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Abstract

To address the limitations of existing cable damage identification methods in terms of
environmental robustness and measurement dependency, this study proposes a novel
damage identification approach based on the second-order difference characteristics of
main beam deflection. Through theoretical derivation, the intrinsic relationship between
cable damage and local deflection field disturbances in the main beam was revealed, leading
to the innovative definition of a second-order difference of deflection (DISOD) index for
damage localization. By analyzing the second-order deflection differences at the anchorage
points of a three-cable group (a central cable and its two adjacent cables), the damage status
of the central cable can be directly determined. The research comprehensively employed
finite element numerical simulations and scaled model experiments to systematically
validate the method’s effectiveness in identifying single-cable and double-cable (both
adjacent and non-adjacent) damage scenarios under various noise conditions. This method
enables damage localization without direct cable force measurement, demonstrates anti-
noise interference capability, achieves rapid and accurate identification, and provides a

Rhechckforupdates technically promising solution for the health monitoring of long-span cable-stayed bridges.
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and structural impairments. Surface deterioration typically presents as aging and cracking
of the protective coating surrounding the cable, while structural issues may include broken
strands, corrosion, anchorage loss, and fatigue failure induced by vehicular traffic, among
other factors [1-3]. These types of damage can compromise cable tension, impacting the
alignment of the main beam and posing significant safety risks to bridge operations. As a
result, the accurate assessment of stay cable condition, timely detection of damage, and
decision-making regarding cable replacement have remained critical priorities in the global
bridge engineering community. Therefore, the development of effective inspection tech-
niques and maintenance strategies is of paramount importance to ensure the ongoing safe
and reliable operation of cable-stayed bridges.

Currently, common cable damage detection methods include direct inspection meth-
ods and indirect methods based on dynamic responses, as well as methods based on static
parameters. Direct inspection methods encompass visual inspection, ultrasonic testing,
and magnetic flux leakage techniques. Among these, visual inspection is the most widely
applied method in annual bridge inspections; however, it has the drawbacks of being time-
consuming, labor-intensive, and potentially dangerous, and the results largely depend on
the inspector’s experience and professional skills [4]. Ultrasonic methods require the prior
placement of acoustic emission sensors [5], while magnetic flux leakage techniques demand
complex equipment and the leakage signal can be easily affected by the protective casing,
thereby impacting the accuracy of damage identification [6-8]. Indirect damage identi-
fication methods based on the bridge’s dynamic response include modal frequency [9],
modal shapes, flexibility curvature [10-12], acceleration, curvature modes [13], modal strain
energy, and acceleration, among other parameters. Modal shapes are liner results. Damage
is a nonlinear phenomenon and generally shows up first in higher frequencies. By the time
changes in lower mode shapes occur too much damage may have occurred. However, due
to the dynamic response of bridges being easily affected by external environments, the
complexity of actual bridge structures and outdoor conditions, as well as the incomplete-
ness of the measured data, the uncertainty of the structural dynamic response is relatively
large, and the practical application of existing research results still requires improvement.
In addition, methods for identifying cable damage based on static parameters (such as
temperature deflections) are also gaining attention [14].

In contrast to the dynamic responses observed in the structure, the deflection response
signal of a bridge stands out for its remarkable stability. Static parameter methods have
piqued researcher interest due to their minimal environmental impact. Cable damage
can alter tension, allowing for identification through tension variations. Practical engi-
neering methods, such as hydraulic jacks and pressure sensors, are commonly used, but
their accuracy may be compromised by external factors, leading to reduced repeatability
of results.

Wang et al. [15,16] and other researchers have focused on different aspects of bridge
structures, proposing methods to identify damaged components through careful analysis of
deflection differences and cable force changes. These methods have been validated through
laboratory experiments, showcasing their accuracy and reliability.

Yang et al. [17] proposed a cable damage identification method based on the flexibility
matrix of local beam segments. This method identifies changes in cable forces within
the region by establishing the relationship between the flexibility matrix of local beam
segments and variations in cable forces, thereby enabling the localization of damaged
cables. However, the selection of the length of the local beam segment has a significant
impact on the identification results: inappropriate length may lead to a decrease in the
accuracy of cable damage localization or even misjudgment.
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Shu [18] innovatively introduced a method for the inverse calculation of cable force
in cable-stayed bridges, leveraging the correlation between the main beam deflection and
cable force. By integrating this with the inherent mechanical properties of the cable-stayed
cables, he also developed a dynamic approach to quantitatively assess damages to the
cables in real-time.

An innovative strategy for identifying cable damage is introduced in this work, uti-
lizing second-order difference analysis of beam deflection. By examining the evolving
patterns of large-scale deformation features, the method addresses a fundamental con-
straint of conventional approaches—their susceptibility to environmental variations. This
research pioneers an inverse analytical route linking global structural deformation to lo-
calized damage states. The framework offers a mechanics-based interpretation model
for assessing cable integrity in long-span cable-supported bridges, while simultaneously
delivering a cost-efficient monitoring system with minimal hardware requirements and
enhanced resilience to field conditions. The proposed methodology shows considerable
promise for implementation in real-world engineering environments.

2. Materials and Methods
2.1. Theory of Damage Identification for Stay Cables
2.1.1. Relationship Between Cable Tension and Second Derivative of Deflection

(1) Relationship between Bending Moment and External Load on a Local Beam Section

Consider a local segment AB extracted from the main girder of a cable-stayed bridge.
This segment is subjected to a uniformly distributed load and the vertical components of
the forces from the stay cables, as illustrated in Figure 1. The vertical components of the
forces exerted by the individual stay cables along the segment, arranged from left to right,
are respectively denoted as Y1, ..., Yi—1, Y&, Yia1, - - - Y-
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Figure 1. Force analysis of local beam segment AB.

The bending moments at cable anchorage points k — 1, k, and k + 1 can be expressed as:

My—1 = le—1 + Mqu + le—l
My = ME + M2 + Mf (1)
Mi1 = M]E—‘rl + Ml(c2+1 + Mlf+1

where

ME |, M,gl and M{ | represent the bending moments at point k — 1 induced by the
support reactions, uniformly distributed load g, and all concentrated loads, respectively;

ME, MkQ and MI denote the bending moments at point k caused by the support
reactions, uniformly distributed load q, and all concentrated loads, respectively;

ME 1 M,?H and M} 1 indicate the bending moments at point k + 1 generated by the
support reactions, uniformly distributed load g, and all concentrated loads, respectively.
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Definition:

1
M® = My — 5 (M1 + M) @)

Substituting Equation (1) into Equation (2) yields:
1
MR = (Mf +MZ + M) - E((lefl +ME+ Mllc:71> + (MIEH +ME, + leﬂ)) )

By considering the left—hand segments of sections k — 1, k, and k + 1 in Figure 1 as
free bodies, the mechanical model is obtained as shown in Figure 2.
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Figure 2. Force analysis of isolated body.

Based on the equilibrium conditions, the bending moments generated by the support
reactions at points k — 1, k, and k + 1 of the beam segment are:

Mf | = Mo+ Qa(la + (k—2)I)
M]E - Ma +Qa(lu + (k—2)1+l)

ME, | = Ma+ Qa(lg + (k —2)1 +21)

(4)

Based on the equilibrium conditions, the bending moments generated by the uniformly
distributed loads at points k — 1, k, and k + 1 of the beam segment are:

Q _ qUat(k=2)1)?
Mg =—"—

2
Lo+ (k—=2)1+1)?
M}gz_q( (2) )2 o)
Q _ qUa+(k=2)142])
Mg, = —qf

The bending moments induced by all cable forces at sections k — 1, k, and k + 1 of the
beam segment are:

k=2
My = L Yj(k—j-1)I
]:
F k—1
Mk = 'Zlyj(kff)l (6)
]:
k
Mi = ‘zlyj(k —j+1)
]:
Substituting Equations (4)—(6) into Equation (3) yields:
1 1
R_1 p 1
M® = qu 2Ykl (7)

@)

Relationship Between Bending Moment and Deflection in Local Beam Sections

According to the principles of material mechanics, the relationship between bending
moment and deflection at any cross-section of a beam segment can be expressed as:
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where w” represents the second derivative of the beam deflection, E denotes the elastic
modulus of the main girder, I is the sectional moment of inertia of the main girder, and p(x)
indicates the curvature at section x.

When the x-axis is defined as positive to the right and the y-axis as positive upward, a
downward-convex curvature is positive, while an upward-convex curvature is negative.
According to the sign convention for bending moments, a downward-convex bending
moment is positive, and an upward-convex bending moment is negative, as illustrated
in Figure 3. It is evident that under this coordinate system, the signs of M and w” are
consistent. Substituting Equation (9) into Equation (8) yields:

y y
"N
/\
M<0 M>0
w'<0 w'>0
o X o P
(a) Upward (b) Downward

Figure 3. Relationship between bending moment and second derivative in a local beam segment.

w” _ M(x)
(1+w2)*?  EI o

Since the deflection curve of the beam is relatively flat, w'? is extremely small compared
to 1 and can be neglected. Thus, the above expression can be approximated as:
M(x)

w' = i (11)

The second derivative of the deflection at a specific point on the main girder can be
expressed using the second-order central difference formula as:

dw?(x)  w(x+ Ax) —2w(x) + w(x — Ax)

dx2 (Ax)? (12)

where w(x — Ax), w(x), w(x + Ax) represent the deflection values at points x — Ax, x, x + Ax
on the main girder, respectively.
Substituting Equation (12) into Equation (11) yields:

w(x + Ax) —2w(x) + w(x — Ax)
(8x)?

M(x) =EI (13)
2.1.2. Relationship Between Cable Force and Girder Deflection
(1) Undamaged cable condition

Consider a beam segment AB extracted from a long-span cable-stayed bridge, contain-
ing n stay cables. The anchorage points of these cables along the girder are sequentially
numbered from left to rightas 1,2,...,k — 1,k , k+ 1, ..., m. The vertical components of
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the cable forces are denoted as Ylh, Yh, el Yl?—lf Y]?, Yli’ RTIREY Yf,g, with a uniform spacing
1 between any two adjacent anchorage points. The distances from the left end of the beam
segment to anchorage point 1 and from anchorage point n to the right end are denoted as
I, and [, respectively.

The entire beam segment is subjected to a uniformly distributed load q. The bending
moments and shear forces at ends A and B of segment AB are shown in Figure 4, which
illustrates the undamaged cable condition.

In Figure 4, M, and M} represent the bending moments induced by all external loads
at sections A and B, respectively, while Q" and Qf} denote the corresponding shear forces
caused by all external loads at sections A and B, respectively. The influence of axial forces
is neglected. Under these conditions, the bending moments at points k — 1, k and k + 1
along the beam segment can be expressed as functions of the end forces, the uniformly
distributed load q, and the vertical components of the cable forces.

v i
Y] Yo, Y Yi, Y,
A A A A A
My et N M
‘“HHH,llHlHl;’g g
AQ,, e R B K = A 0!
‘4\@\\;73\‘&}’()() I | o

Figure 4. Force and deformation diagram of local beam segment (No cable damage).

According to Equation (7), parameter MR under the undamaged condition can be

expressed as:

1 1
MR = qu2 — EY,?Z (14)

(2) Cable Damage Condition

Assume that the stay cable at an arbitrary point k on the girder experiences dam-
age, as illustrated in Figure 5. The vertical components of the cable forces are denoted
sV, o Y VY
duced by all external loads at sections A and B, respectively. Similarly, qu and Q% denote

-, Yr’fl, while M,dq and M% represent the bending moments in-

the shear forces caused by all external loads at sections A and B, respectively.

y A
v vi, v v, v
A

M T

4 kel ko kt
’ -2 k-1
gtk ] R = A o

[

T \w4(x) P

Figure 5. Force and deformation diagram of local beam segment (with cable damage).

According to Equation (7), MR under the cable damage condition can be expressed as:

MR = %qﬂ - %Yfl (15)

Let:
A =Yd -y} (16)
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The variation (denoted as AMR) in the bending moment MR before and after the
damage of cable k is given by:
AMR = MR — MR (17)

Substituting Equations (14)—(16) into Equation (17) yields:
R 1
AM”® = — El AYy (18)

(3) Relationship Between Bending Moment and Deflection

Under undamaged cable conditions, the bending moment at any cross-section x can
be expressed based on Equation (13) as:

wh (x + Ax) — 2w (x) + w'(x — Ax)

h _
M"(x) = EI )

(19)

where w" (x — Ax),w" (x),w" (x + Ax) and represent the deflection values at sections x — Ax,
x,x + Ax on the main girder under undamaged cable conditions, respectively; M"(x)
denotes the bending moment at section x of the main girder when no cable damage
is present.

Similarly, after the occurrence of cable damage, the bending moment at any section x
can be expressed based on Equation (13) as:

x + Ax) — 2w (x) + w?(x — Ax)
(Ax)?

d
M (x) = E10 (20)
where w?(x — Ax),w? (x),w? (x + Ax) represent the deflection values at sections x — Ax,
x, x + Ax on the main girder after cable damage occurs, respectively; M?(x) denotes the

bending moment at section x of the main girder under cable damage conditions.
Let:
Aw(x — Ax) = w?(x — Ax) — w"(x — Ax)
Aw(x) = w (x) — w'(x) (21)
Aw(x + Ax) = w?(x + Ax) — w"(x 4 Ax)
Therefore, the bending moment difference AM(x) at location x of the main girder
before and after cable damage can be expressed as:

AM(x) = M?(x) — M"(x) (22)
Substituting Equations (19)—(21) into Equation (22) yields:

Aw(x 4+ Ax) —2Aw(x) + Aw(x — Ax)
(Ax)®

AM(x) = EI( ) — EIAw" (x) (23)

Under undamaged cable conditions, the bending moment M~ can be expressed based

on Equation (2) as:

1

When cable damage occurs, the bending moment MR can be expressed according to

Equation (2) as:
1
dR d d d
M = M - 5 (Mk_1 + Mk+1) (25)
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Using Equations (24) and (25), parameter AMR can be expressed as:

AMR = (M7 — %(M,‘Ll + M;‘LJ) - (M’z? - %(Ml}cl—l + Ml}clﬂ )

(26)
_ d h 1 d h d h
= (Mg — Mk) - E((Mk—1 - Mk—l) + (Mk+1 - Mk+1)
Let:
MMy = M{,— M,
AMy = M{ — M} (27)
AMjy1 = Mlil+1 - MI]ZJrl
Substituting Equation (27) into Equation (26) yields:
1
AMR = AM; — 5 (AMy_q + AM 1) (28)

According to Equation (23), when x takes the values k — 1, k, and k + 1 respectively,
the bending moment differences at sections k — 1, k, and k + 1 of the main girder can be
expressed in terms of deflection differences as follows:

AMy_; = EIAw]
AMj, = EIAW] (29)
AMy4q = EIAw] |

where Aw;_,, Awj}, and Aw, 1 represent the second derivatives of the beam deflection
differences at sections k — 1, k, and k + 1, respectively.
Substituting Equation (29) into Equation (28) yields:

1
R " " "
AMR = EI(Awk — 5 (B + A +1)) (30)

Comparing Equation (30) with Equation (18), it can be concluded that:

" 1 " " 1
EI(Awk — 5 (b, + Awk+1)) = —SIAY; (31)

Using the forward difference formula, the second-order difference of the beam deflec-
tion can be expressed as:

AW — Awy_q (x+Ax) —2Awy_q (x)+Awy_1 (x—Ax)
k—1 (Ax)?
Aw — Awy (x+Ax)—2Awy (x)+Awy (x—Ax)
ko (Ax)®
Aw . — Awy 1 (x+A%) —2Awy 1 (x)+Awy 1 (x—Ax)
k+1 (Ax)?

(32)

Substituting Equation (32) into Equation (31) yields:

(8x)?
1 Dwg_g (x+Ax) —2Awy_q (x)+Awy_q (x—Ax)
z (ax)* (33)

B0 () 280y (x) A (x— )
(8x)

EI ( Awi (x+Ax) —2Awi (x)+Awg (x—Ax)

= —1IAY;

Furthermore,
AYk = AFk sin 19 (34)
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where «a defines the inclination of the cable tension relative to the deck girder.
Therefore,
AR, =
_2FI ( Awy (x+Ax)—2Awy (23()+Awk (x—Ax)
(Ax)
1 Awg_1 (x+Ax) —2Awy_q (x)+Awg_q (x—Ax) (35)
2 (8x)*
+ Awyq (x+Ax)—ZAEX;;z(x)-i-AwkH(x—Ax) ) > /(l sin Dck)

From Equation (35), it can be observed that a specific relationship exists between the
second-order deflection differences at points k — 1, k, and k + 1, and the variation in cable
force at point k.

The damage index of second-order difference (DISOD) is defined as:

DISOD(k) _ Dwy(x+Ax) —2Awy (x)+Awy (x—Ax)

(Ax)?
7% (Awk1 (x+Ax)—2Awk,12(x)+Awk,1 (x—Ax) (36)
(Ax)
+ Awyiq (X+Ax)72Awk+12(x)+Awk+1 (x—Ax) )
(Ax)

When cable k experiences damage, its tension force decreases, resulting in a positive damage
index. Otherwise, the damage index remains zero or negative. Therefore, by utilizing the
deflection information from nine cross-sectional positions at three anchorage points k — 1,
k, and k + 1 (as illustrated in Figure 6, it becomes feasible to determine whether cable k has
sustained damage.

Y, Yiep Yo Yiuy Ym
A

A oy’ ‘ ‘ B

_ k-1 k)l
ofta L 2r M E et [

A

Figure 6. Schematic diagram of dense deflection data points required for calculating the dam-
age index.

2.2. The Process of Identifying Cable Damage

This paper introduces a cable damage identification method that leverages the second-
order difference of local beam deflection, tailored for cable-stayed bridge applications. See
Figure 7.

The linear bridge profile under design conditions serves as the benchmark for pre-
damage beam deflection at each anchorage point. For cable-stayed bridges lacking this
reference data, an initial finite element model is first established using design parameters
and initial cable forces. This model is then updated with field-measured data to create a
reference finite element model. Finally, the bridge profile under self-weight is calculated
from this corrected model to determine the main beam’s initial deflection.

(1) Periodically measure the deflection at cable and main beam anchorage points (every
quarter or year), thus capturing the beam deflection data after potential cable damage.

(2) Compute the deflection difference between the results of steps (2) and (1), forming
the column vector of beam deflection differences.

https:/ /doi.org/10.3390/buildings16020276
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(3) Encrypt the deflection difference data points obtained above and calculate the damage
index DISOD(k) values at each cable position based on Equation (36). Evaluate
whether the cable is damaged by considering the sign of the resulting value (positive
or negative).

Divide the beam into several beam

segments
(1) Measure the alignment of a beam segment
l after the completion of the bridge(before
cable damage)

Regularly measure the alignment of
each beam section
(2) Measure the alignment of a beam
segment regularly(after cable damage)

Subtract 1 from 2 to obtain the
deflection difference column vector
of each anchorage point in the beam

segment

l

Calculate the DISOD (k) value of
the damage index at each anchorage
point

Positive -
——— It is damaged

Positive or negative
signs of DISOD (k)

——— [t isn't damaged
Negative

Figure 7. Procedure for locating damaged cables.

3. Field Bridge Simulation Analysis
3.1. Engineering Overview

This bridge is a double-tower, double-cable-plane prestressed concrete cable-stayed
bridge. This bridge is built in 2010. The main bridge has a total length of 821 m with a
span arrangement of (43 + 147 + 386 + 147 + 43) meters. It adopts a semi-floating structural
system, with vertical supports provided at the auxiliary piers, transition piers, and the
lower cross beams of the cable towers. To enhance overall stability, lateral wind-resistant
bearings and longitudinal viscous dampers are installed at the cable tower locations, with
specific arrangements shown in Figure 8.

The girder features a standard double-main-rib cross-section, with a full width of
27.5 m and a center girder height of 2.6 m. The top slab is 23.5 m wide and 0.30 m thick,
with a 2.0% bidirectional cross slope on the bridge deck. The outer height of the ribs in the
standard section is 2.33 m, with each rib being 2.0 m wide. In the side-span cast-in-place
segments, the width of the main girder ribs transitions gradually from 2.0 m to 3.5 m.
Detailed cross-sectional configurations are provided in Figure 9.

The standard sections of the main girder are constructed using the cantilever cast-in-
place method with form travelers and are designed as prestressed concrete structures with
a concrete strength grade of C60. A large cross beam, 300 cm thick, is provided at each
cable tower and auxiliary pier, with all cross beams being prestressed concrete structures.

The cable towers are designed as “H”-shaped pylons, constructed as reinforced con-
crete structures with a total height of 193 m. The upper pylon segment is 78.5 m high,
the middle segment is 42 m high, and the lower segment is 72.5 m high. The pylons are
designed as prestressed reinforced concrete box sections.

The stay cables consist of parallel steel wire strands, formed by spirally bundling
multiple layers of @7 galvanized steel wires. They feature double-layer PE protection and
are free of wire splices. The standard spacing of the stay cables on the main girder is 6 m,
while the spacing in the cast-in-place sections of the side spans is 4.5 m. On the cable
towers, the cable spacing is 1.75 m and 2.0 m, respectively.

https:/ /doi.org/10.3390/buildings16020276
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A total of six types of stay cables are used for the entire bridge, namely PES7-85,
PES7-109, PES7-139, PES7-151, PES7-187, and PES7-211.

1
| { — =
| = !
L ' |
| Xuanhan y Wuxi | XingsH
I_Coumy \ [ ——— e s | _Counl;l

y, NP . 1

! kapros | Meixi River Bridge | -

Kaijiang ¥iDistoict X Wu‘,shan‘ e .

_County w7 .~ __~County Ca o?g 1

| ). ’ A Yunyang Fengj[e{ : ool !

I S Chunty=——v T Zig\:

: T\ Countl
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L z!_;.. et A GRS U S S =

Figure 8. A practical large-span cable-stayed bridge with twin towers.
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(b) Cross-Section Drawing

Figure 9. General Layout of the Bridge.

3.2. Development of the Numerical Model

A three-dimensional finite element model was constructed in ANSYS 19.2 [19] (see
Figure 10). The fishbone beam modeling methodology was utilized to reduce the intricate
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bridge deck system to a central spine beam featuring arranged stiffeners. This technique
successfully optimizes the trade-off between processing demands and the fidelity necessary
for comprehensive structural assessment. BEAM188, SOLID65, and LINK10 elements were
assigned to the main beam, tower, and cables, respectively. The bottom of the main beam
was constrained at the piers, and the second-phase dead load was simulated as a uniformly
distributed load on the deck. The model comprises 1478 elements and 2137 nodes.

Figure 10. Finite element model of the twin towers cable-stayed bridge.

3.3. Cable Damage Location Identification

The loss of stiffness following cable damage is simulated via a reduction in the elastic
modulus, corresponding to the method described in literature [20]. For a given cable i, the

damage level ¥; is calculated as
Egi

N=1
' Eui

(37)

where E;; and E,; are the elastic moduli of cable i after and before damage, respectively.

The damage identification begins with a rationally segmented main beam, where the
deflection at each anchorage point is computed before and after single or double cable
failure. Based on this data, the deflection and deflection difference relative to each segment’s
base point are calculated. Cable damage is then localized using the second-order difference
principle of deflection on local beam segments. The mid-span, comprising 62 cables,
is divided into six sections numbered 1 to 6 from left to right. Each section contains
14-15 cables and uses the left-end anchorage as its reference point, except for Section 1,
which is referenced to point Al at the bridge tower—girder connection. Adjacent local beam
segments overlap by one internode (two cables), enabling clear damage localization across
segments 1-6. The specific procedure is outlined in Figure 11.

Reference point T1T2 - TI3TI4
oA
: 1 ‘
| t2

P~ ry

Reference point  T[2~T25 | 3 :

. /TS/6 | '"//T61T62

Reference point T23~T36

Reference point

Figure 11. Schematic diagram of segmented identification of damaged cable positions.
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(1) Single cable damage

Numerical simulations of cable damage are conducted at three representative locations
(1/8,1/4, and 1/2 span) to identify the damage position. Assuming single cables T8, T16,
and T31 experienced damage levels of 10% to 40%, a finite element model computed the
deflection differences Aw(x) at anchorage points before w"(x) and after w*(x) damage,
using the left-end anchorage point of the beam segment as the reference.

For instance, to simulate the failure of cable T31, a beam segment MN encompassing
14 cable spans (cables T25 to T38) is extracted, with its left-end anchorage point serving as
the reference (Figure 12).

T25 T26 T31 T32 T37 T38
Reference point / / // / /
| |
| 6x1 L1 6x/ |

Figure 12. Part of beam section MN.

The damage index DISOD(Kk) is calculated using Equation (36), based on the second-
order difference of the deflection at each anchorage point (from Equation (32)). The result
is shown in Figure 13c.
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Figure 13. Calculation results of DISOD in case of single cable damage.
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The locations of cable damage are simulated and identified at three positions (1/8 span
position, 1/4 span position, 1/2 span position). Assuming different degrees of damage for
single cables T8, T16, and T31 (10%, 15%, 20%, 25%, 30%, 40%), a finite element model of
the double-tower cable-stayed bridge is developed to simulate anchorage point deflections
w"(x) (before damage) and w? (x) (after damage), from which the beam deflection difference
Aw(x) is calculated. The damage index DISOD(k) is subsequently computed employing
Equation (36).

Figure 13 presents the DISOD results under single cable damage conditions, comparing
states before and after damage.

From Figure 13a, it can be seen that the damage index DISOD at the position of cable
T8 is a positive value and reaches an extreme value, indicating a decrease in cable tension.
The negative damage index DISOD measured at positions T7 and T9 corresponds to a rise
in tensile force within these cables. A slight decrease in cable tension is reflected by the zero
or negative DISOD values observed at the positions of other cables, which is in line with
the pattern of cable tension changes after damage in cable, indicating that the damaged
cable is cable T8. Furthermore, as the damage severity increases, the value of the damage
index DISOD at the position of cable T8 increases.

Thus, it can be inferred that in Figure 13b,c, the damaged cables are T16 and T31
respectively, and the values of the damage index increase with the degree of damage.

(2) Double cable damage

Assuming varying degrees of damage to both cords (See Table 1). Follow the injury
cord identification process proposed in the first section for cord location identification.
Figures 14-16 show the DISOD calculation results for the cable damage conditions listed in
Table 1.

Table 1. Damage conditions (Ansys simulation).

Damage Types Position C]o):llgil:i%is Cable Damage Degree (%)
T8 5,10, 15, 20, 30, 40
1/8 Span Case 1-Case 6 T9 5,10, 15, 20, 30, 40
. T16 5,10, 15, 20, 30, 40
Adjacent 1/4Span  Case7-Case12 117 5 10 15 20,30, 40
T31 5,10, 15, 20, 30, 40
1/25pan Case13-Case 18 13, 5,10, 15, 20, 30, 40
T8 5,10, 15, 20, 30, 40
. Case19-Case24 19 5,10, 15, 20, 30, 40

Non-adjacent 1/8 Span

CocersCasesy T8 5,10, 15, 20, 30, 40
ase co—L-ase T15 5,10, 15, 20, 30, 40

Analysis of Figure 14a reveals that the distribution curve of the damage index DISOD
shows positive values at the locations of cables T8 and T9, with relatively large numerical
values. At the same time, the DISOD values at the locations of cables T7 and T10 sharply
decrease. This reflects a decrease in the tension values of cables T8 and T9, while the tension
values of cables T7 and T10 increase. Therefore, it can be concluded that cables T8 and T9
have sustained damage.

Similarly, by observing Figure 14b,c, it can be seen that the distribution curves of
DISOD show positive values at the positions of cables T16&T17, and T31&T32, with
negative values on their left and right sides, indicating damaged cables T16&T17, and
T31&T32.
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Figure 14. Calculation results of DISOD in case of adjacent cable damage.

For the case of non-adjacent double cable damage, taking the damage of cables T8 and
T10 as an example, calculate the second-order difference in deflection of the beam segment
at each anchorage point position on the first local beam segment at the left end of the main
beam, and then use Equation (36) to calculate the value of the damage index DISOD (k).
Following this method, starting from the end of the main beam, from left to right, calculate
the damage index values of each anchorage point position on each local beam segment,
and extract the cable force identification results of the cables on some local beam segments,
as shown in Figure 15.

Figures 15 and 16 present the distribution curves of the damage index DISOD for the
case of non-adjacent cable damage.

According to Figure 15, for non-adjacent cable injuries, the distribution curve of the
damage index DISOD shows double positive peaks (extremum), and the peak value in
the DISOD distribution curve corresponds to the location of the damaged cable. The
identified position at T8&T10 thereby confirms the preset damage scenario, validating the
method’s accuracy.

Similarly, damage to other non-adjacent cables can be identified, and the results
of identifying the location of the damaged cable are shown in Figure 16. According
to Figure 16, the damaged cables are cables T8&T15, which is exactly the same as the
predetermined damage situation. It can be seen that the second-order difference of the
deflection of a local beam segment containing 7 cables can accurately identify whether the
cables on the beam segment have been damaged.
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Figure 15. Calculation results of DISOD in case of non-adjacent cable damage (T8&T10).
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Figure 16. Calculation results of DISOD in case of non-adjacent cable damage (T8&T15).

4. Sensitivity Analysis of Damage Localization to Operational and
Structural Factors

4.1. The Impact of Sampling Point Density on the Effectiveness of Damage Identification

The distribution curve of the beam deflection difference is derived from deflections
measured at all cable-girder anchorage points before and after damage. Composed of
discrete points spaced at 6 m intervals (the distance between main stay cables), this curve re-
quires second-order differentiation for damage identification. According to calculus theory,
the accuracy of this differentiation depends on the sampling point density. Consequently,
the influence of sampling point quantity on identification accuracy must be considered.

Table 2 provides the corresponding relationship between the stay cables and their
positions on the main beam, providing position information for further analysis.

To analyze the influence of sampling point density on damage identification using the
DISOD index, this study employed four sampling intervals (6 m to 0.1 m) for cable T27
with four damage severity levels (10-40%). The resulting DISOD values at each anchorage
point are shown in Figure 16, illustrating the identification outcomes.

From Figure 17a—c, the damage index DISOD distribution curve shows a positive
value at X = 162.5 m, with the damage index being T27, which is consistent with the preset
damage index position.
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Table 2. Location of cable anchorages on the main girder.

Cable No. Distance/m  Cable No. Distance/m  Cable No. Distance/m  Cable No. Distance/m
T1 6.5 T17 102.5 T33 198.1 T49 294.1
T2 12.5 T18 108.5 T34 204.1 T50 300.1
T3 18.5 T19 114.5 T35 210.1 T51 306.1
T4 24.5 T20 120.5 T36 216.1 T52 312.1
T5 30.5 T21 126.5 T37 222.1 T53 318.1
T6 36.5 T22 132.5 T38 228.1 T54 324.1
T7 42.5 T23 138.5 T39 234.1 T55 330.1
T8 48.5 T24 144.5 T40 240.1 T56 336.1
T9 54.5 T25 150.5 T41 246.1 T57 342.1

T10 60.5 T26 156.5 T42 252.1 T58 348.1
T11 66.5 T27 162.5 T43 258.1 T59 354.1
T12 72.5 T28 168.5 T44 264.1 T60 360.1
T13 78.5 T29 174.5 T45 270.1 Te6l 366.1
T14 84.5 T30 180.5 T46 276.1 T62 372.1
T15 90.5 T31 186.5 T47 282.1
T16 96.5 T32 192.1 T48 288.1
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Figure 17. Effect of sampling point interval on damage identification accuracy.

From Figure 17d, it can be observed that when the number of sampling points in-
creases to 0.5 m, the distribution curve of the second-order difference of local beam deflec-
tion (DISOD) features three prominent peaks., located at X = 150.5 m, X = 162.5 m, and
X'=174.5 m, respectively. By referring to Table 2, it can be understood that these three local
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maximum points correspond to cables T25, T27, and T29, namely the damage indices T25,
T27, and T29. This situation leads to misjudgment compared to the preset situation of
having only T27 as the damage index.

Therefore, the number of sampling points should be optimized, as excessive density
can lead to misjudgment.

4.2. Assessing the Influence of Measurement Noise on Damage Identification Performance

The beam deflection data employed in Section 3 are synthetically generated via finite
element simulation, contrasting with field-measured data in real-world applications. To
evaluate the robustness of the cable damage identification method against various mea-
surement disturbances, Gaussian white noise was introduced into the simulated deflection
difference data prior to executing damage localization and severity assessment [10].

Awnoise: Aw +RMS(AZU) X Elepel X ‘B (38)

where Aw is the noise-free beam deflection difference, RMS(Aw), €}, and B are the root
mean square (RMS) of Aw, the added noise level, and a standard normal random variable
(mean = 0, variance = 1), respectively.

The table of working condition settings is shown in Table 3.

Table 3. Table of noise operating conditions.

Analysis Scenario Case 1 Case 2 Case 3 Case 4
Introduced Measurement Noise 5% 10% 20% 30%

Using the data associated with the damage of cable T8 in Table 3, different levels of
noise were added, and then the damage index value (DISOD) at each anchorage point
position was calculated using Equation (36). The distribution curve of the damage index
DISOD under different noise levels is obtained, as shown in Figure 18.

0.03
0,
0.06 5%
10%
0.02 ' AN 20%
0.04 — PN ——30%
0.01 A
a 8 0.02
2 Rz
&) A ) ! )
0.00 1 (001 — /_/____:________: __________________ S
-0.01 4 -0.02
-0.02 . , . -0.04 T T T
T7 T8 T9 T7 T8 T9
Cable Anchorage Cable Anchorage
(a) T8 damage 10% (b) T8 damage 25%

Figure 18. Cable damage identification under different noise levels.

As illustrated in Figure 18, the damage index DISOD, derived from the second-order
difference of local beam deflection, unambiguously identifies the damage at position X = T8.
This identification is supported by a pronounced positive peak in its distribution, which
persists consistently under measurement noise levels ranging from 10% to 40%. These
findings collectively verify the method’s precision in locating the preset damage and its
strong resilience to noise.
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4.3. Impact of Main Girder Stiffness Degradation on the Effectiveness of Damage Identification

The progressive deterioration of the main beam’s global performance over the bridge’s
service life may compromise the accuracy of the proposed cable damage identification
method. To account for this, beam degradation is simulated by reducing its flexural stiffness
to 10%, 20%, 30%, and 40% of the original value.

To illustrate the methodology, a 30% damage at cable T8 is examined. The technique
developed in Section 3, which relies on local beam deflection for damage localization, is
employed to identify the compromised cable position. Figures 19 and 20 illustrate the
investigation of the effect of main beam flexural stiffness degradation (main beam flexural
stiffness degradation of 10%, 20%, 30%, 40%).

0.076 ' '
Y=0.072

*— Reduce 10%

T

S 0038

b ~x—*—k—]

A 0.000 [ s—k—x—s—p—X

1 1 1 1 1 1

« Reduce 20% | Y=0.081

0.114 *

T2 T4 T6 T8 TI0 TI2 T14
Cable Anchorage

Figure 19. Performance of the DISOD method for damage identification under varying flexural
stiffness conditions.
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Figure 20. Variation in the DISOD damage index with main girder flexural stiffness.

Figure 19 presents results for different levels of main beam bending stiffness degrada-
tion (10%, 20%, 30%, 40%), the second-order difference of local beam deflection (DISOD)
distribution curve always reaches a maximum at the position X = T8 before and after
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different levels of damage occur to cable T8. The identified damage is precisely pinpointed
at cable T8, which matches the intended preset location.

In Figure 20, as the bending stiffness of the main beam decreases, the peak value of
the damaged cable with respect to the main beam anchorage point increases.

This study demonstrates that the degradation of the bridge’s global stiffness im-
proves the precision of damaged cable localization using the proposed second-order differ-
ence approach.

5. Assessment of a Cable Damage Identification Technique via a Scaled
Laboratory Model

5.1. Description of the Experimental Model

To ensure a fair evaluation of the proposed method’s advantages under consistent
conditions, the experimental setup in this study utilizes the same scaled physical model
originally developed and verified in our earlier work (Reference [17]). Prior validation
has confirmed the model’s consistent and reproducible structural behavior. Employing it
as a controlled testbed minimizes variability introduced by model discrepancies, thereby
attributing any performance differences directly to methodological improvements. This
consistent experimental framework highlights the continuity of the research and supports
an objective assessment of the enhanced capabilities of the present approach—particularly
regarding noise robustness and accuracy in multi-damage localization—on a common and
reliable basis.

(1) Design of Stay Cables

In this test model, the spacing between the stay cables in the side spans is 240 mm,
while the spacing between the stay cables in the main span is 300 mm, totaling 20 pairs of
stay cables. The stay cables are made of No. 15 steel wire ropes, which are composed of
7 strands of 3 mm diameter steel wires twisted together.

The lower end of each stay cable is connected to a cable damage simulation device,
which consists of 9 springs of equal stiffness arranged in parallel. Additionally, each stay
cable is connected in series with other related components, including an S-type tension
sensor (capable of measuring the cable force) and a flange bolt (used to adjust the alignment
of the girder and the cable force).

Each stay cable is configured in series with the following components: a steel wire
rope connected to a tension meter, followed by hanging disks bracketing a spring assembly,
and terminating at a flange and eyebolt connection.

This configuration ensures that the tensile stiffness of the cable is principally provided
by the set of 9 parallel springs. The resulting deformation of the cable is thus manifested as
the elongation or compression of these springs. By reducing the number of springs, varying
degrees of cable damage can be accurately simulated. The mechanical response of the cable
following damage is primarily governed by the deformation of its spring components, see
Figure 21.

(2) Design of Counterweights

According to the similarity principle, to meet the requirements of dynamic similarity
and ensure the measurability of deflections when simulating varying degrees of cable
damage during the test, mass blocks are suspended on the crossbeams to increase the
equivalent material density or equivalent unit weight of the test model.

The counterweight blocks are designed in two different thicknesses: one weighing
4.41 £ 0.5 kg and the other 8.83 £ 0.5 kg, as shown in Figure 22. These counterweights
are distributed and concentrated on both sides of each crossbeam along the main girder in
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a dispersed and concentrated loading manner. Wach suspension point carries a counter-
weight of 21.5 kg, with a total of 40 suspension points across the entire bridge, resulting in
a total counterweight of 946 kg.

This method of dispersed and concentrated counterweight loading effectively simu-
lates the stress state of the actual bridge under dead load and ensures accurate measurement
of girder deflections when simulating varying degrees of cable damage during the test.

The physical installation of the counterweight loading method is shown in Figure 22.

- .
-L_“ A : ‘g,“;.
. e £ - T
(a) 9 springs (b) 8 springs (c) 7 springs (d) 6 springs
(0%)

11%) (22%) ) (33%)

.

- g : s O Lo
(e) 5 springs (f) 4 springs (g) 3 springs (h) 2 springs
(44%) (56%) (67%) (78%)

Figure 21. Illustration of simulated damage degrees for stay cables.

Figure 22. Physical diagram of counterweight loading method.

(3) Model Design

A double-tower cable-stayed bridge model was designed based on the similarity ratio
theory, with adjustments for site-specific constraints. The model’s configuration (Figure 23)
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has a total length of 6.68 m, a span arrangement of 1440 mm + 3300 mm + 1440 mm, a deck
width of 600 mm, an overall height of 1.6 m, and pier heights of 0.56 m.

Figure 23. Experimental cable-stayed bridge model.

The model bridge was aligned in a north-south direction. The experimental setup was
instrumented with 40 laser displacement transducers, all featuring a precision of 1 micron
(0.001 mm). The sensors on the west side were designated as W1 to W20 (from south to
north), as illustrated in Figure 24.
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Figure 24. Sensor instrumentation layout.

(4) Assessment of Girder Deflection Induced by Cable Damage

The laser displacement sensor measures displacement based on the time taken for the
laser to travel to and from the measured surface. During testing, the distance between the
sensor and the measurement point is first adjusted to ensure that the vertical displacement
of the girder remains within the sensor’s measurement range and that valid readings are
obtained throughout the process. Under the condition of undamaged stay cables, the
cable-stayed bridge is adjusted to the designed alignment under its self-weight by tuning
the cable forces and sensor positions. After the data stabilizes, the initial readings at each
anchorage point are recorded (denoted as w’ (x;)). Subsequently, damage to a specific stay
cable is simulated (by gradually reducing the number of parallel springs), and once the
sensor readings stabilize again, the final readings at each point are recorded (denoted as
w?(x;)), See Figure 25.

The girder deflection difference Induced by cable damage Is defined by Equation (37):

Aw(x;) = wd(xi) —wl(x) (i=1,2, ...,n) (39)

where the variable Aw(x;) is defined as the differential girder deflection observed at any
given anchorage point, comparing pre-damage and post-damage states. The parameter n
represents the total population of cable anchorage points on the girder structure.
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j Sensor

Figure 25. Schematic Diagram of Laser Displacement Sensor Installation and Measurement Principle.

5.2. Finite Element Modeling and Validation

A finite element model of the twin-tower cable-stayed bridge was developed in ANSYS
based on the dimensions specified in Figure 26. The main girder, towers, and piers were
modeled using BEAM188 elements with the properties of Q235 steel (elastic modulus
E =2.00 x 10° Mpa). The bridge deck load was simulated by MASS21 elements uniformly
distributed on the girder nodes. The completed model, shown in Figure 26, comprises
839 nodes and 594 elements.

Figure 26. ANSYS model of the experimental bridge.

A benchmark finite element model was established by applying the designed initial
cable forces (see values for W-1 to W-10) symmetrically across both towers, resulting in the
intended initial girder profile. The close correlation between the measured and numerically
simulated cable forces, presented in Figure 27, validates the model’s accuracy, allowing it
to serve as a reliable baseline for subsequent analysis.
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Figure 27. Comparison of experimental tensile Force and numerical simulation values.
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5.3. Verification of the Method for Damaged Cable Localization

The experimental program comprised 32 working conditions, including scenarios of
both single- and double-cable damage. Simulations of single-cable damage were conducted
on cables W6 through W9 by removing 1 to 4 springs, respectively, to represent varying
degrees of damage severity. The double-cable damage scenarios are summarized in Table 4.

Table 4. Damage conditions (Physical scale model test).

Damage Conditions Cable No. Extent of Damage (%)
MDC1-MDC4 W6 7,20, 31,48
Sinele Cable MDC5-MDC8 W7 10, 19, 29, 43
& MDC7-MDC12 W8 11, 23,31, 45
MDC13-MDC16 W9 12,20, 34, 43
W6 7,20,31,48
MDC17-MDC20 W7 10,19, 29, 43
MDC21-MDC24 we 7, 20,31, 48
W8 11, 23,31, 45
Double Cable W6 7 20. 31, 48
MDC25-MDC28 W9 12,20, 34, 43
W8 11, 23, 31, 45
MDC29-MDC32 W13 11,23, 31, 45

The identification procedure commenced with the measurement of the deflection
difference between cables and girder anchorages under each working condition listed in
Table 4, yielding a deflection difference column vector. Subsequently, these data points
were computationally encrypted using MATLAB2025a and processed through Equation
(36) to generate the DISOD damage index distribution. The locations of damaged cables
were determined by analyzing the peaks or anomalies in this distribution curve.

The calculation results of the damage Index DISOD for single and double cable
damaged conditions are presented in Figures 28 and 29, respectively.

Figure 28a shows that for a single damaged cable, a positive DISOD value at position
W6 indicates tension reduction, whereas negative values at W5 and W7 reflect tension
redistribution. Thus, cable W6 is identified as damaged.

Similarly, based on Figure 28b—d, the damaged cables are determined to be W7, W8,
and W9 respectively.

As shown in Figure 29a, after adjacent cables W6 and W7 were damaged, their DISOD
values became positive, while the surrounding cables showed zero or negative values,
accurately indicating that W6 and W7 were the damaged cables, which is consistent with
the preset damage scenario.

Figure 29b demonstrates that when non-adjacent cables W6 and W8 were damaged,
their DISOD values also turned positive, with neighboring cables exhibiting zero or nega-
tive values, again correctly identifying the damaged cables and matching the predefined
damage conditions.

Similarly, Figure 29¢,d confirm that the method successfully identified non-adjacent
damaged cable pairs W6&W9 and W8&W13, respectively, based on the same DISOD criterion.

In conclusion, the DISOD method, interpreted through the sign of its values, has
been demonstrated to be an effective tool for identifying damaged cables, whether single,
adjacent, or non-adjacent.
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Figure 28. Identification results for single-cable damage.
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6. Discussion

This study proposes a damage detection method for stay cables in cable-stayed bridges,
which utilizes the second-order difference of local beam deflection. The method can
accurately identify damaged cables by using only the deflection differences measured at
three adjacent cable-girder anchorage points. Compared with the method in Reference [17],
the proposed approach exhibits the following significant advantages:

(1) Simplified detection units: Damage identification can be achieved using measurement
data from only three cables, significantly reducing reliance on the scale of sensor
deployment and the precision of synchronous measurements.

(2) Enhanced computational efficiency: It eliminates the need to calculate the structural
flexibility matrix under unit loads, substantially reducing computational effort.

(3) Improved engineering applicability: The method features a straightforward procedure
and minimal parameter requirements, making it easier to integrate and implement
in real bridge monitoring systems and thus offering greater potential for practical
engineering applications.

7. Conclusions

This study presents a damage detection method for stay cables in cable-stayed bridges
based on the second-order difference of local beam deflection. The proposed approach
requires only the deflection differences from three adjacent cable-girder anchorage points
to accurately locate damaged cables. Its reliability was validated through indoor model
experiments, yielding the following conclusions:

(1) A damage index (DISOD) is established by correlating the second-order difference of
deflections at three adjacent cable-girder anchorage points with the force variation
in the middle cable. A positive DISOD value indicates damage in the middle cable,
while a zero or negative value suggests the cable remains intact.

(2) The identification accuracy is influenced by the sampling point density, with a 1-m
interval yielding optimal performance.

(38) The proposed method is robust to noise, demonstrating strong anti-interference
capabilities and broad application potential.

(4) The accuracy of the proposed method improves as the overall structural perfor-
mance degrades.

The DISOD indicator proposed in this study represents a paradigm shift from “direct
cable force measurement” to “indirect deflection perception,” effectively addressing en-
gineering challenges such as the high cost and poor stability of traditional force sensors.
Compared to existing dynamic monitoring methods, this technique demonstrates superior
robustness against environmental interference and eliminates the need for establishing
complex load-response mapping models.

The core limitation of this method lies in the strong coupling interference of multiple
physical fields (temperature, adjacent cables, overall displacement, and wind-induced
vibrations) within the deflection signal, making high-fidelity decoupling a persistent chal-
lenge. Future research will focus on developing a multi-modal fusion sensing system.
By leveraging the technical complementarity and cross-validation of visual perception,
millimeter-wave radar, and optical fiber sensing, a highly robust monitoring system with
self-calibration capabilities will be constructed.
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