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Nielsen—Lohse bridges are tied arch bridges with inclined cables that cross each
other and connect through intersection clamps. Estimating the tension acting on
the cables is essential for maintenance. Currently, methods for estimating the
tension of a single cable using natural frequencies are applied to each cable after
removing the intersection clamps. However, the removal and re-installation of
intersection clamps is time-consuming and laborious. To improve the efficiency of
tension estimation, the authors previously proposed a method for simultaneously
estimating the tension of two cables with an attached intersection
clamp. However, the previous method has the drawback of considering simple
support at both ends, even though the actual boundary is not a perfect simple
support. The objective of this study is to develop a new method for estimating the
tension of two cables with unknown boundary conditions. The cable is assumed to
be supported by a rotational spring at both ends. The newly proposed method
estimates the tension, bending stiffness, and rotational stiffness of two cables from
the natural frequencies without requiring the removal of the intersection
clamp. The proposed method can handle arbitrary boundary conditions such as
simple support or fixed support. In the case of fixed support, the rotational spring
constant becomes infinity. To avoid infinity in the computation, normalization was
employed in the derivation of the estimation formula. The validity of the proposed
method was verified by numerical simulations and field experiments on an actual
Nielsen—Lohse bridge. In the field experiment, the tension of all eight cables was
accurately estimated and the estimation error was less than 10%. Even when
accelerometers were installed on only one of the two cables at a height near the
girder, the tension of both cables was estimated with good accuracy. The
proposed method improves the efficiency of tension estimation work, because
the tension of two cables can be estimated simultaneously and with good accuracy
by measuring the acceleration of only one cable at a height near the girder.
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1 Introduction

In cable-supported bridges, cables play an important role in
supporting the load of structures. Because each cable has its own
load capacity, it is necessary to carry out maintenance work so as
to ensure that the tension acting on the cable is lower than the
cable’s load capacity. The cable tension can be measured directly
using a load cell, but direct measurement is disadvantageous in
terms of cost. Therefore, the cable tension is typically estimated
indirectly from the cable’s natural frequencies.

In Japan, the vibration method of Shinke et al. (1980) and Zui
etal. (1996) and the higher-order vibration method of Yamagiwa
et al. (2000) are often used to estimate the tension of a single
cable. The vibration method (Shinke et al., 1980; Zui et al., 1996)
estimates the cable tension by inputting the first- or second-mode
natural frequency and two parameters accounting for the cable’s
bending stiffness, sag, and inclination angle. Therefore, the
bending stiffness must be pre-evaluated. In practice, however,
the bending stiffness is often unknown, which makes pre-
The
(Yamagiwa et al., 2000) solves this problem by estimating the

evaluation difficult. higher-order vibration method
tension and bending stiffness simultaneously from the natural
frequencies under simple support and fixed support conditions,
without requiring the pre-evaluation of bending stiffness. Fang
and Wang (2012) proposed an estimation formula similar to the
higher-order vibration method (Yamagiwa et al., 2000). Their
formula simultaneously estimates the tension and bending
stiffness of a cable with fixed end boundaries. Additionally,
they recommend using a curve-fitting technique to avoid the
iterative calculations required by the higher-order vibration
method. Nam and Nghia (2011) derived an estimation
equation that considers both the bending stiffness and sag of
the cable.

The complex boundary conditions of cables have also been
investigated. Utsuno et al. (1998) assumed that the cable is
supported by a rotational spring at both ends, and proposed a
method for estimating the cable’s tension, bending moment, and
rotational stiffness using the higher-order vibration method. Ma
(2017) proposed a method for estimating the tension of an
inclined cable with unknown boundary conditions from the
natural frequencies. Yan et al. (2019) proposed a method for
estimating cable tension; their method handles arbitrary
boundaries by using mode shapes. Ma (2017) and Yan et al.
(2019) modeled arbitrary boundaries using rotational springs.
Furukawa et al. (2021, 2022a, 2022b, 2023) proposed methods for
estimating the tension of a cable with a damper installed near the
cable boundary from the natural frequencies and mode shapes. A
damper is directly modeled with complex stiffness, and a formula
has been proposed to estimate the tension, bending stiffness, and
damper parameters simultaneously from the natural frequencies.
Chen et al. (2016, 2018) and Wu et al. (2018) proposed novel
tension estimation methods for handling asymmetric and
complex boundary conditions by using mode shapes. Their
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FIGURE 1
Schematic diagram of Nielsen—Lohse bridge.

methods avoid the direct modeling of complex boundaries by
focusing on cable deflections at locations away from the cable
boundaries with the help of mode shapes.

Although the above-mentioned methods can estimate the
cable tension under arbitrary boundary conditions, these tension
estimation methods consider a single cable.

The present study considered the Nielsen-Lohse bridge type,
which is an arch bridge characterized by two diagonal cables
connected by an intersection clamp, as shown in Figure 1.
Intersection clamps are installed to prevent the damage and
noise caused by the contact between cables. Owing to the
diagonal cables, Nielsen-Lohse bridges have less deflection
and horizontal vibrations compared with normal arch bridges
(Sakano et al., 2003). Owing to the vortex-induced vibration
caused by the diagonal cables, Nielsen-Lohse bridges rarely
oscillate (Yoneda, 2000). The diagonal cables reduce the
bending moments on the arch ribs and stiffening girders.
Therefore, diagonal cables play an role in

important
Nielsen-Lohse bridges. Nevertheless, diagonal cables in
Nielsen-Lohse bridges are prone to fatigue, and cable
assessment is required.

Notably, in Nielsen-Lohse bridges, the cable loosens owing
to seismic motion in the bridge axial direction (Sakoda et al.,
2000). Therefore, the boundary conditions at both ends of the
cables change. Hence, the boundary conditions must be properly
handled when estimating the tension of Nielsen-Lohse bridge
cables.

In the current practice of cable tension estimation for
Nielsen-Lohse bridges, the vibration method (Shinke et al.,
1980; Zui et al, 1996) or higher-order vibration method
(Yamagiwa et al., 2000) is applied to every single cable after
removing the intersection clamps. Because intersection clamps
are typically installed high above the girders, their removal and
re-installation requires an aerial work platform, which in turn
requires traffic control. In summary, current inspection practice
is time-consuming and laborious because it requires the
operation of an aerial work platform and traffic control.

Few studies have attempted to estimate the cable tension of
Nielsen-Lohse bridges without removing the intersection
clamps. The authors are only aware of the study by Kuriyama
et al. (1994), who proposed that the cable between one end and

the intersection clamp can be considered as a single cable, and

frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2022.993958

Furukawa et al.

applied the higher-order vibration method without removing the
intersection clamp. However, it is inappropriate to consider the
intersection clamp as a fixed end, because the intersection clamp
is not fixed and vibrates. Therefore, to the author’s knowledge, an
appropriate tension estimation method for Nielsen-Lohse
bridges is still lacking.

With this background, this study investigated tension
estimation methods suitable to Nielsen-Lohse bridges. The
authors have previously proposed two methods based on
the higher-order vibration method (Furukawa et al,
2022c¢). The first one is the out-of-plane method, which
simultaneously estimates the tension and bending stiffness
of two cables from the natural frequencies in the out-of-
plane direction. The second one is the in-plane method,
which estimates the tension, bending stiffness, and axial
stiffness of two cables simultaneously from the natural
frequencies in the in-plane direction. Numerical and
experimental verifications have revealed that the out-of-
plane method has higher estimation accuracy compared
with  the method. Further
investigations have indicated that the accuracy of the in-

in-plane experimental
plane natural frequencies is lower than the accuracy of the
out-of-plane natural frequencies, which explains why the
out-of-plane method is more accurate, according to
2022d).
Based on these findings, the out-of-plane method was

experimental verifications (Furukawa et al,
selected as the most appropriate method.

The methods previously proposed by the authors have a
drawback in that both ends of the cables are modeled as simply
supported. However, as mentioned previously, the actual
boundaries have rotational stiffness, and the boundary
conditions change because the boundaries loosen. Some
Nielsen-Lohse bridges employ short cables, for which the
boundary conditions have a stronger effect on the natural
frequencies. Therefore, it is necessary to improve the
methods
boundary conditions.

previous so as to appropriately handle the

This paper proposes a new tension estimation method for
Nielsen-Lohse bridges with unknown boundary conditions.
The proposed method assumes that the cables are supported
by rotational springs at the cable ends. The simple support
condition corresponds to a rotational spring constant equal to
zero, and the fixed support condition corresponds to a
rotational spring constant equal to infinity. The proposed
method estimates the tension, bending stiffness, and
rotational stiffness of two cables simultaneously using the
natural frequencies in the out-of-plane direction and does not
require the removal of intersection clamps. Because the
rotational spring constant becomes infinity in the case of
fixed the
proposed method to avoid the numerical difficulty of

support, normalization is introduced into
handing infinity. The effect of the rotational stiffness on

the tension estimation accuracy of the previously proposed
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A
Intersection
clamp
Cablel Cable2
B @/ Wiy (X1, £) Wi (xk%)/
K = xE Intersection clamp Ex = K,
k1 k2
Liq Licz
Ly
Wi (Xgq, t): Out-of-plane deflection
FIGURE 2

Target model. (A) Model of two cables connected by
intersection clamp. (B) Direction of coordinate axes and deflection
in element coordinate system.

method was numerically investigated, and the necessity of
rotational stiffness is discussed. The validity of the proposed
method was verified through the numerical simulation of
42 models and field experiments on an actual bridge.

2 Proposed method for estimating
cable tension

2.1 Definition of coordinate system and
cable parameters

This section presents the new tension estimation method for
two cables connected by an intersection clamp and supported by
rotational springs, as shown in Figure 2A. The proposed method
considers out-of-plane vibration perpendicular to the plane
formed by the two cables.

Figure 2B shows the element coordinate system of cable
k, where the cable number k (k = 1,2) is given to each of the
two cables. The subscript k indicates the value for cable k.
Let Ly, and Ly, be the cable length of the left and right sides
of the intersection clamp; the total cable length L is
Ly + Ly, Next, let us introduce an index d (d=1,2)
representing the left and right sides (spans) of the
intersection clamp. Let the cable axis be x4 and the out-
of-plane deflection of position xx4 at time ¢ be wiy (xkq, t), as
shown in Figure 2B. Notably, axes xj; and xj, are taken in
the opposite direction.
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The other cable parameters are defined as follows: T} is
the tension, Eilr is the bending stiffness (Ex: Young’s
modulus, Ii: second moment of area), p, Ay is the mass
per unit length (p,: density, Ai: area), and Kj is the
rotational spring constant of cable k; T, Exlk, p;, and Ay
are uniform throughout the same cable. Each cable k has
rotational springs with the same spring constant Ky at both
ends. This study develops a tension estimation method using
natural frequencies. Considering that the effect of damping
on the natural frequencies is small, damping at the
boundaries is neglected.

2.2 Governing equation and general
solution of cable deflection

The out-of-plane deflection wy, (x4, t) of the cable position
X at time ¢ for cable k follows the following governing equation
when the cable is considered as a tensioned Euler-Bernoulli
beam:

Wiy (Xear t)

p Ay 0" Wiy (Xar ) 0’ Wi (X )
k or?

+ Ei I -T =0,
Kk 0x3, k 0x3,
)

The deflection is transformed by variable separation, as
follows:

Wig (Xkd, t) = Wkd (xkd) exp (j(l)t) (2)

where Wy, (xxq) is the modal function for position x4, j is an
imaginary unit, and w is the angular frequency. By substituting
Eq. 2 into Eq. 1, the general solution of Wy, (xx4) can be obtained
as follows:

Wid (Xka) = Crar €08 Qi Xpeq + Cran 8in &g + Cras cosh B x4
+ de4 sinh ﬁkxkd,

3)

where Cia1, Cidaz> Cias» and Cyqa are the integration constants,
and a; and f; are expressed as follows:

2
T Arw? T
o = k +p RRWT Tk . (4)
2EI, Ed,  2Ex

Tk ? pkAkw2 Tk
_ . 5
B \\<2Ek1k> T TEd. | 2Ed, )

Because there are 16 integration constants (Cgg1, Ckdz> Ckds»
and Cygy for k =1, 2 and d = 1, 2), 16 boundary conditions are
required.
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2.3 Boundary conditions

The following equations hold for each cable at each end,
when the cable is supported by a rotational spring:

Wi (0) =0, (6)
AW (0)  _ dWi(0)
dx, Py R (7

where Py is expressed as follows:
K

P, = X
" Edi

®)

For each cable, the continuity conditions of the deflection,
deflection angle, and curvature on both sides of the intersection
clamp are expressed as follows:

Wi (Lkl) =W (Lkz), (9)
AW (Lk) . Wi (Lia) _ 0, (10)
dxia dxio
EWi (L) d*Wia (L)
o) & e () (11)
dxi, dxi,

Because the out-of-plane deflections of the two cables are
equal at the intersection clamp, the following equation holds:

Wi (le) =Wp (Lzz)- (12)

The two cables interact with the force of each other. Because
the forces on each cable are equal in magnitude and opposite in
direction at the intersection clamp, the following boundary
condition can be established:

Elll {d3wll (Lll) + d3W12 (LIZ)} + ,1«1 {dwll (Lll) + dWlZ (LIZ)}

dxil dxi’z dxy, dxi,
+EZIZ d3W213(L2]) d3W223(L22) + TZ dWZl (LZI) + dW22 (LZZ) =0.
dx;, dx;, dxy dx

(13)

Thus far, 16 boundary conditions have been developed, that
is, Eqs 6, 7 for each cable at each end (eight boundary conditions),
Eqs 9-11 for each cable (six boundary conditions), and Eqs 12, 13
(two boundary conditions).

2.4 Substituting general solution of cable
deflection into boundary conditions

Next, the general solution in Eq. 3 is substituted into the
boundary conditions.

First, by substituting Eq. 3 into Eqs 6, 7 and writing the
resulting equation in matrix format, the following equation is

1 1 Crar | _ 0 0 Cra
- allen)-rlaalica) o

obtained:
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Hence, {Crg1 Cias}” can be expressed by {Criz Craa}?, as follows:
Cear | _ Pe | —ox =By | | Crar (15)
Cras | o2+Bi| a P || Cras |’

Then, by substituting Eq. 15 into Eq. 3 and substituting Lig

into xkg, {Wka (Lia) d*Wia (Lia)/dx? )" can be expressed using
the 2 x 2 matrix Qg and {CrarCraa}™ as follows:
EWia (L) [~ |:

Craz
5 Chaa
dx,

cos aLig cosh B, Lig Crar sin o Lig sinh B, Lig
¥ =
—ag cos axLyg Py cosh By Lia | | Cras —of sinayxgy ff sinh B, Lyg

Wia (Lia)

sin oy Ly sinh 8 La

. 2 .
—ocﬁ sinaxLyg fj sinh B Lig

P, cos axLig cosh B, Ly - =Py Crar Craz
+ o + ‘Bz ) 2 =Qu >
kT Pr [ —og cos Ly BcoshfLia || ax Py Cras Cras

(16a)
where
Q _ sin ‘kakd sinh BkLkd
kd = —of sin agxpg ﬁi sinh f; Lig
Py cos Ly cosh 8, Lig - —Py
o+ ﬂi —oci cos o Lig ﬁi cosh 3, Lyq o B |

(16b)

By substituting Eq.16a into Eqs 9, 11, the following
expression is obtained:

Criz Crn2
= . 17
Q { Cuws } ka{ Cios } (17)
From the above analysis, {Cki2 Cria}’ can be expressed by
the 2 x 2 matrix Q; and {Cyy, Craa}" as follows:

Criz | _ 1 Cr | _ Crx
{Ck14 } = Qa ka{ Craa } - Qk{ Craa }’ (18)
where
Q. =Q;Qy (18b)

Next, by substituting Eq. 15 into Eq. 3 and substituting Lig
into Xgg, dWia(Lia)/dxkqa can be expressed using the 1 x
2 matrix Ry and {CrazCras}’, as follows:

AW, (L Craz
AWia (Lia) = [axcosaxLiy B coshf Ly |
dxya C
kd4

Crar
+ [ - aksinagLig By sinh B Lig |
Cras

Py
= { [ o cos ax L coshf L | + ——
{[k wLia Py BiLia | A+ f

. ) —ax =Py Chaz Craa
[— axsinaxLig By sinhf Ly | =R ,
e P Chraa Cras

(19a)
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where

P
Ry = [ cosaLia B cosh B Lia | + Zikz [
+ P
— oy sinagLig f sinh B Ly | [ _oZk —ﬁﬁk ] (19b)
3

By substituting Eq. 19a into Eq. 10 and using Eq 18a, 18 the
following equation is obtained:

Criz Cia | _ Cia | _ Cr
R { Cos } ' R"Z{ Cs } = RaQr R“]{ Cias } - Sk{ Cs }

=0,
(20a)
where Sy is a 1 X 2 matrix expressed as follows:
Sk = R Qi + Ry (20b)
Then, Eq. 20a can be transformed as follows:
Cios = %Cm (21)

where Sy (1, 1) and Sk (1, 2) are the (1,1)-th and (1,2)-th entries of
matrix S (k =1,2).

Next, by substituting Eq. 16a into Eq. 12, the following
equation is obtained:

Q12 (1, 1)Ciz + Q12 (1,2)Clas = Q (1, 1)Cap + Q2 (1,2)Cia4
(22)

where Qp, (1, 1) and Qg (1, 2) are the (1,1)-th and (1,2)-th entries
of matrix Q, (k =1,2).

By substituting Eq. 21 into Eq. 22, the following equation is
obtained:

Si(1,
<le (1,1) - Q12 (1,2) %)Cm

S (1,
= <Q22(1> 1) —sz(l,z)szg ;;)szz (23)

Next, by substituting Eq. 15 into Eq. 3 and substituting Lig
into xpg, Wiy (Lkd)/dxzd can be expressed using the 1 x
2 matrix Ty and {Cas Craa}’, as follows:

AWig (Lia) Chaz
—a - [ —a cos a Ly f; cosh By Lia ]
Xied
kd4
Crar
+ [ o sin oy Ly ‘Bi sinh 8, Lia ]
Cras
= [ —a cos agLig ﬁ3 cosh B, Lia ] + i
N —O _ﬁk dez dez
[ oci sin oL f; sinh i Lyg ] =T s
o By Cras Chas
(24a)
where

frontiersin.org
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T = [ —ag cos axLig f3; cosh B, Lya ]

[ (Xi sin ‘kakd ﬁi sinh ﬁkLkd ] |: % _ﬁk :|

+
A a b
(24b)
Hence, the following equation is obtained:
PWi (L) d*Wie (Li) Criz Cra
+ =T + T,
dx}, dx3, 1 Cuas 1 Ceas
C
= [T Qx + Ti] { Ck22 }
k24
_ Cia
= Uk{ Ck24 }, (253.)
where Uy is a 1 x 2 matrix expressed as follows:
Uk =T Q + Tra (25b)

By substituting Eqs 10, 25a into Eq. 13, the following
equation is obtained:

E\L,U, { Ciz } +E,I, Uz{ Con } =0.

26
Ciae Cra (26)

By substituting Eq. 21 into Eq. 26 and dividing by E,I,, the
following equation is obtained:

@<U1 L1 -U, (1,22 ”)cm + <U2<1, D

EZIZ Sl (1’ 2)

U, (1,2) 283)%

=0 27)

where Uy (1, 1) and Uy (1, 2) are the (1,1)-th and (1,2)-th entries
of matrix Uy (k =1,2).
By combining Eq. 23 and 27, the following equation is obtained:

a —a, Cin 0
= 28
[511151 Ezfzbz]{czzz} {0} (28)

where ai and by are expressed as follows:

Sk(1,1
4k = Qu(1,1) - Qe (1,2) Szgl,zi 29)

Sk(1,1)

= 1,1) - 1,2

b = U (1,1) = Ui ( )Sk(l,Z) (30)

Notably, ax and by comprise only functions related to cable k
and do not include functions related to the other cable.

If C12, and Cyp; are both equal to zero, all integral constants
become zero, as expressed by Eqs 15, 18a, 21. Therefore, for the
mode function Wy (xrg) to have a nontrivial solution, the
determinant of the matrix in Eq. 28 must be zero. Finally, the
following constraint equation is derived:

E\I,

—blaz + bzal =0.

31
EL €2V
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2.5 Constraint equation for natural
frequencies

There are infinitely many natural frequencies that satisfy Eq.
31. Let i be a positive integer and f; be the corresponding natural
frequency. Then, Eq. 31 can be rewritten as follows:
EI,

——blal +bidl = 0.

32
EzIz ! ( )

The superscript i indicates the value for the i mode; a and
b}'c are functions related to Tk, ExIy, py Ak, Lk, Lia, and i of cable
k,and the i natural frequency f;. The natural frequency f; is not
explicitly included in functions a} and b}, but is included in o},
and ﬁ}c, as follows:

, Te \° pA(2nf) T

o = kY L P c2nfi)” Tk (33)
2E I, Eily 2E I,
Te \° pAcrf)’ T

Bi = L I 2 A2 . L (34)
2Ek1k Eklk 2Ek1k

Thus far, it is clear from the expression expansion that a} and
b}, are functions depending on P. In the case of fixed support, a}
and b}; become infinity because P becomes infinity. Therefore, it is
difficult to precisely calculate Eq. 32 in the case of fixed support.
To solve this problem, Eq. 32 is normalized with regard to Py,

as follows:

cfz<ﬂb_’i+”_%>. G
EyL, ai  ay) max(|al|,|al|) max(|ai,|ad])

(35)

where b}, is normalized by division with a}, and a, is normalized
by division with max (Ia,lcl, Ia};l).

By organizing the formulas, it can be found that b} /a} and
al/max (|all,|ai]) can be expressed as the ratio of two cubic
functions of Py. Therefore, bﬁc /a}; and “i/ max (|a}l, |a§{|) can be
calculated using the different formulas expressed by Eqs 36, 37
depending on the rotational stiffness rx (0 <7y <1) defined in
Eq. 38.

3

bi . pm
e (PR3 )
b Z a, P!
a_f: m=0" km "k (36)
‘ bis
o (re=1)
k3
3 .
1 . Pm
. - Zmzoakm k3 ' (Tk < 1)
aj . max(|zm:0a}(m - P, Zm:oaim . P'k"|)
s (al] )
k3
i (f = 1)
max(|a,l(3 ’|ak3|) ¢
(37)

frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2022.993958

Furukawa et al.

= KLy - PkLk/T[4 (38)
k 7T4Eklk + KLy 1+ PkLk/T[4

where a}'w and b}'w (m =0,1,2,3) are coefficients of P}’ and are
related to cable k and mode i; 1 = 0 represents simple support
(Kk=Pr=0) and rr=1 represents fixed support
(Kk = Px = 00). Thus, the computation of infinite values when Py
becomes infinity is avoided. This study assumes that the bending
stiffness and the rotational springs are in series, but the bending and
rotational stiffness can be estimated independently because they are
independent in Eqs 35-37. The rotational stiffness is only included in
Py, and the bending stiffness is included in aj,, b}, and Py in Eqs
36, 37.

2.6 Procedure of cable tension estimation

The proposed method estimates the tension T, bending
stiffness EjiIr, and rotational stiffness r, of two cables
simultaneously by solving the following optimization problem:

minimize G(Tl, Tz, EIII,EzIz, 1 1’2) = Z(Gi)z,

i=1

(39)

where G is the objective function to be minimized, G is the function
defined in Eq. 35, and # is the total number of natural frequencies
used in the estimation. The mass per unit length p, Ay, cable length
Ly, position of intersection clamp Ly, and measured natural
frequencies f; must be input into Eq. 39. Because there are six
unknowns, namely, the tension Ty, bending stiffness EjI, and
rotational stiffness 7, of the two cables, more than six natural
frequencies are needed. The proposed method also estimates the
bending and rotational stiffness, but the estimation accuracy is not
satisfactory owing to these properties’ low sensitivity, as will be
explained later.

Because Eq. 39 is a nonlinear least-squares problem, the
MultiStart method was adopted (MathWorks, 2020) to avoid a
local minima solution. In the MultiStart method, the solution
(combination of Ty, T, E{ I, E;I,, 11, and r,) that minimizes the
objective function G is estimated from various initial values of
T\, T, E\1,, E; I, 11, and r,. Among the various solutions based
on various initial values, the solution with the minimum
objective function is determined as the globally optimal solution.

G' is normalized with regard to Py as shown in Eqs 35-37. G’
is not perfectly normalized for all functions, but is found to be of
approximately similar magnitude for different i.

2.7 Previously proposed method assuming
simple support

The previously proposed out-of-plane method
(Furukawa et al., 2022¢) assumes that both ends of the
two cables have simple support, and estimates the tension
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Ty and bending stiffness Eilx of the two cables from the
natural frequencies in the out-of-plane direction. The
optimization problem of the previously proposed method
is expressed as follows:

n
minimize Gy (T1, T2, Erly, E;1,) = Z(G;re)z’

i=1

(40)

where Gy is the objective function to be minimized, Gj,,e is the
function defined in Eq. 41, and # is the total number of natural

frequencies used in the estimation.

Bl (@) +ai(B)

G, =sina L g + - o —zsm aLog) (41)
e Ely (ad)’ +(B))
where
g;; = sin oc};Lkl sin ocLLkz
@ o T4e Pl g iln _ g2l
— —Esinag Ly Y (42)
B. 2(1 - e Hil)

Notably, Eq. 41 does not exactly match Eq. 35, even if Py is
substituted with zero, because the formulae are organized differently.

3 Numerical verification
3.1 Overview

This section discusses the numerical validation of the

proposed method. The tension, bending stiffness, and
rotational stiffness of the two cables were estimated using the
natural frequencies in the out-of-plane direction, which were
obtained by the eigenvalue analysis of the finite element method.
The estimation accuracy was investigated by comparing the

estimated value to the assumed (true) value.

3.2 Modeling of two cables with
intersection clamp

The material properties, length, and intersection clamp
locations of actual Nielsen-Lohse bridge cables vary.
Therefore, to cover a wide range of cable parameters, this
study considered the various cases listed in Table 1. In Case 1,
the length and material properties of the two cables are
identical. In Case 2, the two cables have equal length, but
their material properties are different. In Case 3, the length
and material properties of the two cables are identical, but the
intersection clamp location differs from model to model. In
Case 4, the material properties of the two cables are equal, but
the cables have different length. There are four types of cables,
that is, A, B, C, and D, with different tension, bending
stiffness, and mass per unit length, as presented in Table 2.
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TABLE 1 Four numerical verification cases.

Casel: Same length/Same
material properties

Case2: Same length/Different
material properties

No.1-6 No.7-12

TABLE 2 Cable specifications in numerical verifications.

Cable name Tension
T [kN]

A 280.5

B 661.5

C 336.0

D 771.0

A total of 42 models are listed in Table 3. Model Nos. 1-6,
7-12, 13-24, and 25-42 belong to cases 1, 2, 3, and 4,
respectively.

3.3 Calculation of natural frequencies
using finite element method

The natural frequencies of the two-cable models were
obtained by the eigenvalue analysis of the finite element
method. The two-dimensional analysis models for the out-of-
plane deflection were established. The element size was set to
0.1 m to achieve sufficient accuracy in the calculation of the
natural frequencies. Rotational springs were set at both ends of
the two cables, and the deflections were fixed at both ends of the
two cables.

The natural frequencies calculated by eigenvalue analysis
were input into the optimization problem expressed by Eq. 39.
Because there are six unknowns (the tension, bending
stiffness, and rotational stiffness of the cables), the natural
frequencies up to the ninth mode were used for estimation.
Yamagiwa et al. (Yamagiwa et al., 2000) proposed using the
lowest five modes for accurate tension estimation by the
higher-order vibration method with two unknowns, because
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Case3: Changing clamp
location

Case4: Different length/Same
material properties

¢AL

No.13-24 No.25-42

Bending stiffness Mass per unit length

EI [kN-m?] pA [ton/m]
12.56 0.0102
68.99 0.0242
17.62 0.0122
92,51 0.0281

tension is sensitive to the lower natural frequencies. Because
there were six unknowns in this study, nine natural
frequencies were used.

3.4 Analysis conditions in solution of
optimization problem

To solve the optimization problem of Eq. 39 using the
MultiStart method, 1,000 sets of initial values were generated.
Generally, more sets of initial values result in higher
estimation accuracy but also increase the computation time.
It has been confirmed that the estimation accuracy does not
improve substantially even if the number of initial value sets
exceeds 1,000.

The search range of the solution must be defined when
solving the optimization problem. The search range of
tension was set to 0.5-2 times the true value. As described
in the previous study (Furukawa et al., 2022c), the objective
function has local minima solutions in the range where the
tension is smaller than 0.25 times the true value because the
objective function does not depend on the mode order of the
natural frequencies. While this has the advantage that it is
not necessary to specify the mode order of the natural
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TABLE 3 Models of two cables with intersection clamp considered in numerical verifications.

Case 1
Model no. Cable name Length of cable 1 L, [m] Location of the Cable length
intersection clamp L;,/L; ratio L,/L;
Cable 1 Cable 2
1 A A 10 0.6 1
2 A A 20 0.6 1
3 A A 40 0.6 1
4 B B 10 0.6 1
5 B B 20 0.6 1
6 B B 40 0.6 1
Case 2
Model no. Cable name Length of cable 1 L, [m] Location of the Cable length
intersection clamp Ly,/L, ratio L,/L,
Cable 1 Cable 2
7 A ¢ 10 0.6 1
8 A ¢ 20 0.6 1
9 A C 40 0.6 1
10 B D 10 0.6 1
11 B D 20 0.6 1
12 B D 40 0.6 1
Case 3
Model no. Cable name Length of cable 1 L, [m] Location of the Cable length
intersection clamp L;,/L; ratio L,/L;
Cable 1 Cable 2
13 A A 10 03 1
14 A A 10 0.9 1
15 A A 20 03 1
16 A A 20 09 1
17 A A 40 03 1
18 A A 40 0.9 1
19 B B 10 03 1
20 B B 10 09 1
21 B B 20 03 1
22 B B 20 09 1
23 B B 40 03 1
24 B B 40 09 1
Case 4
Model no. Cable name Length of cable 1 L, [m] Location of the Cable length
intersection clamp L;,/L, ratio L,/L,;
Cable 1 Cable 2
25 A A 10 0.6 0.75
26 A A 10 0.6 0.85

(Continued on following page)
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TABLE 3 (Continued) Models of two cables with intersection clamp considered in numerical verifications.

Case 4
Model no. Cable name
Cable 1 Cable 2
27 A A 10
28 A A 20
29 A A 20
30 A A 20
31 A A 40
32 A A 40
33 A A 40
34 B B 10
35 B B 10
36 B B 10
37 B B 20
38 B B 20
39 B B 20
40 B B 40
41 B B 40
42 B B 40
o T1(Simple support) © T2(Simple support)
5 = T1(Rotational stiffness) ¢ T2(Rotational stiffness)
Z 1.1
8 )
2 1.08 a
=
£ 1.06 g
2 )
8 1.04 a
g g (=] aa o}
s 1.02
£ au <] 8 58 5
@ | |wansnss eSCunsn 9eeS=nn geafens ssgddun
0.98
Rottional ") 1oyl 1o 1o 1
stiffness
Cable length 10m 20m 30m 40m 50m
FIGURE 3
Comparison between tension estimation results of proposed
method (rotational stiffness) and previously proposed method
(simple support).

frequencies to be input to the objective function, the problem
of local minimum solution exists. However, previous studies
(Furukawa et al., 2022¢) have shown that local minimum
solutions can be avoided by setting the search range of
tension to be greater than 0.25 times the true value.
Therefore, in this study, the lower bound of the search
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Length of cable 1 L, [m]

10

Location of the
intersection clamp L;,/L;

Cable length
ratio L,/L;

0.6 0.95
0.6 0.75
0.6 0.85
0.6 0.95
0.6 0.75
0.6 0.85
0.6 0.95
0.6 0.75
0.6 0.85
0.6 0.95
0.6 0.75
0.6 0.85
0.6 0.95
0.6 0.75
0.6 0.85
0.6 0.95

range for tension was set to 0.5 times the true value.
Harada et al. (2002) reported that the ratio of the actual
tension to the design value of a Nielsen-Lohse bridge after
30 years of service is 0.76-1.4. Therefore, it is reasonable to set
the search range of the tension to 0.5-2 times the true value. In
this section, the search range of the bending stiffness is
considered to be 0.26-2 times the true value. The search
range of the rotational stiffness was set from 0 (simple
support) to 1 (fixed support).

3.5 Comparison between tension
estimation results obtained by newly
proposed method and previously
proposed method under variable
rotational stiffness

Before presenting the estimation results obtained by the
proposed method for 42 models, the tension estimation
accuracy of the newly proposed method is compared to that
of the previously proposed method.

The dimensions of the two cables are as follows: T, = 1,650 kN,
T, = 3300kN, EiI, = E;I, = 106kN/m’ p,A;=p,A; =
0.03 ton/m. Five cable lengths were considered: L, = L, = 10,
20, 30, 40, 50 m. The intersection clamp position was set to
Li1/Ly = Ly;/L, = 0.6. Seven rotational stiffness cases were
considered: r; =1, = 0.0 (simple support), and 0.05, 0.1, 0.2,
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Estimation results without measurement error. (A) Tension.
(B) Bending stiffness. (C) Rotational stiffness.

0.5,0.8, 1.0 (fixed support). The natural frequencies of the first nine
modes without measurement error were input to both the newly
proposed method and previously proposed method.

The tension estimation results are shown in Figure 3. The
horizontal axis indicates the rotational stiffness for each cable
length, and the vertical axis indicates the ratio of the estimated
tension to the true value. When the rotational stiffness was zero,
both methods estimated the tension with high accuracy.
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However, as the rotational stiffness increased, the estimation
accuracy of the previously proposed method decreased,
particularly for short cables, because the previous method
assumes that both ends are simply supported, and the
rotational stiffness has stronger influence on the natural
frequencies of short cables. Considering a cable with a length
of 10m and fixed support, the tension estimation error is
approximately 10% when the previously proposed method is
used. In contrast, the newly proposed method estimates the
tension with high accuracy regardless of the rotational
stiffness and cable length.

Based on the above comparison, it was thought necessary to
consider the rotational stiffness, particularly for short cables. The
proposed method considering the rotational stiffness is very
useful, because there are many Nielsen-Lohse bridges with
short cables (length of approximately 10-20 m).

3.6 Estimation results for tension, bending
stiffness, and rotational stiffness when
measurement error is ignored

First, the estimation for 42 models without measurement
error was investigated. The results obtained for the case wherein
the rotational stiffness of the two cables was 1 (r; = r, = 1) are
shown as an example.

Figure 4 shows the estimation results for the tension, bending
stiffness, and rotational stiffness. The horizontal axis is the model
number, and the vertical axis is the ratio of the estimated value to
the true value.

Figure 5 shows the sensitivity analysis results for models No.
1 and 9. As can be seen, the value of the objective function G in
Eq. 39 changes only when one parameter out of the six
parameters (tension, bending stiffness, and rotational stiffness
of the two cables) is varied. The horizontal axis gives the ratio of
the value of the parameter input to the objective function to the
true value, and the vertical axis gives the objective function value.
The tension and bending stiffness varied from 0 to 2 times the
true value. The rotational stiffness varied from 0 to 1.

First, the tension estimation accuracy was investigated. As
shown in Figure 4A, the proposed method estimated the tension
with sufficient accuracy and the error was within 5% for all
models. By carefully examining the results, it can be found that the
accuracy differs depending on the model. For example, cases 1 and
4 have higher tension estimation accuracy compared with cases 2 and
3. Figure 5A shows the sensitivity analysis results for model No. 1
(case 1) and model No. 9 (case 2). The vertical axis is minimum when
the horizontal axis value is 1, and rapidly increases as the horizontal
axis value moves away from 1. This indicates that tension is highly
sensitive to the objective function, which explains why the tension
estimation accuracy is high. The vertical axis value of model
No.1 exhibits greater increase compared with model No. 9. This
means that the tension of model No. 1 is more sensitive to the
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FIGURE 5

Sensitivity of tension, bending stiffness, and rotational stiffness to objective function for model No.1 (left) and model No. 9 (right). (A) Tension is
varied. (B) Bending stiffness is varied. (C) Rotational spring stiffness is varied.

objective function compared with that of model No. 9, which explains
why the tension estimation accuracy of model No.1 is higher than
that of model No. 9. The reason why local minima are observed in the
range of the horizontal axis value smaller than 0.25 has already been
explained in 3.4, and they can be avoided by setting the search range
of the tension appropriately. Although there are differences in the
estimation accuracy of each model, it can be seen that the tension
estimation accuracy is generally high.

Second, the bending stiffness estimation accuracy was
investigated. Based on the comparison between Figures 4A,B,
the bending stiffness estimation accuracy is generally inferior to
the tension estimation accuracy. In particular, the bending
stiffness estimation accuracy of models No. 9 and 32 is very
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low, with an estimation error as high as 60%. The reason for this
is that the bending stiffness has lower sensitivity against the
objective function compared with tension, as determined by
comparing Figures 5A,B. Particularly, the objective function of
model No. 9 hardly changes even if the bending stiffness changes,
as shown on the right side of Figure 5B.

This study used the natural frequencies of the first nine modes to
accurately estimate the tension, because tension is sensitive to the
natural frequencies of the lower modes (Yamagiwa et al., 2000). In
contrast, the bending stiffness has lower sensitivity against the natural
frequencies of the lower modes (Yamagiwa et al., 2000). Therefore, it
is difficult to estimate the bending stiffness as accurately as tension if
lower-mode natural frequencies are used.
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Finally, the rotational stiffness estimation accuracy was
investigated. As shown in Figure 4C, the rotational stiffness
estimation accuracy is inferior to the tension estimation accuracy,
because the rotational stiffness has lower sensitivity to the objective
function, as can be found by comparing Figures 5A-C. The lower
estimation accuracy of model No. 9, compared with model No.1, is
also caused by the lower sensitivity of model No. 9, as can be found by
comparing the two graphs in Figure 5C. The cable length of models
No. 1 and 9 is 10 and 40 m, respectively. As shown in Figure 3, the
effect of the rotational stiffness becomes smaller as the cable length
increases. Because the cable is longer, the influence of the boundary
conditions is smaller, and the rotational stiffness accuracy of model
No. 9 is lower.

The same tendency was observed in other cases wherein a different
rotational stiffness was assumed. The tension of the two cables was
estimated with high accuracy and the error was less than 5%, regardless
of the rotational stiffness. In contrast, the bending stiffness and
rotational stiffness estimations had considerably larger errors.

3.7 Effect of measurement error on
tension estimation accuracy

3.7.1 Modeling of measurement error
This section discusses the effect of measurement errors in the
natural frequencies on the tension estimation accuracy.
Numerical errors are added to the i mode natural frequency

f IF EM calculated by the finite element method, as follows:

frose = fFEM (1 + erand), (43)

where f79%¢ is the natural frequency of the i mode with
numerical error, and rand is a uniform random number
between -1 and 1; € is the error rate set to 0.0, 0.01, 0.02,
0.03, 0.04, 0.06, 0.08, and 0.1. Different random numbers are
generated for each natural frequency up to the ninth mode.

3.7.2 Estimation error index

The two estimation error indices, namely, the mean
absolute error ratio (MAER) and the root-mean-square
error ratio (RMSER), which obtained the average degree of
estimation error for all 42 models, are expressed as follows:

1 N 2 Tnoise ( I) I
MAER = — k -1}, (44)
2N ;,; Tirve (1)
1 N 2 Tnoise ( I) )2
RMSER = \|— k -1 (45)
22 (e

where N is the total number of models (N = 42), T¥* (I) is the true
value of tension, and Tk’me (I) is the tension estimated from the
natural frequencies with numerical errors for cable k and model No. L.
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The tension estimation error of the higher-order vibration
method has been reported to be within 5% (Shinko Wire
Company, 2017). In this study, the tension estimation error
target was set to be within 10%, because the proposed method
deals with two connected cables, which is a considerably more
difficult problem compared with dealing with a single cable.
Therefore, the error rates at which the MAER and RMSER values
exceed 0.1 (10%) was investigated.

3.7.3 Results

In this section, the results for the case wherein the rotational
stiffness of both cables is 1 (r; = r, = 1) are discussed as an example.

First, the tension of all 42 models was estimated using nine natural
frequencies with measurement errors for each error rate € from 0.01 to
1.0. The tension estimation results for the error rate € = 0.01, 0.02, 0.03,
and 0.05 are shown in Figure 6A as an example. As can be seen, the
estimation error increases with the error rate. The estimation error
indices for each error rate are shown in Figure 7A. The RMSER and
MAER exceed 0.1 when the error rates exceed 0.024 and 0.02,
respectively.

Next, the average of 10 sets of nine natural frequencies was used
in the estimation to reduce the effect of measurement noise. The ten
sets of nine natural frequencies and the measurement error for each
error rate were calculated by repeating the calculation of Eq. 43 ten
times. The tension estimation results for the error rate € = 0.01, 0.02,
0.03, and 0.05 are shown in Figure 6B as an example. The comparison
between Figures 6A,B shows that the tension estimation accuracy
improved by using the average of 10 sets of nine natural frequencies.
The estimation error indices for each error rate are shown in
Figure 7B. The RMSER and MAER stay below 0.1 when the error
rates are below 0.092 and 0.056, respectively. Therefore, using the
average value of the natural frequencies obtained from multiple
measurements is an effective approach for reducing the effect of
measurement error on the accuracy of tension estimation.

4 Verification by field experiment on
actual bridge

4.1 Outline of actual bridge experiments

A field experiment on an actual bridge was conducted to
verify the validity of the proposed method. The schematic
diagram of the considered Nielsen-Lohse bridge is shown in
Figure 8A. Permission to use a photograph and the name of the
bridge has not been obtained from the bridge administrator. In
this bridge, each cable is a bundle of 19 strand steel wires covered
with polyethylene coating.

The vibration experiment was conducted for the four sets
of two cables shown in Figure 8A, that is, cases 1, 2, 3, and
4 from the left. The cable name and length are defined in
Figure 8B.
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Effect of measurement errors on tension estimation error

index. (A) One set of nine natural frequencies is used. (B) Average
of 10 sets of nine natural frequencies is used.

In each case, the natural frequencies were measured by four
piezoelectric accelerometers. The sampling time interval is
0.00078125s, the sampling rate is 1,280 Hz, the measurement
time is 25.6 s, and the frequency resolution is 0.0390625 Hz. The
accelerometers’ location and the location where the cable was hit by
a hammer are shown in Figure 8C. In case 1, two accelerometers
were placed on each cable near the intersection clamp. The position
near the intersection clamp of cable 1 was hit with a hammer to
excite vibration. In cases 2, 3, and 4, four accelerometers were placed
on cable 1, and no accelerometers were placed on cable 2. The
position near the bottom end of cable 1 was hit with a hammer to
excite vibration. In cases 1 and 4, four accelerometers were placed
high above the girder. In cases 2 and 3, four accelerometers were
placed near the girder at a height reachable by ladder.

4.2 Structural specifications of each cable

The structural specifications of each cable are shown in
Table 4. Case 1 has the shortest cable length, and case 4 has the
longest cable length. The values in the “Design document”
column were obtained from the design document.
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The tension, bending stiffness, and rotational stiffness of
an individual cable were estimated by considering the first to
seventh natural frequencies of the individual cable using the
formula proposed by Utsuno et al. (1998). The natural
frequencies of the individual cable were measured after
removing the intersection clamp. The estimated values
are listed in the three right columns of Table 4. The
tension estimation error of the method proposed by
Utsuno et al. (1998) has been reported to be within 5%.
Owing to time constraints, the vibration experiment of cable
2 in case 4 was not carried out, and the tension, bending
stiffness, and rotational stiffness of this cable were not
estimated.

Regarding the bending stiffness, the estimated value is
approximately three times the value in the design document.
The bending stiffness in the design document was calculated
by the empirical design formula EiIx = %Ek%, where Dy is
the cable diameter. Because the cable is a bundle of 19 strand
steel wires, the second moment of area of the circle with the
same diameter is divided by three in the design document.
The estimation result indicates that the estimated bending
stiffness is closer to that obtained by Eilx =Ek”6—lz: for a
uniform circular cross-section. However, because the
bending stiffness has low sensitivity to lower-mode natural
frequencies (Yamagiwa et al., 2000), the bending stiffness
estimation accuracy is not as high as the tension estimation
accuracy.

Regarding the rotational stiffness, the estimated value was
1.0. Therefore, the support condition seems to be closer to fixed

support rather than simple support.

4.3 Measured natural frequencies of two
cables connected by intersection clamp

In the vibration experiment considering two cables connected by
an intersection clamp, cable 1 was hit with a hammer in the out-of-
plane direction. The free vibration in the out-of-plane direction was
measured by four accelerometers. Then, the measured acceleration
histories were transformed into acceleration Fourier spectra, and the
dominant frequencies were read as the natural frequencies. The
vibration experiment was conducted three times for cases 1 and 4,
and twice for cases 2 and 3. In each experiment, the accelerations were
measured by four sensors. Therefore, cases 1 and 4 have
12 acceleration data, and cases 2 and 3 have 8 acceleration data.
The natural frequencies of the 12 or 8 acceleration data were averaged
and used in the estimation.

The acceleration Fourier spectra of one experiment for
each case are shown in Figure 9. The average natural
frequencies are listed in Table 5. The natural frequencies
are round off to three decimal places after taking the average.
The first to ninth natural frequencies were used in the
estimation.
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TABLE 4 Specifications of cables considered in field experiment.

Case Cable Design document
no. no.
k
Mass per  Length Location of
unit length L intersection
PrAk [m] clamp
[ton/m] Ly /Ly
1 1 0.0176 146 0.77
2 0.0176 13.6 0.82
2 1 0.0176 183 0.61
2 0.0176 16.8 0.67
3 1 0.0176 21.1 0.53
2 0.0176 20.7 0.54
4 1 0.0176 20.7 0.54
2 0.0176 211 053

4.4 Analysis conditions in solution of
optimization problem

In the solution of the optimization problem expressed by Eq. 39,
the number of sets of initial values in the MultiStart method was 200.

Frontiers in Built Environment

Estimated from natural frequencies of
individual cables

Bending Tension Bending Rotational
stiffness T} stiffness stiffness
Ei I [kN-m?]  [kN] Ei I [kN-m?] 1

26 4487 82.47 1.0

26 489.7 85.56 1.0

26 378.0 83.42 1.0

26 383.7 82.31 1.0

26 3983 8330 1.0

26 391.5 80.84 1.0

26 421.0 80.59 1.0

26 - - -

16

It was confirmed that the estimation result was approximately the
same even when the number of sets of initial values exceeded 200.

The search range for tension was set to 0.5-2 times the value
estimated from the natural frequencies of a single cable. The search
range for the bending stiffness was set to 0.26-5 times the design value.
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TABLE 5 Measured natural frequencies of two cables with intersection
clamp in field experiment.

Case  Natural frequencies (ascending order) [Hz]
no.

1 2 3 4 5 6 7 8 9
1 617 7.54 1230 1535 1863 2355 2586 31.66 3324
2 430 691 867 1223 1445 1488 1859 21.84 2238
3 363 701 723 754 1121 1453 1484 1547 17.11
4 383 742 754 789 1168 1512 1543 1609 2023

The upper bound of the search range for the bending stiffness was set
to five times the design value, because the value estimated from the
natural frequencies of the individual cable is approximately three times
the design value. The search range for the rotational stiffness was 0-1.

4.5 Estimation results

4.5.1 Tension estimation results

The tension estimation results obtained by the proposed
method are presented in Table 6. The estimation accuracy is
discussed under the assumption that the tension estimated from
the natural frequencies of the individual cable (reference value) is
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true. The reference value of cable 2 (T,) in case 4 was not
estimated and the value of cable 1 (T;) was used instead,
assuming that the tension of the two cables in case 4 is the
same because the tension of the two cables is similar in cases
2 and 3. The estimation errors of all cables are within 10%, which
was the target of this study.

For comparison, the estimation results obtained by the previously
proposed method (Furukawa et al., 2022c) are presented in Table 6.
Because the previous method assumes that both ends are simply
supported, it tends to overestimate the tension. The tension estimated
by the previously proposed method is larger than that estimated by the
newly proposed method, except cable 2 in case 1. The estimation error
of cable 1 in case 1 is the largest, and its tension is overestimated by
20%. This indicates the necessity of properly treating the rotational
stiffness. For cable 2 in case 3 and cable 1 in case 4, the tension
estimated by the previous method is closer to the reference (true) value
compared with that estimated by the proposed method. However, this
does not mean that the previous method is superior. The proposed
method underestimated the tension of cable 2 in case 3 and cable 1 in
case 4, owing to measurement error, while the previous method
tended to overestimate. Therefore, the tension estimated by the
previous method is closer to the true value.

In conclusion, the tension of all cables was accurately
estimated, and the estimation error is less than 10%.
Therefore, the validity of the proposed method is confirmed.
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TABLE 6 Estimation results obtained by field experiment.

Tension
Case no. Cable no. k Proposed method Previously proposed method
Estimated Ratio of the Estimated Ratio of the
tension T} [kN] estimated value to tension T} [kN] estimated value to
the true value the true value
(estimation error) (estimation error)
1 1 439.2 0.98 (2%) 5347 1.19 (19%)
2 469.4 0.96 (4%) 455.7 0.93 (7%)
2 1 3757 0.99 (1%) 408.4 1.08 (8%)
2 386.1 1.01 (1%) 395.5 1.03 (3%)
3 1 402.5 1.01 (1%) 413.1 1.04 (4%)
2 363.9 0.93 (7%) 392.1 1.00 (0%)
4 1 391.7 0.93 (7%) 427.4 1.02 (2%)
2 4264 1.01 (1%) 465.6 111 (11%)
Bending stiffness
Case no. Cable no. k Proposed method Previously proposed method
Estimated bending stiffness Estimated bending stiffness
Eka [kNmz] Eka [kNmz]
1 1 97.17 1225
2 129.9 53.07
2 1 114.6 70.87
2 129.9 129.9
3 1 1225 129.9
2 126.2 127.5
4 1 47.99 119.6
2 129.9 76.24
Rotational stiffness
Case no. Cable no. k Proposed method

rotational stiffness r

1 1 0.546
2 0.0947
2 1 0311
2 0.0
3 1 0.768
2 0.0
4 1 0.997
2 0.987
Interestingly, the tension estimation error of cable 2 is less than hammer. Accelerometers were not placed onto cable 2. When two
10% in cases 2, 3, and 4, wherein accelerometers were only placed cables are connected and vibrate in unison, the required natural
onto cable 1 and vibration was excited by hitting cable 1 with a frequencies can be recorded by installing accelerometers onto one
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cable. Moreover, in cases 2 and 3, four accelerometers were placed
near the girder at a certain height reachable by ladder. This indicates
that it is sufficient for accelerometers to be installed on only one
cable at a certain height reachable from the girder by ladder, which
greatly improves the inspection efficiency.

4.5.2 Bending stiffness estimation results

The bending stiffness estimation results obtained by the
newly proposed and previously proposed methods are
presented in Table 6. The values estimated by the two
methods are different. Moreover, the estimated values in
Table 6 are also different to the design values and values
estimated from the natural frequencies of single cables, as
presented in Table 4. The reason for this is that the bending
stiffness is not sensitive to lower-mode natural frequencies,
and the lowest nine modes are considered in the estimation.
This tendency of low estimation accuracy for the bending
stiffness is similar to the numerical verification results.

4.5.3 Rotational stiffness estimation results

The rotational stiffness estimation results obtained by the
proposed method are presented in Table 6. Only the result of
the rotational stiffness in case 4 was 1, which is in good
agreement with the estimation result obtained for a single
cable. The rotational stiffness of cable 2 in cases 1, 2, and 3 is
substantially underestimated. The estimation accuracy is low,
and this tendency is similar to the numerical verification
results.

5 Conclusion

This paper proposes a new method for estimating the
tension of two cables connected by an intersection clamp
without requiring the removal of the intersection clamp. The
proposed method can estimate the tension of two cables in a
Nielsen-Lohse bridge from the natural frequencies of the
cables. There are many Nielsen-Lohse bridges with short
cables, and for short cables, the boundary conditions at
both ends of the cable greatly affect the natural frequencies.
Therefore, it is necessary to properly model the boundary
conditions at both ends of the cable. With this background,
the proposed method considers the cable as a tensioned
Euler-Bernoulli beam supported by rotational springs at
both ends. This study derived a formula for estimating the
tension, bending stiffness, and rotational stiffness of two
cables simultaneously from the natural frequencies in the
out-of-plane direction. In the case of fixed support, the
rotational spring constant becomes infinity. It was found
that the infinite rotational spring constant in the proposed
estimation formula deteriorates the estimation accuracy. To
overcome this difficulty, normalization was introduced into
the proposed method to avoid infinity in the calculation.
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The validity of the proposed method was verified through
numerical simulations and field experiments on an actual
Nielsen-Lohse bridge. The following conclusions were drawn
from this study.

In the numerical verifications, the natural frequencies of the first
to ninth mode were used in the estimation, because it is known that
tension is sensitive to lower-mode natural frequencies.

First, the effect of the boundary conditions on the tension
estimation accuracy was investigated for models with different
rotational stiffness and cable length.

The method ignoring the rotational stiffness overestimated the
cable tension, particularly for short cables whose cable ends have
rotational stiffness. In the case of a 10-m cable with fixed support, the
tension was overestimated by approximately 10%. In contrast, the
proposed method accurately estimated the tension regardless of the
rotational stiffness and cable length.

Next, the validity of the proposed method was verified for
42 models. The proposed method accurately estimated the tension
with an estimation error of less than 5% for all 42 models. In
contrast, the bending stiffness and rotational stiffness estimation
accuracy is low owing to these properties” low sensitivity against the
objective function of the lower modes.

The effect of the natural frequencies’ measurement error on the
tension estimation accuracy was also investigated. The tension
estimation error was evaluated using two indices, namely, RMSER
and MAER. It was found that the RMSER and MAER remained
within 0.1 (10%) when the error rate was less than 0.024 and 0.02.
When the average of 10 sets of nine natural frequencies was used for
estimation, RMSER and MAER were below 0.1 (10%) when the error
rate was below 0.092 and 0.056. Taking the average of the natural
frequencies obtained from multiple measurements is an effective way
for reducing the effect of measurement error.

Finally, the proposed method was verified by a field experiment on
an actual Nielsen-Lohse bridge. Four sets of two cables, that is, cases
1-4, were tested. The lowest nine measured natural frequencies were
used in the estimation. The tension of eight cables (two cables with four
cases each) was accurately estimated, and the estimation error was less
than 10%, which confirms the validity of the proposed method.

In cases 2, 3, and 4, accelerometers were only installed onto cable
1, and the vibration was excited by hitting cable 1 with a hammer.
Accelerometers were not installed onto cable 2. However, the tension
of cable 2 was estimated with good accuracy. In cases 2 and 3, four
accelerometers were placed near the girder. This indicates that it
suffices for accelerometers to be installed on only one cable near the
girder, which greatly improves the inspection efficiency.

As previously mentioned, the current practice of estimating the
tension of Nielsen-Lohse bridges requires the removal of intersection
clamps. The natural frequencies of each cable are separately
measured, the single-cable tension estimation method is applied
to each cable, and the intersection clamps are finally reinstalled.
The intersection clamps are often installed high above the girders,
and their removal and re-installation are time-consuming and
laborious because they require an aerial work platform and traffic
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control. The proposed method simultaneously estimates the tension
of two cables without requiring the removal of intersection clamps.
Therefore, the proposed method is very useful and greatly improves
the efficiency of tension estimation work because it eliminates the
need for an aerial work platform and traffic control.

In future work, a statistical tension estimation method will be
developed to handle uncertainties and improve the estimation accuracy.
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