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Abstract: The stress state of the cable group in a cable-stayed bridge directly affects the overall
performance. A novel method for assessing grouped cable forces using deflection data is proposed in
this article. Firstly, a simplified equation between the variation in cable forces and the girder deflection
was built according to the geometric relationship of the deformation. Secondly, the threshold value
of cable force change rate for a single cable can be determined by the proposed theoretical equation
and the deflection limit in the specification. On this basis, the evaluation standard of single cable
force of piecewise linear mode was established. Thirdly, considering the uniform and non-uniform
changes in the cable forces, the condition assessment method of grouped cable forces was established
based on the variable weight synthesis method and the gray correlation degree theory. Finally, a case
study of a real bridge was undertaken. The results show that the case data validate the correctness
of the proposed theoretical equation. The threshold of change rate for long cable is 30%. Six-year
assessment scores of grouped cables are generally decreasing, which also reflects the development of
other component defects from the side.
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1. Introduction

Long-span cable-stayed bridges are widely used in the engineering field due to their
advantages of large span capability, beautiful structural form, and good economy [1].
They are typically situated in key areas of the transportation system, such as large rivers
or canyons [2,3], and play critical roles in urban construction [4]. The stay cable is one
of the main load-bearing components of the cable-stayed bridge, and the cable group
represents the force distribution of the whole structure. With the increase in bridge service
life, pylon-top displacement and main girder alignment may lead to a redistribution of
cable forces [5,6]. In addition, under the reciprocating action of the external environment
and vehicle load, the fatigue strength of stay cables is reduced [7]. Therefore, the cable force
within a reasonable range has a significant impact on the overall stress state of the bridge.
In view of the operational safety of cable-stayed bridges, it is critical to assess cable force.

With the development of health-monitoring technology, it has become an important
way to evaluate the safety of stay cables by monitoring and studying the load effect and
mechanical property evolution of stay cables [8,9]. In addition to installing sensors on
bridges to monitor cable force, sensors can also be installed on test vehicles to indirectly
monitor cable force damage (the vehicle scanning method) [10]. At present, the assessment
method of cable force in China’s standard for technical condition evaluation of highway
bridges (JTG/T H21-2011) [11] (hereinafter referred to as STCE2011) adopts the control
index of change rate of a single cable force. A deviation of more than 10% from the initial
data detected may indicate an anomaly for a stay cable. In AASHTO standard of America,
a 75% limit value of normal condition is set as the cable force warning [12]. The safety level
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1 criterion value is set at 6% above the base cable force in the current Korean management
criteria, while the safety level 2 criterion value is set at 12% above the base value [13].
These estimation methods have several limitations. On one hand, quantitative evaluation
is impossible due to the lack of a rational threshold system; on the other hand, the safety of
bridge structures is related to grouped cables, and the above evaluation methods have not
determined a reasonable evaluation standard for grouped cables.

There are many other improved methods to determine the cable force threshold. The
Pauta criterion (also known as the 3s criterion) is a well-known statistical method to calcu-
late abnormal boundaries of a warning index. It is often applied to determine the upper
and lower criteria for cable force damage detection [14,15]. Ren et al. [16] used a linear
moderation model to score individual points of cable force, specifying a score of 0 when
the change rate in cable force exceeds 40% or more. Cho et al. [13] used the probability
distribution model for the cable force and reliability analysis to determine the new manage-
ment standard for cable forces. Huang et al. [17] proposed a new method to measure the
real-time deflection of a cable-stayed bridge based on the established relationship between
cable force variation and bridge deflection. This theoretical relationship provides a better
idea for the determination of the cable force threshold.

In terms of assessment methods of grouped cables, many researchers have attempted
to consider the relevance of grouped cables. At present, the most used method for assess-
ing grouped cable forces is the gray correlation degree method [18]. It can evaluate the
correlation between cables, and the damage state of cables can be predicted. In addition,
the cloud model and Dempster-Shafer evidence theory are also applied to the assessment
of stay cables [19,20]. The cloud model may describe both randomness and fuzziness of
index, while the evidence theory might combine numerous indices with relative weights to
reduce uncertainty. Dan et al. [21] proposed a reasonable assessment method that considers
the dissimilarity measure of grouped cable forces. The Monte Carlo method can be used to
establish the threshold system of dissimilarity measure of grouped cable forces.

Summarizing the previous research work, we find that in the current cable force thresh-
old system, the determination of the threshold value of a single cable lacks a theoretical
basis and there is no detailed grade classification. In addition, the cable force monitor-
ing data often contain load information such as vehicle and temperature. How to obtain
the cable force due to dead load and consider the difference between different cables are
challenges for the assessment of cable groups.

In this paper, the theoretical relationship between deflection of main girder and cable
force is firstly built and verified with monitoring data. Then, the deflection limit of the
girder in the specification is used to determine the threshold value and evaluation standard
of single cable force. The assessment problem of grouped cable forces is solved by variable
weight synthesis method and gray correlation degree theory. The cable force data come
from the monitoring value during bridge closure to eliminate the effects of vehicles and
temperature. Finally, the proposed cable force assessment method is applied in a case study.

2. Methodology for Cable Force Assessment
2.1. Relationship between Cable Force and Girder Deflection

First, we study the relationship between cable force and deflection in order to deter-
mine the cable force threshold. In a cable-stayed bridge, the ends of the cable are anchored
to the main girder and the pylon. The load path is such that the self-weight of the structure
and the vehicle loads are transferred to the pylon by cables and then to the foundation
through the pylon [22]. Figure 1 depicts the structural deformation brought on by the cable
force as it varies. It is clear that the stiffness of pylon and stay cables will cause the main
girder deflection [23].
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Figure 1. Schematic diagram of structural deformation caused by cable force change.

The main girder of a cable-stayed bridge can be thought of as a continuous beam
with elastic supports, per the theory of an elastic foundation beam [17]. The deflection of
the main girder is mainly caused by the elongation of the stay cables and the bending of
the pylon.

(1) Assuming that the pylon’s bending stiffness is infinite, the cable’s elongation is
the only factor contributing to the girder’s deflection, as shown in Figure 2a. The
lateral stiffness of the girder is much stronger than the vertical stiffness, so its lateral
displacement can be ignored.

(2) Assuming that the axial stiffness of the cable is infinite, the girder’s deflection is
exclusively caused by the pylon’s bending, as shown in Figure 2b.

(b)

Figure 2. Two hypothetical relationships between cable force and girder deflection: (a) girder

deflection due to cable elongation; (b) girder deflection due to bending of the pylon.

The theoretical relationship between the cable force and the girder deflection is derived
from these two aspects.

In the first case, a relationship between the cable force and the deflection of the girder
has been introduced in [17] and can be expressed by Equation (1).

AT x L

Ay = ————
“ EegAsina

)

where A is the cable cross-sectional area, AT is the cable force variation, L. is the cable
length, & is the horizontal angle between cable and deck, and E,; is the equivalent elastic
modulus of cables. Because of the sag effect of the long stay cable, the Ernst formula [24]
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is used to consider the nonlinear effect, and the specific correction formula is shown in
Equation (2).
E.
(wgl)2A
1273

Eeq =

= @)
1+

E

where E. is the elastic modulus of the cable, wy is the cable weight per unit length, / is the
length of the cable horizontal projection, and T is the cable force.
In the second case, the relationship between cable force and girder deflection can be
expressed by Equation (3) [17].
Auy = Av - cotu 3)

where Av is the longitudinal displacement of the anchor point between the pylon and the
stay cable.

Therefore, the deformation of the main girder consists of the above two cases, namely
the girder deflection caused by the extension of the cable alone and the girder deflection
caused by the deformation of the main pylon alone. The specific expression is as follows:

AT - L,

Au:Aul—l—Auz:m—b—chotzx 4)
eq

It can be seen from Equation (4) [17] that in order to obtain the main girder deflection,
the horizontal displacement of the pylon at the longest cable (Av) must first be solved.
Figure 3 depicts the equivalent mechanical model of the pylon’s deformation, and each
pylon is anchored by # pairs of cables. For a pylon subjected to a series of concentrated
loads, the superposition principle states that [17]:

Av = 3Eilp hi3(AT;cosa; — AT/ cos ;')
! ©)

+ar T El 2 (hy — hy) - (AT; cosa; — AT/ cosa’)

1

1

where Ej, is the pylon elastic modulus, I, is the area moment of inertia of pylon, AT; is the
variation in cable force of the ith cable on the river side, AT’; is the variation in cable force
of the ith cable on the bank, #; is the height of the ith cable from the deck, and # is the
number of pairs of cables anchored at each pylon.

AT, cosa,

v

AT, 1cos0,1

Figure 3. Mechanical model of the deformation of the pylon.
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According to Equations (2), (4), and (5), the expression of the relationship between the
cable force variation (AT) and the deflection of the girder (Au) can be expressed as:

_ hn tay, 1,3

M=o anEqucATn * g%poiph n(ATy cosay — AT,/ cos ') (6)
n=lcrps 2

+CE°;7?: Y { [% + ]%(hn - hi)} - (AT; cosa; — ATi’Coszxi’)}

i=1

2.2. Condition Assessment Method of Grouped Cable
2.2.1. Evaluation Standard of Single Cable

According to the Specifications for Design of Highway Cable-stayed Bridge (JTG/T
3365-01-2020) [25], the threshold value of vertical deflection of a steel girder is 0.0025 of
the calculated span of a cable-stayed bridge. In this paper, the limit of girder deflection is
used to determine the cable force threshold based on the previously derived relationship
between cable force and girder deflection.

Assuming that there is only one variable in Equation (6), the cable force threshold
(9) can be obtained by substituting the deflection range of the girder. Then, referring to
the component grading deduction standard of STCE 2011 [11], the five-level criteria for
evaluating cable force variation rate are established in a piecewise linear manner, as shown
in Figure 4.

100@
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Figure 4. Criteria for evaluating cable force variation rate.

2.2.2. Assessment of Grouped Cable

The monitoring data of cable force comprise a serial index, and their changes include
two cases, namely uniform change and non-uniform change, which are fluctuations around
the initial value and translation change in the initial value. For uniform changes, if the
monitoring data fluctuate greatly, the significant changes in a certain index cannot be clearly
reflected in the constant weight evaluation results, and thus, some damages and diseases
of the bridge will be ignored. The variable weight synthesis principle takes into account
the balance of the evaluation, and can better reflect the local degradation of the structure
by amplifying the weight of the strongly perturbed cable force. For non-uniform changes,
the gray correlation analysis method is adopted, which can quantitatively analyze the
development trend of the system and reflect the non-uniformity of cable force data. The
specific calculation is shown in Equation (7) [26].

V:er:<2wiyi>><r )
i—1
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where V is the grouped cable assessment value (0 < V < 100). An assessment value of
100 indicates that the grouped cable is in intact condition, and 0 indicates poor condition. U
is the score for uniform variation, m is the total number of cable force monitoring points, y;
is the score value of the ith monitoring point (0 < y; < 100), and w; is the weight of the ith
monitoring point [27], as shown in Equation (8) [26]. r is a non-uniform variation coefficient.
To ensure order preservation, the slope correlation degree is used for the non-uniform
change coefficient, as shown in Equation (9) [26].

m
wi =y 08/ 408 @®)
=1
-1
1 m—1 X(O)
r=— Y |1+ Tk - )
A Yt X1

where x;(©) is the kth initial monitoring cable force and x; is the kth current monitoring
cable force.

The assessment value of the grouped cable can be calculated by the steps described
above. Then, the condition level can be determined according to the classification of
technical conditions in STCE2011 (Table 1) [11]. Level 1 represents that the bridge is in
excellent condition and only needs daily maintenance or preventive maintenance. Level
2 represents that the bridge is in fair condition and needs preventive maintenance or
repair maintenance. Level 3 represents that the bridge is in poor condition and needs
repair maintenance or bridge rehabilitation. Level 4 represents that the bridge is in critical
condition and needs repair maintenance or bridge rehabilitation. Traffic control is required
while maintenance work is carried out and the bridge may have to be closed if necessary.
Level 5 represents that the bridge is in imminent failure condition and needs replacement
or rehabilitation. The bridge is closed to traffic.

Table 1. Bridge technical condition classification boundary.

Te.c l.mlcal Level 1 Level 2 Level 3 Level 4 Level 5
Condition Level

Technical
condition score [95, 100] [80, 95) [60, 80) [40, 60) [0, 40)

Commonly. Daily mamtepance Preventlve . Repair Rehabilitation or Rehabilitation or

employed feasible or preventive maintenance or maintenance or . .
. . . . epogs repair maintenance replacement
actions maintenance repair maintenance rehabilitation

3. Case Study
3.1. Engineering Background

The Third Nanjing Yangtze River Bridge, a mega-span double-pylon, double-cable
deck steel cable-stayed bridge in China, was taken as the engineering background bridge.
The bridge is oriented north to south and measures 1288 m in length overall with a 648 m
main span. The steel pylon and steel box are made of Q345D steel. A total of 168 stay
cables, each made up of 109 to 241 wires with a diameter of 7 mm, support the deck. The
stay cables adopt low-relaxation, ultra-high-strength galvanized steel wire, and the tensile
strength of the steel wire is 1670 MPa. The bridge was opened to traffic in 2005. Figure 5
shows its elevation.

Due to the large number of cables, they need to be numbered. According to the
characteristics of the north—south direction of the bridge, the number contains two letters
and one number. The first is S or N, representing the south pylon or the north pylon;
the second is | or A, representing the river side or the bank side; and the last is 1 to 21,
representing the shortest cable to the longest cable. For example, SJ15 stands for the 15th
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cable on the river side of the south pylon. Sometimes, a third letter, S or X, is added to
represent upstream or downstream.

1288

63 ,

257

L 648 L 254 | 63

1 1
north pylon south pylon

Figure 5. Elevation of the Third Nanjing Yangtze River Bridge (unit: m).

To ensure the safe operation of the bridge, a bridge structural health-monitoring sys-
tem was installed. The main girder deflection monitoring was carried out by the closed
connected pipe method with ROSEMOUNT 3051S sensors, which were arranged longitu-
dinally in the side and middle spans of the bridge. Taking the upstream as an example,
there are 22 effective measuring points (Figure 6). RM.YOUNG-41372 temperature and
humidity sensors (accuracy +0.3 °C, £2% RH, sampling frequency 10 Hz) from the USA
were used to monitor the ambient temperature. The anchor load cell (ALC) sensors were
installed in the anchors of stay cables that achieve measuring cable force directly. ALCs
with a relative inaccuracy of 1% and an acquisition frequency of 10 Hz were installed in all
168 of the stay cables [12]. The specific distribution and quantity of monitoring sensors of
the Third Nanjing Yangtze River Bridge are shown in Figure 6.

@ Deflection sensor(22)

A Temperature sensor(3)
Temperature sensor at
mid-span section (16)

Cable force sensor(168)

north pylon south pylon

SA1~SA21

[—JIDownstream

Upstream

617 GT6 GTs GT4 GT3 GT2 ot
GwW3 Af ‘ j@ E@ ‘ ‘m Gw1
T -
GW4 Gw2
GBS GB4 GB3 GB2 GBI

Figure 6. Sensor layout of the Third Nanjing Yangtze River Bridge.

3.2. Verification of the Relationship between Cable Force and Deflection

The bridge was relatively stable in the first few years of operation and can be used
to verify the theoretical relationship established above, between cable force and girder
deflection. To ensure similar monitoring time and temperature and relatively stable vehicle
load, the monitoring data on 7 January 2007 at 1:00 am, 20 January 2008 at 1:00 am, and
15 January 2009 at 1:00 am were selected. Their temperatures were 3.12, 3.13, and 3.10 °C,
respectively. Taking the monitoring data after the completion of the bridge in 2005 as the
initial value, the deflection change value and cable force change rate of the girder in 2007,
2008, and 2009 were calculated, as shown in Figure 7. It can be seen that the deflection
difference was about £10 mm, and the maximum was —29.58 mm. The change rate of cable
force was mostly within 5%, and the maximum was 10%. Overall, the structural change
was relatively stable and can be regarded as a non-destructive state. Therefore, these three
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sets of monitoring data can be used to verify the theoretical relationship between girder
deflection and cable force proposed in Section 2.1.

20 ¢
8
T 10 f
<
£= o f
s
30 |
550 | ‘ N —e—2007
."_é‘ g Mid—span posmon\ —0—2008
SE0 | —e—2009
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(a)
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(b)

Figure 7. Three groups of deflection and cable force change from 2007 to 2009: (a) deflection difference
compared to initial value; (b) cable force variation rate.

It is known that E, = 2.06 x 10° MPa, I, = 8468 m*, A = 92.75 x 10~* m?,
Eeq = 1.706 x 10° MPa. The cable force monitoring data are substituted into Equation (6)
to obtain the deflection change value, and the mid-span monitoring data are compared
with it (Figure 8). It can be seen that the theoretical calculation values of the three groups of
deflection changes are in agreement with the monitoring data, and the corresponding errors
are 2%, 5%, and 6%. Therefore, the established theoretical relationship between cable force
and girder deflection is reasonable and can be used to determine the cable force threshold.
45 -

B Mid—span monitoring value H Calculated value
40 F

-35 -31.02
-29.58

Deflection variation
%)
S
T

9.00 -9.52

433 423

2007 2008 2009

Figure 8. Comparison of monitored and calculated values of mid-span girder deflection.
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3.3. Assessment Example

(1) Determination of single cable force threshold

Taking eight long cables as an example, according to the assessment method in
Section 2.2, their average variation rate is 30% (Table 2). The calculation equation of
the five-level evaluation criteria of the cable force variation rate is shown in Equation (10).

100 x=0
100—7x 0<x<5
75—2x 5<x<10

Yi=\70-15x10 < x < 20 (10)
120 — 4x20 < x < 30

0 x > 30

where x is the cable force variation rate (%) and y; is the score value of the ith monitoring
point (0 < y; < 100).

Table 2. Cable force variation rate of long cables.

Cable Number

NJ21 NA21 NJj20 NA20 NJ19 NA19 NJ18 NA18

Cable force variation rate

22% 26% 31% 30% 33% 31% 32% 33%

(2) Condition assessment of grouped cable

To make the cable force data over the years comparable, the influence of other factors
must be eliminated. Temperature and vehicle load affect the cable force. The research
shows that compared with the cable force due to dead load, the change in cable force
caused by vehicle load is less than 2%, and the influence is small, while the change in cable
force caused by temperature ranges from —5.7% to 5.2%. From 2007 to 2013, the Third
Nanjing Yangtze River Bridge was closed six times due to foggy weather in a short period.
The influence of temperature and live load on the cable force can be eliminated, and the
cable force due to dead load can be obtained. Therefore, the researchers selected these six
instances of cable force due to dead load, which were more comparable.

According to the previous analysis, the influence of a long cable on cable force is
relatively large [28,29]. Therefore, the cable forces of 16 cables (No. 18-21) during the six
closure periods were selected. In fact, due to the failure of two sensors, the cable forces
of 14 cables were selected, namely SA21, SA19, SA18, SJ18, SJ19, SJ20, and SJ21 in the
south pylon and NA21, NA19, NA18, NJ18, NJ19, NJ20, and NJ21 in the north pylon. The
variation rate of cable force in each period was obtained by comparing these cable forces
with the initial cable forces (Figure 9). We can see that the long cable forces of the south
pylon vary greatly; some of them increase or decrease year by year, some of them remain
basically unchanged, and the maximum change rate is about 8%. In addition, the long
cable force of the north pylon changes slightly, with a change of about 4%.

According to Equations (7)—(10), the cable forces of 14 cables were evaluated. The
detailed assessment results are shown in Table 3.

Table 3. Assessment results of grouped cable forces.

Date Uniform Assessment Non-Uniform Assessment Score of Condition Level
Score Coefficient Grouped Cable
2007.03 93.69 0.982 91.67 2
2008.04 90.06 0.982 88.03 2
2009.04 86.91 0.974 84.13 2
2010.10 87.01 0.973 84.53 2
2011.11 86.53 0.986 85.55 2
2013.12 82.67 0.977 81.02 2
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Figure 9. Variation trend of cable force in six times: (a) cable force variation rate in the south pylon;
(b) cable force variation rate in the north pylon.

The data in Table 3 show the trend of cable force degradation. According to the
classification of technical conditions in STCE2011 (Table 1) [11], the cable force belonged to
level 2 from 2007 to 2013. Although the condition level of grouped cable forces remains the
same, the assessment result, the uniform assessment score, and the non-uniform coefficient
all show a downward trend. Moreover, it can be predicted that the score of the grouped
cables will probably be lower than 80 after 2014, entering level 3, which needs repair
maintenance or rehabilitation. The Annual Bridge Inspection Report shows that there is
no damage to the internal and external of stay cables and the anchor connection, while
there are more cracks at the welding hole of the inclined web member in the steel box
girder (see Figure 10), which may be the cause of the cable force changes. The total length
of cracks in each box chamber section of the steel box girder was counted, and the crack
distribution diagram of the steel box girder was obtained, as shown in Figure 11. It can be
seen that the number and length of cracks increased year by year from 2010 to 2014, which
indicates that cracks in the steel box girder are becoming more and more serious. In terms
of the longitudinal distribution of the main girder, there are fewer cracks near the two
main pylons, but more cracks are distributed near the quarter point of the midspan and
the auxiliary pier. This will lead to uneven stress of the main girder, which will cause the
fluctuation of cable forces, and then lead to poor evaluation results of grouped cable forces.

Figure 10. Cracks detected on site in steel box girder.
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Figure 11. Crack distribution in steel box girder.

4. Conclusions

In this paper, based on the relationship between the girder deflection and the cable
force, and using the deflection data of the main girder, an evaluation method of the cable
force was proposed and applied to the Third Nanjing Yangtze River Bridge. The following

conclusions were obtained:

(1) According to the geometric relationship of the deformation in cable-stayed bridge,
a simplified equation between the variation in cable forces and the girder deflection
was built. A practical case study validated the correctness of the proposed theoreti-

cal equation.

(2) The threshold value of cable force change rate for a single cable can be determined by
a simplified equation between the cable force and girder deflection and the deflection
limit in the specification. In this case, the threshold of a long cable is 30%. On this
basis, the evaluation standard of a single cable force of piecewise linear mode was
obtained according to the specifications.

(3) A condition assessment method of grouped cable forces was established based on the
variable weight synthesis method and gray correlation degree theory, which considers
the uniform and non-uniform changes in cable force. The 6-year evaluation results of
grouped cables of a real bridge show that the cable forces are generally decreasing
year by year, and it also reflects the development of other component defects from

the side.
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Abbreviations

The following symbols are used in this paper:
A Cable cross-sectional area
Ee;  Equivalent elastic modulus of cables
E. Elastic modulus of cable
Ep Pylon elastic modulus
h; Height of the ith cable from the deck
I Area moment of inertia of pylon
Lc Cable length
l Length of the cable horizontal projection
m The total number of cable force monitoring points
n Number of pairs of cables anchored at each pylon
r Non-uniform variation coefficient
T Cable force
u Score for uniform variation
Vv Grouped cable assessment value
x®  The kth initial monitoring cable force

X The kth current monitoring cable force

X Cable force variation rate

Yi Score value of the ith monitoring point

o Horizontal angle between cable and deck

wp Cable weight per unit length

wj Weight of the ith monitoring point

AT  Cable force variation

AT;  Variation in cable force of the ith cable on the river side
AT’;  Variation in cable force of the ith cable on the bank

Auy  Deflection of main girder caused by cable extension
Auy  Deflection of main girder caused by pylon’s bending
Au Deflection of main girder (Auq + Auyp)

Av Longitudinal displacement of the anchor point
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