuracy of more than 2-3%, it is obvious that the method for
determining the secant modulus would be suitable for all practical purposes. The tangent module is often easier to
use than the secant module, since it is only necessary to know the voltage of the cable in its initial state. On the other
hand, the tangent module can lead to erroneous conclusions with a long cable length and a large traffic-to-idle ratio,
as shown in Figure 8.

Conclusion. The distance between two adjacent cables on modern bridges is significantly less than on older bridges.
As a result, in the event of a car accident or explosion on the new bridge, several cables will fail. As a result, it was
proposed that bridge designers take into account the rupture of all cables within a radius of 10 meters. Several
studies have been conducted to find DAF in bridges. According to this study, having a father of two is not always
safe. Although a recent study shows that the proposed DAD is safe for cable construction, that is, it is unsafe for
structures of pylons or beams with negative moments.
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Pesiome

Lenb uccnedoeaHusi. Mocmoebie coopyxeHusi 4acmo rodeepaaromcsi 8030eliCmeUro CyposbIX MO200HbIX ycriosul,
3emriempsiceHuUl, GOPOXHO-MPaHCIOPMHbIX rpoucwecmauli u daxe 83pbigHambiX seuiecms. Mocmosbie coopyXeHUsT
Mo2ym romepsimb HEKOMOpPbIe U3 C80UX B8aKHbIX KOHCMPYKMUBHBIX 3/1EMEHMO8 (Harnpumep, mpochbl Unu Oriopbl) 8
pesyribmame makux UHMEeHCUBHbIX BHEeWHUX eo30elicmeuli, U B03MOXHO OarbHellee ObBpyweHuUe, MOCKOMbKY
npoepeccupyroujee obpyuieHUe 4Yacmo 8bI38aHO 8He3arHoU rnomepel OOHO20 UrU HECKOSbKUX 8aXKHbIX KOHCMPYK-
MUBHbIX KOMIOHEHMOB. BaHmosbie Mocmbl UMeom O4YeHb Maslyro riouwadb MornepevyHo20 CevyeHust u rnodeepearomcsi
8bICOKUM HazpyskaM. Takoe curbHOe OasrieHUue MOXem fpusecmu K paspyuweHUt0 30H KperseHus U3-3a 8bICOKOU
KOHUeHmpauuu HanpsbkeHul, 4mo npueedem K obpbigy kabensd. Mocmbl ¢ eaHmoebiMu oriopamu OOMKHbI bbimb
muwjamesibHoO uccriedosaHbl Ha npedmMem ornacHocmu rocmeneHHo20 0OpyWeHUs, 8bI38aHHO20 cueHapusiMu obpbiea
kabernsa. Heobxodumo yyumbieamb Hauboriee pacrnpocmpaHeHHble cueHapuu obpbiga Kabesns Ha MpPomMs>KeHuuU
8cez0 npouecca npoekmuposaHus. Ymobbl oueHUmMb rocriedcmeusi obpsisa kabesis, 8bINOIHAeMcss cmamudyeckul
aHasnus ¢ ucronib3ogaHuem dg8yx memodos (DAF). Cywiecmeayem 08a 0CHOBHbIX criocoba usbexxame nocmerneHHo20
0bpyweHus. Bo-repebix, MNPUHUMaOMCS KOHCMPYKMUBHbIE UMU HecmpykmypHbie mepbl 0Orns  obecrieqdeHusi
8bICOKO20 ypo8Hs 6e3onacHocmu rpu JiokaribHOM obpyweHuu. Bo-emopbkix, Heobxodumo rnpedomepamumb
pacrnipocmpaHeHue cboes, co3das npoyHyt 0CHOBY, O0MyCKatoUWyH0 fIoKasibHbIe cOou.

MemoOdsl. [lospexdeHuss mpocos rnpu MamemamuyeckoM MOoOesnuposaHUU 8aHmMoebiXx Mocmos. HernpepbigHasi
barnka, nodseweHHass K HaMsKHbIM 371eMeHmamM (mpocam), cocmaernsiem OCHO8Y KOHUernmyarsbHol modenu. Eeo
nnaH pacdema MpoOYHOCMU [ymeM CPaBHEHUs Mampuly XXecmKocmu U 2ubkocmu HeroepexXOeHHbIX U Mo8pex-
OeHHbIx cucmem. Mampuua xecmkocmu 071 Hernogpex0eHHOU cucmeMbl 8bIYUCSemcsi C UCMOMb308aHUEM ee
yMeHbWweHHoU opmbl. Mampuya eubkocmu 3amem 8bIHUC/IAeMCs nymeM UH8EPMUPO8aHUs Mampuubl yMeHb-
weHHou xecmkocmu. KoHuenmyarnbHasi Modersib a8rsiemcesi umepamugHoul. B pe3ynbmame mampuuya »ecmkocmu
becKkoHeyHa. [na npsiMbiX aHamumu4yecKux eblHucrieHul napamemp n 3adaemcsi Kak OMHOWEHUE XecmKocmu

k,
cucmembl (n = kL“"), u nonydaemcsi yMeHbWeHHas opma Mampuubl Kecmkocmu Orisi  [oslydeHust
beam

Hernospex0eHHO20 COCMOSTHUSI.
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Pesynbmamabi uccnedoeaHusi. Mooy cekywel, no-eudumomy, 0aem o4eHb xopoulee rnpubruxeHue, rMocKosbKy
rnoepewHocme ocmaemcsi meHee 1% 0ns kabenet dnuHot do 300 m u meHee 2% Ons kabened dnuHou do 750 m. A
roCKornbKy OfluHa camMoz20 MarieHbko20 kKabesisi Ha Pycckom mocmy cocmaensem 135,77 mempa, a camoz2o
OnuHHo2o - 579,67 mempa, 6 pedynbmame 4Yacmoma owubok kabeneli Ha Pycckom mocmy ocmaHemcsi Onsi
HekomopbIx kabenel meHee 1%, a 0Ons dpyeux kabenel meHee 2%. Ydumbigasi, 4mo MOOyrb ynpy2ocmu
cmarsnbHO20 Mamepuaria mpoca pedko uzeecmeH ¢ mo4yHocmbko 6ornee 2-3%, 04egUOHO, YmMo Memod ornpedesneHus!
cekyweeo mMoOyrisi 6bin 6bl npueodeH Orisl 8cex npakmuyeckux uesnel. KacamenbHbil mMolyrb Y4acmo rnpouwe 8
UCronb308aHuU, Y4em ceKyuwulti Modyrib, MOCKOSIbKY HeobXxoOuMO 3Hamb MOJILKO HarnpsikeHue kabersid 8 UCXOOHOM
cocmosiHuu. C Opyaoli cmopoHbl, KacamesibHbIl MOOyrib MoXem npusecmu K ouwubo4YHbIM ebigsodam npu 6osbwol
OnuHe kabens u 6onbWOM COOMHOWeEHUU mpaguka K xoriocmomy Xody, Kak rnoka3aHo Ha pucyHke 8.

3aknroyeHue. PaccmosiHue mexdy d8ymsi coceOHUMU KabensiMu Ha CO8PEeMEHHbIX MOCmax 3Ha4yumesibHO MeHbLe,
4YyeM Ha cmapbiXx mMocmax. B pedynbmame e cnyyae asemomoburbHOU agapuu Unu 83pblea Ha HOBOM MOCMY
Heckonbko kabernel ebilidym u3 cmposi. B pe3ynbmame 6birio npedrioxeHo, 4mobbl MpoeKmuposUUKU MOCMOo8
ydumbiganu paspbie ecex Kabeneli 8 paduyce 10 mempos. bbiio npogedeHo HecKorbKo uccredogaHull, 4mobbl
Hatimu DAF e mocmax. lNpednoxeHHbill DAD 6e3onaceH 0na KOHCMpykKyuu kaberisi, mo ecmb OH Hebe3ornaceH 0risi
KOHCMpYKuUU nuiioHos unu 6anok ¢ ompuyamesibHbIMU MOMeHmamu.

Knro4desble cmoea: Mocmosble KOHCMPYKUUU; rpoepeccupyrowee obpyweHue;, 8aHmMo8bie MOCTbI; yCriogust
Hagpy3Ku; nomepsi kaberss.

KoHgpriukm unmepecoe: Asmopsbi deKkriapupyrom omcymcmeue sI8HbIX U NMomeHyuanbHbIX KOHGIUKMOo8 uHmepe-
€08, c8s3aHHbIX € nybnukayuel Hacmoswel cmambu.

Ona uutupoBaHua: Axmean PamagaH Axven, EpmowmnH H. A. CtaTuyeckuin aHanms HecyLMx TPOCOB B YCIOBUAX
M3MEHSIOLWENCs NPOYHOCTN XOpAbl NPW MpPOBEpKe MOBPEeXOeHUs Tpoca Ha BaHTOBbLIX MocTax // Ussectus HOro-
3anapgHoro rocyaapcteeHHoro yHusepcuteta. 2024. T. 28, Ne3. C. 100-118. https://doi.org/10.21869/2223-1560-2024-
28-3-100-118.
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Introduction

In cable-stayed bridges, major struc- mine the effects of different cable loss situ-

tural elements like towers, piers, or cables
may be harmed or fail by severe loads,
which might result in the collapse of the
entire bridge. One of the more worrying
failure types that might emerge from an
unplanned cable loss in this kind of bridge
is zipper-type collapse, commonly referred
to as horizontal progressive collapse.
Therefore, the recommendation made by
PTI (2007) is that comparable static tests
be used in conjunction with dynamic am-

plification factor (DAF) to thoroughly exa-

ations. Existing standards and guidelines
specify the common DAF value for build-
ing and bridge structures as DAF= 2.0;
however, for cable-stayed bridges with
considerable degrees of redundancy, the
use of a constant DAF= 2.0 in conjunction
with comparable static analysis has been
questioned. One of the key objectives of
this research is to investigate the abrupt
loss of cables in cable-stayed and suspen-
sion bridges, which has lately attracted re-

searchers' curiosity [1,2].
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Methods

Cable failures in cable-stayed bridge
mathematical models

Figure 1 shows the mathematical
structure. The conceptual model is built on
a continuous beam that is suspended by
tension elements, such as cables. By com-

paring the stiffness and flexibility matrices

owered stiffness matrix is flipped to pro-
duce the flexibility matrix. Iterations are
made to the conceptual model. The stift-
ness matrix is therefore infinite [3].

The intact state is achieved by using
the reduced form of the stiffness matrix,
which is given by specifying the parameter

. . k
n as the system stiffness ratio (n = —k"“ble)

beam

for direct analytical computations [4].

of the damaged and undamaged systems, E:va’red*z. (1)
he intends to compute strength. Using its
simplified form, the stiffness matrix of an F=(.. . Fi 2, Fi FiFia Fiagse ). ()
undamaged system is computed. Next, the V=(e Vi Vi b Vis Vit Vi s+ 3)
o LR
33 3V3 (-€)
vv,red_ 2 ko ko 2
K 33k, & N , “4)
3 Kk ko ko
(-€) 3V3 33 33
1
where £=v/3-2; k;=n-4+3+/3; and k2=5(19-12\/§).
h
(=] (o] (o] (@] (o] (@]
%:—‘\\99 -3 l\‘é;\\\\?xvz M““é\\ Pi—1 \‘{\;‘\\\ “&A Pit1 13& . +2M1.‘.\;\;‘_\ q"f.-‘.i‘.
_.(Va I~3 \Lua -2 \{Ual_ 1 \fva \(V; +1 \:J, +2 \(Ualog
\f‘h-s lFJvz \f‘;—-) \(Fa \':Fxrl \fi‘*l \(FA 3

Fig. 1. Mechanism of Parallel Loading [3]

Conceptual model

A theoretical paradigm for long-span
cable-supported bridges is the parallel load
system. Examining the long span cable
stayed bridges' structural resilience in the
case of a cable failure is the aim of this re-
search. The conceptual model is based on

a beam that is suspended by cables, or ten-
sion components. By using load-bearing
components of a similar sort and function,
structures can be built using parallel load-
bearing methods. One of these systems'
unique features is its ability to offer addi-
tional load paths. Suspension and cable-
stayed bridges are prime examples of this
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type of structural arrangement. Weights
are supported by parallel sections called
hooks and anchor cables in suspension and
cable-stayed bridges [5].

On sometimes, torsion can be disre-
garded. When it comes to single-cable flat
systems reinforced by box girders or dou-
ble-cable cables flat equipment including
edge girders, torsion has no impact. This
work does not address torsion. Although
the simplified model was first developed
for a suspended bridge, it may be used for
any paralleled load-bearing structure, in-
cluding cable-stayed bridges. Every cable
is thought to have the same axial durabil-
ity, and the girder stiffness is the same in
every cross-section. A true bridge's whole
construction must be taken into account
when calculating the cable's axial tension.
The goal is to provide a general formula
for the increase in stress related to a criti-
cal component as a result of cable failure.
As a result, the quantity of cables may dif-
fer. First, an equation for the stress in-
crease ratio of the critical cable is built as-
suming that there is only one failure of the
cables. There are an increasing number of
defective cables in the next phase. Finally,
if cables break, an equation for a system
with (2n) cables is established. The length

| Failed Cable

L is the distance between two successive
wires in the simplified form. The cable has
an axial stiffness of K. K,=12EI/L3 is the
supporting structure's bending stiffness.
The whole system is symmetrical, with the
broken cable located in the center. The
load sustained by the failed cable is F; the
absorption force in the critical cable as a
result of a cable break is F1; and the corre-
sponding absorbed load for the other cables
on both sides of the site of failure is F2- Fn.
The larger forces in the cables, and hence
the anticipated bending moment in the gird-
er, are generated by cable breaking [6, 7, 8].

Adapting the approximation function
to provide a conceptual model with
more specific details

All cables are considered to have the
same axial stiffness. But in real buildings,
this assumption is not correct. For in-
stance, every cable in cable-stayed bridges
has a distinct axial stiffness due to its par-
ticular length. This section makes the as-
sumption that the axial stiffness of each
cable is distinct in order to get the concep-
tual model one step closer to reality. The
schematic representation of the model un-
der study is shown in form 2 [5, 6].

Rigid Support
HEl

Girder

| K=6K .i=lion

Fig. 2. Schematic representation of an elaborate model [5]
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The new conceptual model takes each
cable's individual axial stiffness into ac-
count, as seen in Fig. 2. In order to facili-
tate understanding of the mathematical
process, a reference axial stiffness (K) is
utilized, and the cables' stiffness is repre-
sented as a multiple of the reference stiff-
ness (K; = §;K). There is just one hypo-
thetical cable failure, and the model main-
tains its symmetry.

A methodical approach is used to solve
this system of equations, number five. As-

sumptions about the stiffness of each cable

f
F1’1+F1’1-1 +F1’1-2+“ '+F1 =

F, (6+ @) +F, (1- :3—[13) +F, ( 86[_32)
F,(12)+F, (65

Oy
12P
6+ 8_) +F, 5 (1- ) +F,3 (

n-1 8r1-2

| o

[\

0

are made in the first stage (K1 = K2 = ...
=KNor §; =6, =... =38, = 1). The set of
linear equations for the several cable sys-
tems is then solved, and the approximation
function's unknown parameters are deter-
mined. The crucial cable's rigidity is ad-
justed in the second phase. As a result, all
of the cables in this phase are equally stiff,
with the exception of the essential cable
(6, = 63 = ... = 6,=1). Ultimately, all ca-
bles have their stiffness adjusted in the last
stage. As a result, the axial stiffness of
each cable is different [5, 6].

6B
8r1-3

)=0

6B 128 6B
Fo(18)+F,. (12)+F,, ( 6+~ ) +F, 5 (1-=——) + =
§ P18 Fn (1204 (6 an_z) “'3( an_3) Fis (8n_4) 0 (5)
6 12 6
Fo(4)+F, (18)4F, 5 (12)4F, 6+ —B) i (1- —B) +Fy . (_B) 0
8r1-3 8r1-4 8r1-5
6] 12 6
F,(6n-12))+F, (6(n-1)-12)+--+F; (6+ —B) +F, (1- —B) +F, (—B) =0
33 3, d
6 6
F, (9n-7)+F, ; (9(n-1)-7)+-+F, (1 1+—B) +F, (3-—5) 0.
\ 9) 0
Based on the previous stages' results K, 5,
and the definitions of each approximation a:22?‘_1 K 23" 5 Ki=6:K . (6)

function parameter, the following conclu-
sions can be drawn:
L.

lowest coefficient of stress increase that

The parameter a represents the

happens when = oo, the girder is rigid,
and all cables have the same displacement.
As a result, it is simple to compute the pa-

rameter an as follows:

1

2. The highest voltage rise factor that
happens when B = 0 is indicated by param-
eter b. The sole useful parameter for pa-
rameter b is thus the quantity of broken
wires. It has been demonstrated that pa-
rameter b is 0.75 in the event of a single

cable failure.
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3. Parameter ¢ has a growing value
equal to 6; and is solely dependent on the
crucial cable's axial stiffness.

4. A variety of systems have been
studied, and the results indicate that the
stiffness and quantity of cables have the
most effects on parameter d. The effect of
cable stiffness is negligible, though. There-
fore, the effect of cable stiffness on pa-
rameter d value is disregarded in order to
minimize the complexity of the approxi-
mation function.

With the aforementioned information
in mind, the approximation function may
be found as follows [5]:

08 - 12-cable system(a)
- = e e Exact Value 2
0.7 -, s
— T~ =
% 06 . o
= W - N :
@ ' »++ssess Approxinratign - 2
z i b
£ 05 - . Function e
- [ D ﬁ
g ! 5
ol 1 i . -« == Error(%) =
o ] -2 [rr)
2 - 'i
g b
a z
E 0.2 - \" R =0.993 - -6
- \""I-".,
01 - "“Nﬁnnhn—n-—u-——ﬁ-- -8
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1] 50 100 150 200
B
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=
0.7 -
= 0.6 - .f +e+ s Approximation 2
[ / Function
@
g 0s ' e B
g / - == Error{%) =
W 0a l ’ g
3 / 2 "‘"
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el k| ] /7
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For large values of n:
P 3
1_ 4
F B\ (®)
1+ (5)
1
where equation (9). should be used to find
the value d.

d=0.35+—_ 25>12. (9)
(3)

Three distinct systems, each with two

alternative cable configurations, were in-

vestigated in order to confirm the correct-

ness of the approximation function that

was given (see Fig. 3).

0.8 - 12-cable system(b) - 4
=== = Exact Value . 3
0.7
€ o6 2
it CN L e Approximation 1
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A R ~ % B
5 1 . =
2 1 ~. g
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8 t R'=0.996 g -2
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2 ! =
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..
0 . . ; i
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B
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Fig. 3. The percentage of stress increase in different systems is shown through exact and estimated values
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An Analytic Approach for Estimating
the Stresses Increase Rate in an Important
Cable Resulting from Cable Loss

When load-bearing components of sim-
ilar sort and function are included into struc-
tural systems, it creates alternative load
paths known as paralleled load-bearing
structures. Bridges supported by cables are a
prime illustration of this type of structural
system. In the event that a cable or other
parallel bearing element breaks, the weight it
carries must be transferred to the rest of the
structure. In this circumstance, the member
next to the failing member bears the majori-
ty of the reallocated load and becomes the
crucial member. If this component cannot
sustain the redistributed weight, the collapse

Bridge Specification

135771 m

Shortest
cable stay

579.83m

Longest
cable stay

Central channel span length
1104 m

may spread to other members or possibly the
entire building. Hence, considering the cru-
cial significance of the key component in
the durability of the bone structure, our
study concentrates on it (cables)'.

The connection between the durability
of chord F and the total length of chord c is
the most important deformative characteris-
tic in cable-stayed bridges with axial stress
(Fig. 5). The dead load for the cable is
equally spread around the curve. The exam-
ination of the Russky bridge (Fig. 4) will
start with a catenary design rather than a pa-
rabola arrangement using a horizontal stay
cable, as indicated in Fig. 6. Here, two cir-
cumstances defined by chord pressures F1
and F2 are considered [9, 10].

320.9m

Total bridge length

1885.53 m

Fig. 4. Shows the bridge's primary dimensions and the positioning of important sections [7,10]
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Fig. 5. Shows the stay cable's chord length (c) and chord force (F).

"' Aoki Y. Analysis of the performance of cable-
stayed bridges under extreme events (Doctoral disser-
tation), 2014.
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Fig. 6. A horizontal stay cable requires two requirements with F1 and F2 chord forces, respectively [9]

In case 1, the equation for the catenary is given by [9, 11]:

F WepCOS O ( 1 ) (ch cos ¢ C)
= h| ———(x-= -cosh | ——— 10
Y, W cosd cos ( F, x-7¢) |-cos oF, (10)
and in case 2:
F, Wep COS O ( c+8) Wep, c0s ¢(c+0)
— & h - -cosh . 11
2 Wep COS O {COS F, ) ] co8 2F, (D

Where w,, is the dead load of the ca-
ble per unit length w,=A,y,, and § is the
elongation of the cable, which is defined
as the increase in the distance between the
points of support, F is the force of the

Table 1 is parabolic approximation of
the values for the correct cable curve in the
Russky bridge (y4,y,) is a catenary and is
utilized in most circumstances without

causing an undesirable mistake.

chord and c is the length of the chord.

Table 1. Correct cable curve values (y;,y,) for cables in the Russky bridge

NO V1 V2 NO V1 V2 NO V1 V2
1 1.53437 | 1.16203 15 0.61924 | 0.45863 29 0.69597 | 0.51769
2 1.45742 | 1.10207 16 0.54044 | 0.3986 30 0.77222 | 0.57699
3 1.38247 | 1.0438 17 0.45909 | 0.33727 31 0.84785 | 0.63641
4 1.30954 | 0.98722 18 0.37498 | 0.27446 32 0.92369 | 0.6966
5 1.23861 | 0.93231 19 0.28776 | 0.20992 33 0.99865 | 0.75669
6 1.16967 | 0.87906 20 0.19729 | 0.14349 34 1.07562 | 0.81897
7 1.10139 | 0.82644 21 0.10859 | 0.07878 35 1.15254 | 0.88181
8 1.03522 | 0.77556 22 0.10859 | 0.07878 36 1.2293 | 0.94507
9 0.96992 | 0.72546 23 0.19729 | 0.14349 37 1.30791 | 1.01044
10 0.90798 | 0.67805 24 0.28776 | 0.20992 38 1.38835 | 1.07796
11 0.847 0.63149 25 0.37498 | 0.27446 39 1.46843 | 1.1457
12 0.78714 | 0.58589 26 0.45909 | 0.33727 40 1.55025 | 1.21551
13 0.72953 | 0.54212 27 0.54044 | 0.3986 41 1.63268 | 1.28638
14 0.67323 | 0.49945 28 0.61924 | 0.45863 42 1.71676 | 1.35929
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Table 2 shows the horizontal distance
between the pylon and the cable (a) and the

Table 2. Distance (a) and cable length (c)

length of inclined cable (c) in the Russky
bridge [12].

NO a C NO a C NO a C
1 360 432.11 15 192 250.31 29 216 272.54
2 348 | 419.02 16 168 | 228.58 30 240 | 295.15
3 336 | 405.94 17 144 207.5 31 264 | 318.07
4 324 392.87 18 120 187.29 32 288 341.22
5 312 | 379.82 19 96 168.27 33 312 | 364.57
6 300 366.77 20 72 150.89 34 336 388.08
7 288 | 353.74 21 48 135.77 35 360 | 411.73
8 276 | 340.73 22 48 135.77 36 384 | 43548
9 204 | 327.73 23 72 150.89 37 408 | 459.33
10 252 314.76 24 96 168.27 38 432 483.26
11 240 | 301.81 25 120 | 187.29 39 456 | 507.26
12 228 288.89 26 144 207.5 40 480 531.31
13 216 275.99 27 168 228.58 41 504 555.42
14 204 263.13 28 192 250.31 42 528 579.57
Total elongations from the non-stressed state F%
Aly=—————x
The lengths of the cables [; determined ? 2EAw,; cos ¢
by [10,11]: - Wep COS P C +chcos¢c s
Fi (Wec0she TR T R
1,=2 sinh (—) (12) 2 2
W, COSO 2F,

and [, determined by:

F, Siﬂh(WCbCOS¢(C+8)>. (13)

[,=2
2 WepCOS 2F,

In Table 3, the lengths of the cables in the
Russky bridge as a result of the force of the
chord, taking into account the dead loads.

Al;and Al,, the total elongations from the

non-stressed state, is calculated using [13]:

Fi

- 2EAw,, cos ¢ *

W, COSOQOC W, COS
x[sinh( CbFl ¢ )+ °bF1 ¢]; (14)

Al

Table 4 shows the value of the total
elongations from the unstressed condition of
the cables used in the Russky bridge.

The graph shows (7) the cable lengths
in the Russky bridge as a result of the
force of the chord and total elongation
from the case of unstressed cables used in
the Russky bridge, that the cable steels do
not have a plastic plateau and that the
elongation at rupture is much less than that
of typical structural steel.
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Table 3. Lengths of the cables in the Russky bridge

NO L L, NO L L, NO L L
1 432.16 | 433.82 15 250.32 | 251.29 29 272.55 | 273.61
2 419.06 | 420.68 16 228.59 | 229.48 30 295.17 | 296.31
3 405.98 | 407.55 17 207.5 | 208.31 31 318.09 | 319.32
4 39291 | 394.42 18 187.29 | 188.02 32 341.25 | 342.57
5 379.85 | 381.31 19 168.27 | 168.93 33 364.6 | 366.01
6 366.8 | 368.22 20 150.89 | 151.48 34 388.12 | 389.62
7 353.77 | 355.14 21 135.77 136.3 35 411.77 | 413.36
8 340.75 | 342.07 22 135.77 136.3 36 435.54 | 437.21
9 327.75 | 329.02 23 150.89 | 151.48 37 459.39 | 461.16
10 314.78 316 24 168.27 | 168.93 38 483.33 | 485.19
11 301.82 303 25 187.29 | 188.02 39 507.34 | 509.28
12 288.9 | 290.02 26 207.5 | 208.31 40 531.41 | 533.44
13 276 277.07 27 228.59 | 229.48 41 555.53 | 557.65
14 263.14 | 264.16 28 250.32 | 251.29 42 579.7 581.91

Table 4. Total elongation of cables in Russky bridge

NO Al Al, NO Al Al, NO Al Al,

1 0.62569 | 1.68649 15 0.35724 | 0.97686 29 0.38975 | 1.06362
2 0.60605 | 1.63539 16 0.32563 | 0.89204 30 0.42302 | 1.15188
3 0.58647 | 1.58433 17 0.29513 | 0.80977 31 0.45694 | 1.24132
4 0.56697 | 1.53331 18 0.26604 | 0.73091 32 0.49144 | 1.3317
5 0.54753 | 1.48234 19 0.23878 | 0.65667 33 0.52643 | 1.42285
6 0.52817 | 1.43142 20 0.21396 | 0.58883 34 0.56194 | 1.51463
7 0.50886 | 1.38056 21 0.19245 | 0.52983 35 0.59787 | 1.60694
8 0.48962 | 1.32977 22 0.19245 | 0.52983 36 0.63417 | 1.69967
9 0.47045 | 1.27904 23 0.21396 | 0.58883 37 0.6709 | 1.79279
10 0.45137 | 1.2284 24 0.23878 | 0.65667 38 0.70808 | 1.88621
11 0.43237 | 1.17786 25 0.26604 | 0.73091 39 0.74553 | 1.97991
12 0.41344 | 1.12741 26 0.29513 | 0.80977 40 0.78339 | 2.07385
13 0.39461 | 1.07709 27 0.32563 | 0.89204 41 0.82154 | 2.168

14 0.37588 | 1.0269 28 0.35724 | 0.97686 42 0.86009 | 2.26233

Because it is not acceptable to have

permanent (irreversible) elongation of the

wires for loads that will occur with a large

number of repetitions throughout the bridge's

lifetime, the available plastic strains (charac-
terized by a minimum elongation at rupture
of 4% in a gauge length of 250 mm) are
generally sufficient to allow a local redistri-
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bution of forces between wires with differ- The equation of case [, —[; = Al, —
ent initial stresses due to imperfections dur- Al, of the cable leads to 6 [9, 16]:
ing erection [14, 15].

(F,y-F)c N Fsinh (wcbcos¢ C) Fsinh (wcbcos¢ C)
2EA  2EAwcosd| 2 F, ! F,
6= < 3 +
W,COSO C
cosh (c—)
2F,
cosd ¢ . (WepCOSP C
— = |F, sinh M)_Fzsmh(u)
cbcos<|> 2F, 2F,
+ (16)
cosh (wcbcos¢ C)
2F,
0,7 18
06 L6
1,4
_ 05 ~ 12
3 =
; 0,4 > 1
S S
=03 = 0,8
<
o 9 0,6
0.2 =
5 S 04
w01 “ 02
0 0
N ™ v ™ > N ) N “o A A %’\/ o;') N v Q’L Q’b Q/\ ’1,% N q") "‘)
WY o0 ot Y '\:\ x% 3 Q?J M e or %" QA '\,?) o o0 AT Y @7 o o
V')’ vb ’b/\ <’) ’\ YV \/‘o ,\/”) b?’ b(Q ,)) ") v ’\ e Q QJ N
?TAY CABLE LE,KIGTH (S) L1 > STAY CABLE LENGTH () 12~
2,5 1
0,9
2 038
(o]
3 o 0,7
cl1,5 306
.2 c
5 50>
21 504
< 5§03
05 30,2
0,1
0 0
I I AN I IR e A A\ N O D PR e DD
% V 3 N P QA S W » 5
% DY DY AV SO '\,\ v A Y AHY NN v .Y Qv \ \ \ \ \ ) \
R S A S RO MR S R PPy
stay cable length (M) L2 stay cable length (M) L1
Fig. 7. Shows the lengths of the cables in the Russky Bridge
For an inclined stay cable, the trans- a horizontal cable with the same chord
verse load which results in the sag has an length c, but subject to a dead vertical load
intensity of w.,cos¢, as indicated in Fig. 8. W, COS .
The deformational characteristics of an in- Introducing F1=Ao, Fy=Ac, , Wep=AupY
clined cable will be very close to those of leads to [9, 17] :
175 c 2 . c E . c . c
S (cz-o])ycbcosd)JrE [02 sinh (ycbcos¢ o_) -o7 sinh (ycbcos¢ o_)] +4E [o] sinh (ycbcos¢ E) -G, sinh (ycbcos¢ E)]
_— 2 1 1 2 (17)
c 2B " Y ,,C080 ¢ ’
Y, COS¢ cos 5,
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where A, is the cross-sectional area of the
stay cable, y., the density of the cable mate-
rial (weight per unit volume), g, is the cable

\ K
= N\
F &~ W.p sin$' Wcose

Wep

a

stress in case 1, g, is the cable stress in case

2 and E modulus of elasticity.

Fig. 8. An inclined stay cable and a parabolic horizontal stay cable with equal deformational

characteristics [9, 18]

According to Equation 17, Table 5
expresses the elongation based on the cor-
rect configuration and the exact catenary-
based solution. But the solution is approx-
imate, depends on the parabola-based solu-
tion and will be easier to use.

For large values of 05, it is the stress-
strain relationship of a straight rod of the

stress, it is well understood that, for large
values of a,, the sag effect will ultimately
wear off and the cable behaves more and
more like a straight rod [19].

The sag k.perpendicular to the chord
for an inclined stay cable (Figure 9), is given
by [9, 11]:

2 2
g,,c cos ¢ _Ya®

same unstressed length as the cable. Given T o cos d. (18)

that sag is inversely proportional to cable ©

Table 5. Elongation of cables in Russky bridge based on correct configuration

NO 6 é/c NO 6 é/c NO 6 é/c

1 0.459437 | 0.001063 15 0.269006 | 0.001075 29 0.292123 | 0.001072
2 0.445689 | 0.001064 16 0.246285 | 0.001077 30 0.315519 | 0.001069
3 0.431965 | 0.001064 17 0.224129 | 0.00108 31 0.339105 | 0.001066
4 0.418264 | 0.001065 18 0.202784 | 0.001083 32 0.362813 | 0.001063
5 0.404585 | 0.001065 19 0.182601 | 0.001085 33 0.386627 | 0.00106
6 0.390928 | 0.001066 20 0.164064 | 0.001087 34 0.41044 | 0.001058
7 0.377297 | 0.001067 21 0.147881 | 0.001089 35 0.434288 | 0.001055
8 0.363685 | 0.001067 22 0.147881 | 0.001089 36 0.458197 | 0.001052
9 0.350095 | 0.001068 23 0.164064 | 0.001087 37 0.48203 | 0.001049
10 0.336523 | 0.001069 24 0.182601 | 0.001085 38 0.505732 | 0.001047
11 0.322974 | 0.00107 25 0.202784 | 0.001083 39 0.529529 | 0.001044
12 0.309445 | 0.001071 26 0.224129 | 0.00108 40 0.553187 | 0.001041
13 0.295939 | 0.001072 27 0.246285 | 0.001077 41 0.576865 | 0.001039
14 0.282458 | 0.001073 28 0.269006 | 0.001075 42 0.600374 | 0.001036
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The relative sag k/c appears to be pro-
portional to the cable length ¢ with a propor-

tionality factor: y., /80 vertical sag k,,:

ke V4l

k,= m et (19)

Note that the vertical sag k,, is unaffect-
ed by the stay cable's inclination.

In the dead load state, the factor
Yep/80 typically has a value of approxi-
mately 25%10°°, resulting in a relative sag
k/c of less than 1/100 for cable lengths up to
400 m. As a result, a stay cable's relative sag
is less than one-tenth of that of cable stay

Table 6. k., k, for cables used in Russky Bridge

bridge main cables. This is demonstrated in
Table 6 values of sag kc perpendicular to the
chord and vertical sag k,, of cables used on
the Russky bridge.

=
i/ﬂ/

-

Fig. 9. Sag of stay cable measured
perpendicular to the chord (k.) and
perpendicular (k,) [9, 15]

NO k, k, NO k, k, NO k, k,
1 20417 | 24507 | 15 | 0.6311 | 0.8224 | 29 | 0.7726 | 0.9749
2 1.9131 | 2.3045 16 | 0.5042 | 0.6858 | 30 | 0.9299 | 1.1434
3 17892 | 2.1629 | 17 0392 | 0.5651 | 31 11023 | 1.3278
4 16699 | 2.0258 | 18 | 0.2949 | 0.4604 | 32 | 1.2905 | 1.5282
5 15551 | 1.8934 | 19 | 02122 | 03716 | 33 | 1.4924 | 1.7445
6 14448 | 17656 | 20 | 0.1427 | 02988 | 34 | 1.7122 | 1.9768
7 13374 | 1.6424 | 21 | 0.0857 | 02419 | 35 | 1.9463 | 2225
8 12346 | 15238 | 22 | 0.0857 | 02419 | 36 | 2.1939 | 2.4891
9 1135 | 1.4098 | 23 | 0.1427 | 0.2988 | 37 | 2.4588 | 2.7692
10 | 1.0415 | 13003 | 24 | 02122 | 03716 | 38 | 2.7411 | 3.0652
11| 09513 | 1.1955 | 25 | 0.2949 | 0.4604 | 39 | 3.0357 | 3.3772
12 | 0.8645 | 1.0953 | 26 0.392 | 0.5651 | 40 | 3.3473 | 3.7051
13 | 07826 | 09997 | 27 | 0.5042 | 0.6858 | 41 3.673 | 4.049
14 | 07044 | 09088 | 28 | 0.6311 | 0.8224 | 42 | 4.0154 | 4.4088

Results and Discussion

The danger of slow collapse due to ca-
ble loss scenarios in bridges with cable sup-
ports has to be thoroughly investigated.
There are two main approaches to stopping a
slow collapse. First, use structural or non-
structural measures to ensure a higher level
of safety against localized collapse. Second,
provide a solid structure that permits local

failure in order to stop failures from spread-
ing. The weight carried by each parallel
force-bearing cable must be transmitted to
the remaining structure in the event that it
fails. The member who is next to the failing
member in this scenario becomes the key
member and receives the majority of the
transferred load. The collapse will likely af-
fect other components of the structure as
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well as this one if it is unable to support the
weight that has been shifted. As a result, be-
cause the crucial component plays such an
important role in the structural system's re-
silience, our study focuses primarily on this
member.

The effect of variable sag under differ-
ent loading conditions indicates that there is
no linear relationship between force and de-
formation, but a linearization may be
achieved by adding a secant modulus of
elasticity, Egec, defined by:

Ao 0,-0;

Esec_A_S 5
Substituting the value of §/c, the fol-

lowing expression for Eg.. is derived:

C. (20)

1 1 y%.a’[o+o
L ( L j). @1)
E.. E 24 0105

The secant modulus might be substitut-
ed by a tangent modulus Etan obtained from
(21) with o0, = o0y for cable-stayed bridges
with low traffic-to-dead load ratios:

11 yid
=—+ . (22)
Ean E 1207
0,7 ® Odappr/dcat-1 ® Kksec
0,6 o
0,5 Q‘
o"
0,4 o®
o"
0,3
’ 00:0000°'°......
0,2 oo’
o °
0,1 £
°
0 e
0 200 400 600 800

The secant modulus appears to give a
very good approximation as the error re-
mains less than 1% for cable lengths up to
300 m and less than 2% for cable lengths
up to 750 m.

And because the smallest cable in the
Russky bridge is 135.77 meters long and
the longest cable is 579.57 meters, as a re-
sult, the error rate of cables in the Russky
bridge will remain for some cables less
than 1% and for some cables less than 2%.
Considering that the cable steel material's
modulus of elasticity is rarely known with
greater than 2-3% precision, the secant
modulus approach would be appropriate in
all realistic cases. Since just the cable
stress in the starting condition has to be
known, the tangent modulus is frequently
simpler to use than the secant modulus.
However, as Figure 10, 11 illustrates, the
tangent modulus may yield inaccurate re-
sults for high cable lengths and significant
traffic-to-dead load ratios.

0,7
) ®  Jappr/Scat -1 ® - ktan
0,6 o®
°
0,5 ‘Q‘
coglooeece
0,4 ... ®
.0. °®
0,3 o o°
[ J ..
0,2 g’
L
0,1 F
0
200 400 600 800

Fig. 10. Indicated the effect of using an equivalent modulus of elasticity based on the parabolic
approximation rather than the correct catenary solution for cables. Looking at the results in
Table (7), the maximum stress ratio for cables is 0.75, and accordingly, the stress ratio for cables

K will be considered 0.8 and 0.5, respectively. The error is defined as 6,ppr/8car, Where 6

appr —

(0, — 0y)c/E,q for a horizontal cable with varying length
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Fig. 11. (84ppr/8.a: — 1) shows an error by applying the tangent modulus or secant modulus

of the stay cables in the Russky bridge with the following Parameters: E = 205GN/m?,
¥ = 0.08MN/m? (including corrosion protection), o, = 720MN/m?,k = 0.5 and 0.8, respectively

The structural details for every system
are displayed in Table 7. The findings fur-
ther demonstrate that the accuracy of the fi-
nal approximation function is little affected
when the impact of cable stiffness (S) on the
d parameter is disregarded. The rounding
error is smaller than 5%, with the exception

of tiny values of B. All systems' computed
R-square values are higher than 0.970,
which is acceptable. The matching system of
linear equations must be solved in order to
determine the precise values for systems
with 12 and 16 wires. As a result, the analyt-
ical method was looked at once again.

Table 7. The structural details for every system are displayed

Stiffness 12 cable system (a)|12 cable system (b)| 16 cable system (a)|16 cable system (a)
of the Cables
3 S 3S S 455
s, 148 2.6S 158 4S
s, 1.8S 226 28 3.5S8
5, 2.2 1.8S 2.55 3S
5. 265 1.4S 3S 2.58
S, 39 S 3.58 28
s, 4S 1.5S
S, 4.5S S
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Conclusions

The space between two neighboring
cables in modern bridges is significantly
less than in older bridges. As a result, in
the case of a vehicle accident or an explo-
sion on a new bridge, several cables are
going to fail. As a result, it was suggested
that bridge designers consider the bursting
of all cables inside 10 meters. Several in-
vestigations have been done to find DAF
in bridges. According to this research, hav-
ing a DAF of two is not always safe. Alt-
hough arecent study shows that the sug-
gested DAF is secure for cable design,
which is it is not safe for pylon or girder
designs with negative moments.

DAF = 2.0 is a popular DAF meas-
urement for buildings and bridge structures
that is accepted by current standards and
guidelines (PTI, 2007); however, the con-
sistency of DAF = 2.0 has been questioned
for bridges that are cable-stayed with con-
siderable degrees of redundancy. When
used with a comparable static evaluation,
the comparable static evaluation with DAF
= 2.0 is occasionally conservative in
measuring bending moments inside an edi-
fice following the absence of a single stay.
As a result, it is strongly advised to con-
duct a comprehensive dynamic study to
estimate the increasing collapse of bridges
due to cable loss. Static linear evaluation
using DAF is a frequent method in actual

projects for solving the challenges listed

above. Precise calculation of DAF is criti-
cal when utilizing linear static analysis.
abrupt wire loss A sudden loss of cable
can cause a gradual "zipper-type" collapse,
making it one of the most severe loading
scenarios for a bridge with cable stays.
Some of the subsequent conclusions may
be derived. * The bridge's location has a
significant impact on how it responds dy-
namically to an unexpected cable loss. Es-
pecially for multi-DOF constructions like
cable-stayed bridges, dynamically ampli-
fying factors (DAFs) can be more than two
when fast forces are applied. Because of
this, the DAF=2 building plan for this kind
of bridge is not always cautious, and
there's a chance that important sections
will have lower load factors.

* Each section and reaction compo-
nent (such as internal forces, deflection,
etc.) requires a different DAF, and each
DAF must accurately represent the impact
of the technique and structure type.

* The stay arrangement, loading
groups, deck stiffness, and damping ratio
have an effect on DAFs in cable-stayed
bridges.

* It is considered and highly suggested
to do a fluid assessment of big structures
that are prone to unexpected component
failure, given the diversity of mathematical
tools available for analyzing structures.
This is because an easier comparable static
evaluation strategy employing DAF = 2 can

be unusual.
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