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1. Introduction

Inclined cables are important structural elements on cable-stayed bridges and guyed masts. Large cable vibrations have
been observed on several major bridges and although aerodynamic effects are sometimes responsible, another source of
excitation of concern comes from motion of the deck and/or tower. The natural frequencies of local cable vibrations and
global structural vibrations are generally in the same frequency range, leading to potential dynamic interactions. These,
along with nonlinear effects, can produce complex behaviour involving large amplitude cable vibrations; see for example
the reviews by Nayfeh and Pai [1], Rega [2,3] and Ibrahim [4].

Of particular concern is parametric excitation, whereby small amplitude deck/tower motions with a component along
the cable axis can cause large amplitude cable motions at half the excitation frequency [5]. These vibrations can occur in-
plane (defined as the plane in which the cable sags statically) or out-of-plane, even if the anchorage motion is limited to in-
plane, which is generally the dominant direction of deck motion on cable-stayed bridges. This paper aims to identify the
conditions under which modal vibrations of a cable become unstable about the zero response, in which case large
vibrations in the mode could arise, potentially leading to damage. Parametric excitation is one mechanism by which such
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an instability can occur. For inclined cables subject to vertical deck motion and/or horizontal tower motion, the situation is
complicated by the existence of simultaneous direct (external) and parametric excitations.

Analysis of parametric excitation of cables has often been based on the Mathieu-Hill equation for a single mode [5-7]
neglecting nonlinear coupling between modes. On this basis Lilien and Pinto da Costa [5] provide the following expression
for the minimum axial support amplitude required to cause parametric excitation in the first mode:
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where ¢ is the static strain, L the cable length, Q2 the excitation frequency and w; and &; the natural frequency and
damping ratio of the first mode, where Q/2w; ~ 1. An equivalent expression (for Q/2w;~ 1) is given in the SETRA
guidelines [8], which are in common use for stay cable design. The expression can be applied to other cable modes by
substituting the relevant natural frequency and damping ratio.

Uhrig [7] included nonlinear coupling and parametric excitation terms in his derivation of the equations governing in-
plane vibrations of an inclined cable with horizontal input at the upper anchorage. However, he reduced them to
uncoupled linear Mathieu equations to consider the solution. Caetano [9] considered end motion axially and transversely
to the cable, but treated them as separate cases.

Perkins [10] addressed tangential support motion of a sagging cable, providing simultaneous principal parametric
excitation of the first out-of-plane mode and external excitation of the first (symmetric) in-plane mode (with twice the
natural frequency, due to the sag). The cable was modelled as a coupled two-degree-of-freedom (2DOF) system and
experiments exhibited similar behaviour to that predicted. Zhang and Tang [11] also considered a 2DOF cable model
subjected to tangential support motion, in this case with 1:1 internal resonance between the in-plane and out-of-plane
modes and excitation around twice the natural frequency. Hence, although there was external excitation of the in-plane
mode (if symmetric), it was far from the mode’s natural frequency.

A number of authors have considered an inclined cable subject to vertical support excitation of the lower anchorage,
including parametric excitation and nonlinear terms. Berlioz and Lamarque [12] used the multiple scales method to
estimate the response amplitudes of a 1DOF model of the first in-plane mode (detuned from other modes by the sag),
subject to excitation around its natural frequency (direct excitation) or at twice the natural frequency (parametric
excitation). After fitting parameters good agreement with experiments was found. Georgakis and Taylor [13,14] explored
the responses of a cable modelled with four shape functions, subjected to both sinusoidal and stochastic support
excitations, by extensive numerical simulations. Wang and Zhao [15] obtained numerical results of amplitudes of planar
and non-planar responses for certain cases, from the shooting method and the continuation technique. Pinto da Costa et al.
[16] discussed the relative importance of direct and parametric excitation of inclined cables, by analytically considering
horizontal and vertical cables and from numerical solutions of vibration amplitudes of four different inclined cables. Chai
and Chen [17] conducted numerical simulations of the in-plane response of the equivalent system of inclined guy cables to
horizontal sinusoidal motion of the upper anchorage. Nayfeh et al. [18] analysed a vertical cable (i.e. with no sag) with
inclined excitation. The method of multiple scales and numerical solution of the resulting modulation equations were used
to predict amplitudes of steady-state motion for certain parameter values, in good agreement with experiments. All of
these studies focussed on the amplitudes of the responses, inevitably resorting to some numerical technique using certain
parameter values.

Other studies have considered autoparametric resonance of an inclined cable interacting with a beam, including
nonlinearities, but only including a single in-plane mode of the cable (or cable-dominated mode of the combined system)
[19-21]. An alternative cable-deck model proposed by Georgakis et al. [14,22] and developed by Lorenzo [23] allows for
autoparametric resonance and nonlinearities and includes multiple cable modes, but has only been solved by numerical
simulation.

For a cable with small sag, the natural frequencies are close to commensurate [24]. Hence for primary parametric
excitation of any one mode (at twice its natural frequency), the excitation frequency is close to the natural frequency of
another mode. Therefore, inputs at an angle to the cable axis (e.g. vertical anchorage motion on an inclined cable) can cause
simultaneous direct excitation and parametric excitation of at least two modes, which are nonlinearly coupled [16]. Due to
the coupling, the response of the directly excited mode can modify the dynamic stability of other modes. The effect on the
stability boundaries had not been considered until recently [25], when a three-degree-of-freedom model, with 1:2:2
frequency ratios, was used for vertical excitation of the lower anchorage of an inclined cable excited around the natural
frequency of the second in-plane mode. Stability boundaries for the first and second out-of-plane modes were identified
analytically.

Here this analysis has been generalised to include all in-plane and out-of-plane modes, for excitation close to any
natural frequency. The cable inclination, sag, parametric and direct excitation and nonlinearities, including modal coupling,
are all included. The only significant limitation is that the sag is small.

For inputs of low amplitude or away from critical frequencies it is found that the cable essentially responds only in the
directly excited mode, although the amplitude is significantly affected by nonlinearities. The zero amplitude response
stability boundaries of other modes are derived analytically using the method of scaling and averaging. For input
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amplitudes above these boundaries parametric excitation and nonlinear coupling between modes initiate oscillations in
modes other than the directly excited mode, which could lead to damaging large amplitude responses.

The theoretical stability boundaries are validated though a series of experimental tests. These tests also unveiled
another nonlinear mechanism causing significant cable vibrations at twice the excitation frequency in certain conditions.
A refinement of the analysis is able to explain this effect, also caused by the simultaneous axial and transverse excitation of
the cable.

2. Derivation of theoretical stability boundaries
2.1. Equations of motion

There have been many representations of the equations of motion for cables [1]. In this paper the modal equations
derived by Warnitchai et al. [26] are adopted. These equations are valid for elastic inclined cables with small sag, they
include cubic and quadratic nonlinearities, and they allow for small support motions in all directions at both ends of the
cable. They are therefore very appropriate for the taut inclined cables considered here. The cable is supported at end points
a and b and the direction of the chord line from a to b is defined as x (Fig. 1). The static sag profile lies in the x-z plane, so
z represents in-plane motion and y represents out-of-plane motion. The angle of inclination of the chord relative to the
horizontal is defined as 6. Axial vibrations of the cable are neglected since they occur at a much higher frequency than
transverse vibrations. The equation of motion of the nth out-of-plane cable mode is expressed as [26]

Myn(V + 2Eyn@ynyy +w)2/HYn)+ZkVnk)/n(V§ +Zﬁ)+zk2ﬂnk)/nzk

. . 2
+ 20, (Up—Ua)Yn +n(q +(=1)" i) = Fyn, (2)

and that of the nth in-plane cable mode as
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where y,, and z,, are the generalised displacements of the cable in the nth out-of-plane and in-plane modes, respectively, for
any n (note that the summations over modes y and z,, for all k, cause nonlinear coupling between modes); subscripts a and
b denote the top and bottom anchorage points, respectively, and the modal masses m,,, and m;, and the parameters vy,
Burto Mn» {n and o, are given by

pAL EATt*n?k?

m =Muy=M= ——, v = ’
yn zn 2 nk 3[3

5 _ EAmyn? (14(=1)+! _ EAm?n?
"= "4Lg, k =g
(o=PAL = PALILEG (L e,

nm T n3n3 o2

where p is the density, A the cross sectional area, L the chord length, E the Young’s Modulus and o, the static stress.
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Fig. 1. Definition of cable coordinate system.

Dynamic profile
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Ernst’s equivalent modulus of the cable, E, [27], Irvine’s non-dimensional sag parameter, 4% [24], and the component of
weight normal to the cable axis, 7, are given by

E 2 E <yL

2
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142212 os ) /e

Os
where g is the gravitational acceleration.
The out-of-plane and in-plane natural frequencies, wy, and w., respectively, are given by

nmw /o nmw /o
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2)“2 n+1,2
where k, = A A+(=D""H~.

F,n and F;, are the generalised external loads on the cable in each mode and it is assumed that damping can be modelled
as viscous with modal damping ratios &, and &, Details of the derivation are given by Warnitchai et al. [26].
Noting that for cables with small sag k,«1, the natural frequencies can alternatively be represented by

Wyn = Wp =MW1, Oz = Op(14+Ky),

2
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In Egs. (2) and (3), the m,, and m,, terms are linear, the v, terms are cubic nonlinearities from stretching of the cable in
the deformed shape, the S, terms are quadratic nonlinearities from the effect of the static sag, the #, terms cause
parametric excitation from the axial end displacements and the {,, and o, terms cause direct excitation from the end
accelerations. The equations of motion of all modes are coupled through the nonlinear terms.

This paper focuses on the response to support motions, with no external forces applied along the length of the cable
(Fyn=Fz»=0). For conciseness the support motions are expressed as

where

U=Up—Ug, Vn=0a+(=D" 1y, wy=we+(=1)"wy,.
It is assumed here that the rest of the structure to which the cable is attached is not affected by the dynamics of the

cable. The cable is excited by prescribed sinusoidal support motions (which in general can be a combination of u, v, and w,
components) close to the pth natural frequency, with excitation frequency

Q=pw;(1+p), (5)

where p is a small frequency detuning parameter. Hence p is the mode number of the modes (one in each plane, y, and z,,)
with natural frequencies close to the excitation frequency, whereas n is the mode number of any mode under
consideration.

2.2. Scaling and averaging

The method of scaling and averaging [28] is applied to the equations of motion to determine the steady-state
amplitudes of directly excited modes and the dynamic stability of other modes. Wagg and Neild [29] made a comparison
with the method of multiple scales to calculate the response of mode z, in the absence of any other modal responses. The
results were found to be the same (to order &), but the analysis using the method of scaling and averaging was somewhat
simpler so it is adopted here to address the multiple mode case.

Time is transformed using the relationship 7= (1+ )t and the small parameter ¢ is introduced for book-keeping
purposes. Hence Eqgs. (2) and (3) are scaled such that they are in standard Lagrange form [30,31]

y;; + w%yn = SXyn + 0(82), Z;, + wﬁzn = gxzn + 0(82)' (6)
where {}’ represents differentiation with respect to T and
, v 2 2 G
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The form of Eqgs. (6) reflects the fact that the response of each mode is dominated by its linear undamped response.
The 0O(&?) and higher order terms are neglected.
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The equations are now in a form that can be averaged [28,30,31]. A trial solution of Egs. (6) is proposed with the form

Yn = Yne COS(nT) +Yns SIN(WNT). 9)
Substituting this into the left hand side of the equation it can be shown that a solution exists with

, & . , &
Yne=— @Sln(wnf)xy"v Yns = aCOS(wnT)Xyn, (10)

and
Vi = —WnYnc SIN(WRT) + WnYns COS(WRT), (11)

(and similarly for z,).

Egs. (10) can be averaged by integrating with respect to t over the fundamental period 7;=27/w; (i.e. in terms of real
time, p times the excitation period, t;=27p/Q2). Since, also from Eqgs. (10), the derivatives of y,,. and y,s (and z,. and z,;) are
small, these amplitudes may be treated as constant over the integration period [30]. In the integration, only the
components of X, (or X,,) at frequency w, (with respect to ) give non-zero terms. The resulting averaged derivatives of
the amplitudes, represented with an additional subscript a, are

/ F—
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where Y,%a = yﬁm +y,21m and Z2 _zﬁm—i—zﬁsa are squares of the modal amplitudes, Cng = YncaZnca +YnsaZnsa are cross-coupling
terms, d;; is the Kronecker delta function and U, V,, and W,, are the amplitudes of the sinusoidal support motions u, v, and w;,.

The averaged equations for the y and z components are identical except all occurrences of y and z are exchanged and in
the z equations u is replaced by (u—x,) and {,V,, by ({,W,,— a,U). Both of these latter effects are due to the static sag of the
cable, although for even n, x, and o, are both equal to zero so these differences do not exist.

2.3. Direct excitation

For all modal responses starting with zero amplitude, the only non-zero rates of amplitude increase are for y',sq and
Z'psa- 1.6, only modes y, and z,, with natural frequencies close to the excitation frequency, are directly excited.

For pure out-of-plane excitation (W,=U=0), for a response only in mode y, (the stability of other modes is considered
below), the rates of amplitude increase are

, € 3vp,
ypca:_7{éypw§ypca+,uwg}/psa ypsay2 }. (16)
Wn 8m
, € . 3v 4
Ypsa = w*ﬂ{_Cypwzypsa‘f'ﬂwgyivca—si];}f}’pca +27pwzvp} (17)
Setting these both to zero leads to the following equation that defines the steady-state amplitude in mode y, (Y,q)
9v2, Y8, —48Ma2 vpp Yo, +64m2wip (12 + &) Y2, = 16032 V2. (18)

Similarly, for in-plane excitation (V,=0), the steady-state amplitude of mode z, (Z,,) (in the absence of any other modal
responses) is given by

V2 Zp, —A8MW2 (U—1p)VppZo, +64m2a)g{(,u—;cp)2+€§p}zz =160, ({Wp—apU)>. (19)

Hence Eqgs. (18) and (19) are cubic equations in Y2 and Zf,a, respectively, which for given cable and excitation parameters
can be solved to find the steady-state amplitude i 1n the directly excited mode. If the first two terms on the left hand side are
neglected, Eq. (18) agrees with conventional linear analysis (for small u). For sufficiently small amplitudes this is valid, but
in general the first two nonlinear terms express the dynamic stiffening that causes the resonance curve to bend over
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towards higher frequencies. It is noteworthy that in Eq. (19) the effective input amplitude is reduced by o,U. Hence, the
axial component of end motion, which is often neglected when considering direct excitation, can have a significant effect
on the response amplitude of odd in-plane modes.

2.4. Modal stability

Due to the parametric excitation and nonlinear coupling terms in the equations of motion, the zero amplitude response
solution of other modes can become dynamically unstable. The localised stability of mode n is considered, around the
semi-trivial solution having zero response in this mode along with the directly excited response in mode p, above. Loss of
stability of this solution indicates that a response in mode n will occur.

For all modes other than the directly excited mode(s), the first order differential equations, Egs. (12) and (13), can be
expressed in matrix form (with no loss of generality) as

y%lca _ €11 C12 Ynca ’ (20)
Ynsa €1 C2 Ynsa
(and similarly for in-plane modes from Eqgs. (14) and (15)).
The eigenvalues, y, are then given by the solution of the characteristic equation
12— (C11+C22) ) +C11C22—C12621 =0. (21)
On the local stability boundary the larger real part of the two eigenvalues is zero, hence
C11C22—C12621 =0. (22)

For pure out-of-plane or in-plane excitation, only mode y, or z,, respectively, is directly excited. For the localised
stability of each other mode about zero response, it is sufficient to only retain the linear terms in that mode and it is
assumed that all other modes, apart from the directly excited one, have zero amplitude.

For direct excitation of mode z, (with V,=0), the matrix in Eq. (20), for mode y,, with n#p, then becomes

v .
{Cn 612:| & ~Sm@h R+ ﬁlga—ézn,pg—&U (23)
= . v . ’
@] On | poA- T2y LU 2
hence, from Eq. (22), the local stability boundary is given by
2 4 2 Y2\ M \% 2
oo+ (peod= 32 22 )~ Sanp (50-) U =0, (24)

For 2n+#p (and n#p) there are no real solutions and mode y,, (for all other n) is always stable about the zero response, for
any amplitude of mode z,. Similarly, for 2n+p (and n#p), mode z, is always stable. Equivalent conditions exist in the presence
of direct excitation of mode y, (with W,=U=0), except modes y, and z, are also stable for 2n=p. Therefore, during direct
excitation of any one mode (y, or z,), all other modes are always stable about the zero solution, except for the mode in the other
plane at the same frequency (mode z, or y, respectively) and, for in-plane excitation with an axial component of end motion,
the modes in both planes at half the excitation frequency (modes y, and z,, where q=p/2). Considering these exceptions, for
example, in-plane excitation close to 2w, results in direct excitation of mode z, and can, for certain ranges of excitation
frequency and amplitude, trigger motion in modes y-,, y; or z;. The trigger conditions for the modes at half the excitation
frequency and for the mode in the other plane at the excitation frequency are addressed in the next two sub-sections.

2.5. Parametric excitation

For 2n=p (i.e. for excitation frequency Q ~ 2wy, where q=n=p/2), from Eq. (24) the stability boundary of mode y,
becomes

V2,20 —8Muwvg, 22, + 16m* wi(u? + &) = 4n2U2. (25)

Hence for an axial component of cable end motion, U, larger than given by this expression, mode y,, at half the excitation
frequency, becomes unstable due to parametric excitation. There is an identical expression for the stability boundary for
parametric excitation of mode z,, except 4 is replaced by &4 and p by (1 —1cq).

In the absence of a direct response in mode z, (Z,,=0), the stability boundary in Eq. (25) equals (to first order ¢) the
boundaries given by Lilien and Pinto da Costa [5] and SETRA [8]. In the case of pure axial excitation (V,=W,=0), since for
integer q, p is even, so «,=0, from Eq. (19) the only real solution for the steady-state response of mode z, is Z,,=0. Hence in
this case, the stability boundaries from Lilien and Pinto da Costa and SETRA are valid. However, in the more general case
the axial excitation is accompanied by a transverse component of end motion (W, #0), which gives a non-zero response of
mode zp,, which modifies the stability boundary in accordance with Eq. (25). The effect of the response in mode z, is
effectively to increase the mean tension in the cable, thus shifting the parametric stability boundary of mode y, (and mode
Z4) to higher frequencies.
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2.6. Nonlinear modal coupling between modes in orthogonal planes

For direct excitation of mode z, (with V,=0), the matrix in Eq. (20), for mode y, (n=p) becomes

€11 C12 e —Cp @y + X%Zpsazpw —HOp+ Vﬂ(zz +22550)
|:C21 sz} T on #wg_;p Zpa+225)  —Eypwi— 4mZpsacha ' 26)
hence, from Eq. (22), the local stability boundary is given by
3v2,28 —32mpuwvpp 22, + 64m? (Ut + &) = (27)

For given detuning, i, within a certain range, there are two positive solutions for Z,,. Mode y, is unstable between these
two solutions, hence the (planar) response in mode z, cannot be sustained alone and the total response involves motion
both in-plane and out-of-plane, although the excitation is only in-plane. This type of response is discussed by Nayfeh and
Mook [32] and was investigated numerically and experimentally by Nayfeh et al. [18].

Similarly, for direct excitation of mode y, (with W,=U=0), there is an equivalent stability boundary for mode z,, with
&yp replaced by &, 1 by (1—1c,) and Z,q by Y.

2.7. Non-dimensional response and stability boundaries

For direct excitation of any one mode, the steady-state response of that mode, up to the stability boundary of any other
mode, is given by Eq. (18) or (19). The stability boundary of the corresponding mode in the other plane is given by Eq. (27)
(or the equivalent for direct excitation of mode y, and stability of mode z,). For direct excitation of an even in-plane mode
with a component of axial end motion, the stability boundaries for parametric excitation of the modes with nominally half
the natural frequency are given by Eq. (25) for the out-of-plane mode and an equivalent equation for the in-plane mode.
Hence these few equations govern the generalised modal stability of the cable.

For general application and to relate full-scale behaviour and laboratory experiments, these equations are re-expressed
in non-dimensional form. The input and output displacements are non-dimensionalised with respect to L: U=U/L,
Ypa =Yya/L, etc., and two non-dimensional cable parameters are defined: &;=0,/E (i.e. static strain) and I"=pglL /o (i.e. ratio
of cable weight to tension). Irvine’s non-dimensional sag parameter can then be expressed as 1%2=I"2 cos® 0/¢;.

Eq. (18), for the steady-state out-of-plane response in mode y, (for W,=U=0), then becomes

(Y papm)® — 19265 4(Y papm)* + 102462 (1% + E2))(Y papm)? = 102467 Vf, (28)
and Eq. (19) for the steady-state in-plane response in mode z, (for V,=0), becomes

9(Zpap7t)6 -1 9235(M_Kp)(2papn)4 +1 02485 <(,U_Kp)2 + f§p> (Zpapn)z

I'cos® (29)

—102482{ Wy—— -~ 2V
5{ P em2p2(1+%/12)

2
(1 +(—1)P+1)U} .
It is interesting to note that Eq. (28) is not a function of I" or §. Hence the only fundamental cable parameters that affect
the direct out-of-plane response are ¢ and &y,. Eq. (29) is a function of I' and 0 through x, as well as the term in U,
although for even p both these terms vanish and the equations for modes y, and z, are virtually identical.
The stability boundary for nonlinear modal coupling from mode z, to y,, Eq. (27), in non-dimensional form becomes

3(Zpap)* ~12865uU(Zpapm)* + 102462 (1% + E5) = 0. (30)

This is not explicitly a function of I" or 0, although if p is odd Z,,a is affected by these parameters as described above.
Solving Eq. (30) for the y, stability boundary occurs when

2 32 ¢
7= 7'52;32{2 1- 3(;‘3) } (31)
This gives real solutions for u> &,,./3. Below this frequency of excitation, mode y, is always stable about the zero
amplitude solution. Above this frequency, there are two stability boundaries. Mode y, is unstable between these
boundaries but stable for lower or higher amplitude motion in mode z, (assuming no response in any other mode).
Substituting Z from Eqg. (31) into Eq. (29) gives the stability boundary in terms of the excitation frequency (u) and
amplitude (in braces on the right hand side of Eq. (29), where Wp and U have a fixed relationship—see Section 2.8).
The stability boundary for parametric excitation of mode y,, Eq. (25), in non-dimensional form becomes
N N 16 "2
4 2 2020 £2 0y _
(ZpaPT)” =325 ) ZpapT)” + 25685 (U° +Eyg) = REWT 2)2U : (32)
This applies for even p, for which mode y, exists with half the natural frequency of mode z,,.

pa’
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Eq. (32)is a function of &, but it is only a weak function of I" and 0 through 42 in the denominator of the right hand side.
For taut cables, for which the original differential equations (Eqs. (2 and 3)) are valid, /2/12«1.

For parametric excitation of mode z,, there is an identical stability boundary except &, is replaced by &, and u by
(u—Kq). Thus, for odd g, I" and 0 detune the stability boundary of mode z; in comparison with mode y,.

Solving Eq. (29) simultaneously with Eq. (32) (or the equivalent stability boundary for mode z;) gives the stability
boundary for parametric excitation in terms of the excitation frequency and amplitude. In this case the term in U in
Eq. (29) is zero since p is even.

2.8. Excitation

A common use of inclined cables is in structures such as cable-stayed bridges and guyed masts. The cable end motions
are then predominantly vertical at the lower anchorage and/or horizontal at the upper anchorage, so only these
components are considered hereafter. A horizontal out-of-plane end motion does not include a component axial to the
cable, so it cannot induce parametric excitation. Therefore, at the upper anchorage, only horizontal motion in the plane of
the cable is considered. The end conditions used here are therefore

Ug=dgcos0, v,=0, wg=—dgsinb,

u, =dysin, v,=0, wy,=dj,cos0, (33)

where d, is the horizontal in-plane displacement of the top anchorage and d, the vertical displacement of the lower
anchorage.

As stated in Section 2.1, it is assumed here that the rest of the structure to which the cable is attached is not affected by
the dynamics of the cable. On cable-stayed structures, strictly there are dynamic interactions of the cable with the rest of
the structure [14,19-23,33,34]. However, considering the global behaviour of the structure, since the mass of the other
components (e.g. bridge deck and tower) are often much greater than the mass of the cables, the local cable vibrations are
often ignored, which gives a reasonable representation of the global dynamics (see e.g. [35]). On this basis, neglecting any
influence of the cable vibrations on the global structural vibrations, near resonance of a global mode of the structure the
displacements of the cable ends are here taken as sinusoidal motions directly coupled to each other through the global
mode shape, with the ratio ¢ (Fig. 2).

Hence the non-dimensional input amplitudes are given by

U = A(sin0—¢cos0),
Vn = O,
W, = A((—1)"*"cosO—¢sind), (34)

where A = A/L is the non-dimensional amplitude of vertical motion at the lower anchorage.
2.9. Typical results and significance of turning points
Fig. 3 shows a three-dimensional ‘waterfall’ plot of the steady-state direct response in mode z, (assuming no response

in any other modes) from Eq. (29), for vertical excitation of the lower anchorage (and no motion of the upper anchorage) at
a series of excitation frequencies close to its natural frequency. The parameters used are as for the experimental model in

Bridge deck

/

Fig. 2. Indicative dynamic displacements of a cable-stayed bridge in a global structural mode. Elevation view showing bridge deck, tower and one cable
(other cables omitted for clarity). Dashed lines: static shape. Solid lines: dynamic shape.
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Fig. 3. Three-dimensional ‘waterfall’ plot of steady-state response amplitudes in second in-plane mode. Dotted lines show the loci of the turning points

demarking the fold.

Table 1
Experimental cable parameters.

Basic cable data

Length, L 5.40 m
Inclination angle, 0 22.6°
Total mass per unit length?, pA 0.231 kgm ™'
Diameter 0.79 mm
Young's modulus, E 214 x 10° Nm—2
Static tension along chord, g,A 286 N
Non-dimensional parameters
es=0s/E 2.73x1073
I'=pgl/os 0.0429
Irvine’s parameter, A2=I"2 cos? 0/, 0.57
Measured damping ratio® 0.02%

2 Including added masses.
b Found to be similar in all modes.

Section 3 and Table 1. It is clear that for excitation frequencies below the natural frequency (¢ < 0) the response amplitude
increases monotonically with the input amplitude, but for excitation frequencies above the natural frequency there is a
fold in the response amplitude. In general, from Eq. (29), the turning points (loci shown by dotted lines in Fig. 3) occur at

52 32e(u—1ip) aof S ’
L= "ok P2\ 1532 ) (35)

Real solutions only exist for p—x,> &;./3, hence the fold only exists for excitation frequencies that satisfy this
criterion.

The direct response amplitudes of mode z; are re-plotted for four representative excitation detuning values (u) in Fig. 4,
which also shows the stability boundaries of modes z;, y; and y», from Eqgs. (30) and (32) (and the equivalent for mode z;).
Following the curve from the origin, each of these modes is initially stable and its stability changes passing each marked
point. (Strictly, when any one of these modes is unstable the calculated Z,, response and any other instability points are
not valid, since they were based on the assumption of a non-zero response only in the directly excited mode.)
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Fig. 4. Steady-state response amplitudes in second in-plane mode, showing stability boundaries of other modes. Following the curve from the origin,
each mode is initially stable and the stability changes passing each point. (a) u=—0.010, (b) ©=0.001, (c) #=0.015, (d) u=0.030.

The importance of the turning points can be seen in Fig. 4(c). The y; and y, instability points exist at very low values of
AL, but on the upper branch of the z, response. Starting from the origin, for increasing excitation amplitudes the solution
will follow the lower branch. Instability of mode y; or y, does not occur until the solution jumps onto the upper branch at
the lower (in terms of Zpa) turning point. Hence, for practical initial conditions, this turning point, rather than the
theoretical stability boundary, determines the minimum excitation amplitude for the instability to occur.

The excitation amplitude at the turning point can be found, in relation to the excitation frequency, by substituting
Eq. (35) (using the negative square root) back into Eq. (29).

3. Laboratory experiments

A series of laboratory experiments were conducted on an inclined cable to validate the analysis. The cable was made
from piano wire and was 5.40 m long (Fig. 5), with suitable static tension applied and lumped masses added so that the
non-dimensional cable parameters matched typical values for a 200 m long bridge cable. The cable parameters are given in
Table 1 and its theoretical and experimental natural frequencies in Table 2. The cable model was similar to a previous
1.98 m long model used [25], except for its larger scale and the use of a hydraulic actuator for excitation of the lower
anchorage, enabling better control of the input motion, especially for higher frequencies and lower amplitudes. Inputs up
to at least 15 Hz ( >4 times the cable fundamental natural frequency) and down to approximately 0.1 mm amplitude
(2 x 1075L) could be accurately controlled.

The upper anchorage was fixed and the lower anchorage was constrained to move only vertically by a simply supported
beam, which also carried the horizontal component of the cable tension. The vertical displacement of the anchorage was
measured by a linear variable differential transformer (LVDT), which was also used for feedback control of the hydraulic
actuator. The tension in the cable was measured at both ends with load cells, while the motion of the central and lower
quarter points of the cable were tracked in both planes with a video displacement measurement system [36].
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Fig. 5. Photograph of experimental rig.

Table 2
Cable natural frequencies.

Mode no. (n) Out-of-plane (y,) In-plane (z,)
Theoretical (Hz) Measured (Hz) Error (%) Theoretical (Hz) Measured (Hz) Error (%)
1 3.255 3.254 —0.03 3.331 3.330 —0.03
2 6.509 6.494 -0.23 6.509 6.496 —0.20
3 9.764 9.726 -0.39 9.767 9.725 -0.43
4 13.019 12.907 —0.86 13.019 12.897 —0.94

Sinusoidal input motions were applied at a series of frequencies close to the first four natural frequencies of the cable.
Before each test any cable vibrations were manually stopped then allowed to decay away further so the initial conditions
were as close as possible to at rest. The input amplitude was ramped up over 20 s to minimise transient effects. At each
frequency, a series of tests was carried out with amplitude increments of 0.2 mm (3.7 x 10~°L) until an instability of any
mode other than the directly excited mode occurred. Tests typically ran for 330 s each (over 1000 times the fundamental
vibration period) to give sufficient time for instabilities to develop and often for the steady-state response to be reached. In
the following figures the experimental points show the minimum input amplitude for which an instability was found. An
input with an amplitude 0.2 mm (3.7 x 10~5L) lower did not cause the instability to occur within the test period. The
steady-state amplitudes of the directly excited mode are also presented for these tests just below the stability boundaries.

4. Theoretical and experimental stability boundaries

The stability boundaries are considered, both theoretically and experimentally, for excitation around each of the first
four natural frequencies of the cable. These instances exhibit all the characteristics of the modal instabilities that occur in
the general case. The behaviour for excitation around the third and fourth natural frequencies is typical for inputs close to
higher odd and even natural frequencies respectively. Excitation around the first and second natural frequencies exhibit
different features due to the significant detuning of the first in-plane mode (z,) relative to the commensurate series of the
other modes, because of the cable sag.
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Only the steady-state response of the directly excited mode and the first loss of stability of any other modes are
considered, since the theory presented does not describe the behaviour thereafter. However, this defines the boundaries
above which more damaging vibrations could occur.

The theoretical results use the parameter values for the cable in Table 1. The measured natural frequencies of the first
mode in each plane matched extremely well with the theoretical values (Table 2). For higher modes the differences
increased slightly, up to 1%, believed to be due to the use of the added lumped masses on the physical model (Section 3).
The measured damping ratio of 0.02% (found to be similar in all modes) was used in the calculations. This is a very low
damping ratio, but comparable values have been found on site for the structural damping of cable-stayed bridge cables
with no added dampers [37]. Since the damping is so low, steady-state amplitudes in the directly excited mode are
generally governed by nonlinearity rather than damping.

4.1. Excitation around third natural frequency

Excitation around the third natural frequency (p=3) is the simplest case so is considered first. From Eq. (4), for the
experimental cable parameters the theoretical detuning of the in and out-of-plane natural frequencies, k3, is only 2.9 x 104,
while the measured detuning is — 1.0 x 10~“. Hence the modes are almost perfectly tuned with each other. Mode z; is excited
directly and since p is odd, there is no parametric excitation. The only potential instability is therefore of mode ys, due to
nonlinear modal coupling. The stability boundary is plotted in Fig. 6(a), the unstable region being in the upper right sector.
However, the lower stability boundary (close to the horizontal axis), is on the upper branch of the z3 solution. Hence with small
initial conditions, in practice mode y3 becomes unstable at the lower turning point of zs, as described in Section 2.9. The locus of
the turning point is also plotted in Fig. 6(a), which matches very well with the experimentally identified instability points of
mode ys. (In Fig. 6 onwards, lines indicate theoretical results whereas discrete symbols show experimental results. The turning
point plotted is the lower one (in terms of Zpa). The upper turning point is of no practical significance so is not plotted.)

The instability only occurs above the natural frequency due to the stiffening behaviour of the cable. The amplitude of
the directly excited mode is larger for positive detuning than for negative, so it is able to reach the critical amplitude for the
out-of-plane mode to become unstable. Similarly the fold only occurs for positive detuning due to the stiffening behaviour.

The steady-state amplitudes of mode z3 for excitation just below the turning point (and just below the theoretical
instability boundary) are shown in Fig. 6(b). The experimental results show reasonable agreement with the theory.
A slightly higher input amplitude causes a jump in the z3 response amplitude onto the higher branch, which is then in the
instability region for mode ys. It is believed likely that the experimental points are below the locus of the theoretical
turning point in Fig. 6(b) since the points plotted are the maximum steady-state amplitudes measured below the turning
point, where the gradient of the z3 amplitude, Z3,, with respect to the input amplitude, 4, is high (c.f. Fig. 4(c) and (d)).
Hence for 4 just below the turning point, Z3, could be significantly below it.

Excitation around higher odd natural frequencies should exhibit virtually the same behaviour as for p=3, since parametric
excitation does not occur and the natural frequencies of the modes in the two planes are almost precisely tuned to each other.

4.2. Excitation around fourth natural frequency

For excitation around the fourth natural frequency (p=4), the same features occur as for p=3, although there is
theoretically perfect tuning between modes y4 and z,4. In addition, parametric excitation of the second in or out-of-plane
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Fig. 6. Stability boundary and turning point for excitation around third natural frequency (p=3). (a) Excitation frequency and amplitude on stability
boundary and at turning point. (b) Steady-state amplitude of mode zs. Legend applies to Figs. 6-8 and 10.
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modes could occur. Since x,=0 and the damping of the two second modes is taken to be the same, the stability boundaries
of these two modes, due to parametric excitation, are theoretically identical. They are plotted in Fig. 7(a), along with the
stability boundary for mode y, and the locus of the turning point of mode z, (directly excited).

Similarly to the case for nonlinear modal coupling, the instability region for parametric excitation is in the top right
sector and the lower boundary is on the upper branch of the solution for the directly excited mode. Therefore the input
amplitudes at which the instabilities occur in practice is given by the locus of the turning point of the directly excited
mode. Theoretically, the z, response then jumps to an amplitude at which modes y,, z, and y, are all unstable.
Experimentally it was found that mode y, normally grew first and that the input amplitude at which this occurred agreed
very well with the theoretical turning point.

The steady-state amplitudes of mode z; just below the turning point (and just below the theoretical instability
boundaries) are plotted in Fig. 7(b). The experimental points follow a similar trend to the locus of the theoretical turning
point. As for excitation with p=3 (Fig. 6), the measured steady-state amplitudes in Fig. 7(b) are below the theoretical curve,
whereas the input amplitudes in Fig. 7(a) are generally above the curve with smaller errors.

Excitation around higher even natural frequencies should exhibit virtually the same behaviour as for p=4, since
parametric excitation can occur and the theoretical natural frequencies of the four relevant modes have the same ratios.

4.3. Excitation around second natural frequency

For excitation around the second natural frequency (p=2) the situation is complicated further. Similarly to before, mode
2z, is excited directly, and mode y,, theoretically with the same natural frequency, can become unstable due to nonlinear
modal coupling. Modes y; and z; can be excited parametrically, but the natural frequency of z; is significantly detuned
from y; (and half the natural frequency of y, and z,) by the cable sag.

Fig. 8 shows the stability boundaries and the locus of the z, turning point. The stability boundaries for modes y; and y-
are equivalent to those for modes y, and y, for excitation with p=4 (Fig. 7). In the excitation frequency range
2.006m1 —2.040w, in practice the amplitude required for instability is governed by the turning point, above which both
modes are unstable. Experimentally mode y, was found to grow first, for inputs in very good agreement with the locus of
the theoretical turning point.

For input frequencies below 2w, (theoretically 2.00069,—see Section 2.7) mode y, is always stable, and below the
same frequency (since x,=0) there is no turning point in the z, response (see Section 2.9). Hence below this frequency, the
relevant modal instability is parametric excitation of mode y;. This instability was found experimentally, in very good
agreement with the theoretical stability boundary.

The stability boundary for parametric excitation of mode z; has a minimum at 2.047w;, i.e. two times its natural
frequency (x;=0.0236). Above an excitation frequency of 2.040w; the boundary exists on the lower branch of the z,
response. Therefore it is on the theoretical stability boundary itself, rather than at the turning point (which occurs at larger
input amplitudes), at which the instability occurs in practice. This was confirmed experimentally, again in very good
agreement with the theory, as seen in Fig. 8(a). Strictly there are two other solutions for the z; stability boundary but they
occur on the unstable and upper branches of the z, solution, and they are not of practical relevance, so they are omitted
from Fig. 8(a) for clarity.

(a)

Fig. 7. Stability boundaries and turning point for excitation around fourth natural frequency (p=4). (a) Excitation frequency and amplitude on stability
boundaries and at turning point. (b) Steady-state amplitude of mode z4;. Legend as for Fig. 6 (yp;> and z,; theoretical stability boundaries are
superimposed and appear as a chain dotted line).
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Fig. 8. Stability boundaries and turning point for excitation around second natural frequency (p=2). (a) Excitation frequency and amplitude on stability
boundaries and at turning point. (b) Steady-state amplitude of mode z,. Legend as for Fig. 6.
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Fig. 9. Comparison between stability boundaries for parametric excitation from Lilien and Pinto da Costa [5] and current analysis (around second natural
frequency, p=2).

The steady-state amplitudes of mode z, for excitation just below the stability boundaries and the turning point are
shown in Fig. 8(b). The experimental results show reasonable agreement with the theory for the boundaries for all three
types of instability.

The stability boundaries for parametric excitation are compared between the current analysis and those from Lilien and
Pinto da Costa [5] (Eq. (1)) in Fig. 9. The difference is that the current analysis includes the effect of the directly excited
mode, whereas Lilien and Pinto da Costa considered the parametrically excited mode alone. There is a marked difference
for the mode y, stability boundary, which is experimentally confirmed to be accurate in the current analysis in Fig. 8(a).
Relative to the solution from Lilien and Pinto da Costa, for the actual stability boundary the necessary input amplitude is
generally increased for excitation frequencies below the natural frequency and decreased above it. This can be explained
by the fact that the directly excited response increases the mean tension, hence it effectively increases the natural
frequency, moving the stability boundary to the right. The magnitude of this shift is dependent on the response amplitude,
giving rise to the new stability boundary shown. The minimum input amplitude for parametric excitation is not affected
significantly, since the directly excited response is then small and the boundary is then governed by the damping ratio
rather than the cable nonlinearity. But it is noteworthy that for excitation frequencies above the natural frequency the
cable is considerably more susceptible to parametric excitation of mode y; than previously thought.

For parametric excitation of mode z;, the difference between the actual stability boundary and that given by Lilien and
Pinto da Costa [5] (substituting w,; for w; in Eq. (1)) is less pronounced than for mode y; (Fig. 9). This is because of the
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Fig. 10. Stability boundary and turning points for excitation around first natural frequency (p=1). (a) Excitation frequency and amplitude on stability
boundary and at turning points. (b) Steady-state amplitude of mode z;. Legend as for Fig. 6.

detuning of mode z; from the commensurate series of the others. Hence in the frequency range for parametric excitation of
mode zq, the directly excited mode (z;) is excited further from its natural frequency than the equivalent mode in the y
plane, so its response amplitude is smaller, so it has less effect on the behaviour of mode z;. However, for taut or steeply
inclined cables, the detuning of mode z, from the others is smaller, so it is more affected by the response in mode z,. In any
case the parametric excitation of all other modes is greatly affected by the directly excited mode, so the standard analysis
[5,8], based on a single mode analysis, is inadequate.

4.4. Excitation around first natural frequency

Finally, excitation around the first natural frequency (p=1) is considered. Similarly to p=3 (Section 4.1), parametric
excitation does not occur and the only potential instability is through modal coupling with the equivalent out-of-plane
mode (y1). However, since mode z; is significantly detuned from y; (x;=0.0236), much larger input amplitudes are
required for z; to reach the critical amplitude for y; to go unstable (still defined by Eq. (31)). For the same reason, the
turning point of mode z; occurs for higher detuning of the excitation frequency from w.

Fig. 10(a) shows the locus of the turning point for mode z; which exists above an excitation frequency of 1.024w, (see
Section 2.9). It is very well matched by the experimental data. In addition, in these tests the steady-state amplitude of
mode z; just below the turning point matched the theoretical values very well, as shown in Fig. 10(b).

The theoretical stability boundary for mode y, is also shown in Fig. 10, but it demarks an extremely narrow instability
tongue at an excitation frequency of 1.00w;. In one test, at an excitation frequency of 1.002w,, instability of mode y;
occurred. The input amplitude was somewhat below the minimum of the theoretical stability curve, but it is sensitive to
the damping ratio, which by its nature contains some uncertainty (other stability boundaries are governed more by the
nonlinearities than the damping ratio, so they would be less sensitive to such an error).

No instability boundary or turning point was found for excitation at frequencies below w;. However, while searching
for the y, instability boundary in experiments for excitation frequencies just above w;, unexpected large responses of
mode z; at twice the excitation frequency (i.e. near its natural frequency) were found. Other super-harmonic responses of
cables have previously been considered [20,21,38,39], but the explanation of the observed behaviour required a refinement
of the current analysis, described in the following section.

5. Response at twice excitation frequency

It was previously assumed that it was adequate to consider the response in each mode only to occur close to its natural
frequency (Eq. (9)). However, a better representation of the response is given by including a non-resonant component of
response at the excitation frequency. Hence z, is expressed as

Zn = Zne COS(WnT) + Zns SIN(Wn T) + Znp COS(WpT). (36)

(Note w,t=Q¢t.) It can easily be shown that the sine component of the non-resonant response is negligible. For
excitation close to resonance (n=p), z,,=0, since the response is already covered by the z,. and z,, terms.
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The parametric excitation term in Eq. (3), 2¢,(up — uq)z,, then leads to an additional term on the right hand side of Eq.
(15) equal to
*win&n,Zp%Uznpa- (37)
Hence the directly excited non-resonant component of mode n=2p, z,ppq, leads to excitation of the resonant component of
the same mode. Strictly other nonlinear terms also arise. However, for low amplitude response of mode 2p the additional
nonlinear terms are small relative to the existing nonlinear terms involving the directly excited resonant response of
mode z,.
It should be noted that the additional term (37) is an excitation term, present even at very low amplitudes and it cannot
be fitted into the form of Eq. (20). Hence the resonant response of mode z,, is not a matter of stability but of magnitude.
Assuming the non-resonant response of any mode to be linear, since it is small, its steady-state amplitude is given by

CaWa—oal) @
m wgn_‘Qz
~ (CaWh—onU)  p?
m nz—p2°

ana =
(38)

The amplitude of the non-resonant response of mode z,, is then

2 _ CZpWZP
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_ Wy (39)
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Ignoring the additional nonlinear terms mentioned above and assuming that the response of mode z, is unaffected by
the response of mode z,, (reasonable if it is small), the steady-state resonant response of mode z,, is given by
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This is similar to the equation for the steady-state amplitude of mode z, (Eq. (29)), except for the different excitation
term (squared) on the right hand side of the equation, k,,=0, since 2p is even, and there are correction terms to the
detuning, y, to account for the directly excited response in mode zp,.

For in-plane excitation of the form described in Section 2.8, considering the input amplitudes, Egs. (34), the excitation
term of mode z,), is proportional to A°. It arises from the combination of the transverse component of the support motion,
Wy, exciting a non-resonant response of the mode and the axial component of the support motion, U, causing a tension
variation oscillating in phase with the non-resonant modal response. This combination provides the quadratic forcing term
which drives the resonant response in mode z,,, at twice the excitation frequency. In common with the effect of the
directly excited mode z, modifying the parametric excitation of mode yq or z, (where q=p/2), this phenomenon is due to
the support motion having components both axial and transverse to the cable. Although combined parametric and external
excitation has been studied theoretically [10,11,40-42] and it is inherent in other treatments of the inclined cable system
considered here [7,12,13,15-18,39], this particular excitation mechanism has not previously been identified. This new
mechanism is not dependent on modal interactions - it still occurs in a single-degree-of-freedom model (for mode z,) -
although it is modified by the directly excited response in mode z,, according to the terms in square brackets in Eq. (40).

Similarly to the steady-state response of mode z,, there can be a fold in the resonant response of mode z,,,. The turning
points are given by an expression similar to Eq. (35). However, it is a function of the amplitude of the response in mode z,,
which is itself a nonlinear function of the input amplitude. It is therefore not possible to derive an explicit equation relating
the support amplitude and frequency at the turning points. The position of the fold has therefore been calculated
numerically. It is the jump in the z,, resonant response from its lower turning point that was found experimentally in the
tests with p=1 (Section 4.4). Fig. 10 shows the theoretical and experimental turning points, which are in very good
agreement.

The assumptions above are only valid for small amplitude response of mode z,,. They therefore give a reasonable
estimate of the behaviour before the jump and the input amplitude at which the jump occurs. However, the analysis is
unlikely to be accurate thereafter, since the nonlinear terms involving mode z,, are no longer negligible. In Fig. 10, the y,
stability boundary is then likely to be modified by the z, response.

To indicate the importance of the response at twice the excitation frequency for input frequencies just above w1, the
various components of the cable response are shown in Fig. 11 for an excitation frequency of 1.008 w; (p=1).
The theoretical directly excited response amplitude in mode z, (2,35, from Eq. 29) is shown as a solid line. For low excitation
amplitudes it is much larger than both the non-resonant and resonant components of response of mode z, (Zzppq/L from
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Fig. 11. Steady-state response amplitudes of different components of cable motion for excitation frequency 1.008, (p=1). Black symbols: experimental
amplitudes before jump in z,, response. Grey symbols: experimental amplitudes after jump in z,, response.

Eq. (39) and Zzpa from Eq. (40), respectively). For increasing excitation amplitude the non-resonant response of mode z,
remains small, increasing linearly as assumed. However, the resonant response of mode z,, at twice the excitation
frequency, increases much more rapidly, since it is driven by the excitation amplitude squared. For an excitation amplitude
of 4 =1 x 1073 it has theoretically reached a response amplitude of 23% of the directly excited response of mode z;. From
filtering of the measured responses at the cable mid and lower quarter points, Fig. 11 shows the experimental amplitudes
of the different response components at two excitation amplitudes just below 1 x 103, There is very good agreement with
the theory for the amplitude of all three response components, giving confidence in the analysis. For a very small
increment in the excitation amplitude, experimentally there was then a jump in the resonant response amplitude of mode
z, of more than a factor of three. Although there was a slight discrepancy with the theoretical excitation amplitude for the
jump (but note from Fig. 10 it is very sensitive to the detuning of the excitation and natural frequencies), the behaviour
was otherwise as expected. The experimental points above the jump are shown in Fig. 11 in grey, indicating that good
agreement with the theory is no longer expected since the assumption of small response in mode z, is no longer valid. The
experimental resonant response of mode z, is, in this case, nevertheless still very close to the theoretical response,
although the other components of response show larger discrepancies. The resonant response of mode z, is very similar in
amplitude to the directly excited response in mode z;, showing the importance of the response at twice the excitation
frequency in these circumstances. The behaviour at other excitation frequencies in this vicinity is very similar.

After the jump, experimentally mode y, was found to be unstable. This is believed to be due to nonlinear coupling with
mode z,, similar to the coupling from mode z, to y, (Section 2.6). However, the behaviour would be modified by the
response in both modes z; and z,, the analysis of which is beyond the scope of this paper.

For taut cables the response of mode z,), is only significant for p=1. For larger p, the response of mode z,,, is smaller and
the stability boundaries for the other modes are lower than its theoretical turning point. It is important for p=1 since the
directly exited response in mode z; is detuned from u=0, so other effects are more significant.

6. Conclusions

Generalised stability boundaries of modal vibrations have been presented for a cable subjected to harmonic support
excitation near any natural frequency. The underlying cable model allows for cable inclination, small sag, cubic and
quadratic geometric nonlinearities (from cable stretching and its interaction with the static sag respectively), multiple
modes in both planes (with nonlinear coupling between them) and motion of cable ends in any direction. The results
concentrate on the case of in-plane excitation - vertical at the lower anchorage or equivalently horizontal at the upper
anchorage — which is the most significant condition for cables on cable-stayed bridges and guyed masts.

For inputs with components both normal to and along the cable, single mode analysis is not adequate. The response in
the directly excited mode, mainly from the normal component, affects the stability boundaries of the other modes. In
particular, for excitation above the natural frequency, the cable is unstable for lower amplitude inputs than previously
believed.

Modal instabilities can occur from two mechanisms: (a) nonlinear modal coupling between modes in the two planes
with the same natural frequencies, governed by the amplitude of the directly excited mode, or (b) parametric excitation, at
half the excitation frequency, in either plane, due to the axial component of the end motion. Often in practice modal
instability occurs when the directly excited response passes a turning point rather than on the theoretical stability
boundary itself, which often occurs on the upper branch of the directly excited response.
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Although the cable model initially includes all modes, normally the only important modes are the two at the excitation
frequency and, for direct excitation of even modes, the two at half the excitation frequency.

Theoretical and experimental stability boundaries have been presented for a cable with typical non-dimensional
parameter values for excitation around the first four natural frequencies. Excitation around the third and fourth natural
frequencies gives behaviour typical of higher modes, with virtually perfect tuning between the modes. Excitation around
the first and second natural frequencies are special cases due to the detuning of the first in-plane mode, caused by the cable
sag.

For excitation around the first natural frequency, in addition, significant response of the second in-plane mode can
occur, at two times the excitation frequency. This is another consequence of the combination of components of the
excitation along and normal to the cable, providing combined parametric and external excitation. This is the first time this
particular mechanism has been identified.

In all cases there is good agreement between the theoretical and experimental responses, validating the underlying
equations of motion from Warnitchai et al. [26] for this application with taut inclined cables, and giving confidence in the
theoretical expressions derived here. These expressions define the conditions under which instabilities or jumps in modal
responses occur, which could lead to damaging large amplitude vibrations.
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