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Abstract

In this paper the out-of-plane dynamic stability of inclined cables subjected to in-plane vertical support excitation is
investigated. We compute stability boundaries for the out-of-plane modes using rescaling and averaging methods. Our
study focuses on the 2:1 internal resonance phenomenon between modes that occurs when the excitation frequency is twice
the first out-of-plane natural frequency of the cable. The second in-plane mode is excited directly, while the out-of-plane
modes can be excited parametrically. An analytical model is developed in order to study the stability regions in parameter
space. In this model we include nonlinear coupling effects with other modes, which have thus far been omitted from
previous models of parametric excitation of inclined cables. Our study reflects the importance of such effects. Unstable
parameter regions are defined for the selected cable configuration. The validity of the proposed stability model was tested
experimentally using a small-scale cable actuator rig. A comparison between experimental and analytical results is
presented in which very good agreement with model predictions was obtained.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Cable-supported structures such as cable-stayed bridges are susceptible to vibration problems since they are
relatively flexible and lightly damped. Cable dynamics can be strongly nonlinear, with internal coupling
between modes and parametric coupling with external effects, such as the deck dynamics in the case of a cable-
stayed bridge. These nonlinear effects can produce complex behaviour resulting in large amplitude cable
vibrations; see for example the review by Nayfeh and Pai [1]. Parametric excitation can occur at specific ratios
of excitation frequency to cable natural frequency, the most significant of which occurs at the 2:1 ratio, at
which small excitation amplitudes at the cable anchorage can result in very large cable vibrations [2]. These
vibrations can occur in-plane (defined as the plane in which the cable sags statically) or out-of-plane, even if
the anchorage excitation is limited to just the in-plane direction, which is generally the dominant direction
when a cable-stayed bridge cable is excited by deck motion.
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It has been shown that, provided sag is small, the second in-plane and out-of-plane cable natural frequencies
are twice the first out-of-plane natural frequency although the first in-plane mode is slightly detuned due to
cable sag [3]. If the lower support experiences vertical motion close to 2:1 resonance of the first out-of-plane
mode it will directly excite the second in-plane mode. Due to cable nonlinearity, the motion of the second in-
plane mode and the external excitation may, if the excitation is of sufficient amplitude, induce internal
resonance in either the first or the second out-of-plane cable modes or both modes. This paper concentrates on
determining the level of vertical excitation of the lower cable support required for the onset of an internally
excited out-of-plane response. We refer to the onset of an out-of-plane response as the instability point of the
semi-trivial solution—the solution where only the second in-plane mode is excited.

Modal stability studies of cable dynamics that consider parametric excitation were usually based on the
Mathieu or Hill equation [4,5] without including nonlinear interaction between modes. The response in a
single cable mode has been considered, see for example Refs. [2,6,7]. The study presented by Takahashi [8]
included more than one mode of vibration but without modal coupling and so the problem reduces to
uncoupled Mathieu equations. Other studies have considered autoparametric resonance of an inclined cable
interacting with a beam, including nonlinearities, but only including a single in-plane mode [9,10]. An
alternative cable-deck model proposed by Georgakis et al. [11] and developed by Lorenzo [12] allows for
autoparametric resonance and nonlinearities and includes multiple cable modes, but has only been solved by
numerical simulation.

Simulation studies which include modal coupling between in-plane and out-of-plane modes of sagging
cables have been reported in Refs. [13—-19]. Experimental studies of this problem have been conducted by
Alaggio and Rega [20 and Rega and Allagio [21], however explicit stability regions for the semi-trivial solution
have not been calculated analytically. Here, we use a modal model to compute the instability boundary for a
range of excitation frequencies close to the 2:1 resonance for an inclined cable, including nonlinear modal
interaction. For a specific excitation frequency, the point of instability is found by considering the local
stability of the out-of-plane modes about zero amplitude response as the excitation amplitude increases. The
point at which local out-of-plane modal instability occurs indicates the onset of oscillations for that mode and
hence the semi-trivial solution is no longer valid.

The analysis was validated against an experimental set-up, consisting of an inclined cable attached to an
electro-mechanic actuator, such that the lower anchorage point can be excited vertically. The cable
displacements were tracked using a high-speed vision system [22]. The points of instability of the semi-trivial
solution are detected in the experiment by looking for the onset of oscillations in the out-of-plane modes. The
first in-plane mode is less susceptible to internal resonance when the excitation is at approximately twice the
first out-of-plane frequency as the modal frequency is higher than the first out-of-plane frequency due to the
cable sag [3]. However as the excitation frequency increases this mode may also be excited. Consideration of
this mode is beyond the scope of the present study but the frequencies at which this mode is excited are
identified in the experimental results.

In Section 2 a theoretical study of the stability of the semi-trivial solution is presented. The accuracy of the
theoretical results are assessed in Section 3 by testing a small-scale cable both in simulation and
experimentally. A comparison of the new model with existing models is discussed in Section 4 and
conclusions are drawn in Section 5.

2. Theoretical study

Firstly we present a modal model of the cable dynamics [23]. When the excitation is close to twice the first
out-of-plane natural frequency, the second in-plane mode is directly excited close to resonance. In addition to
this the first and second out-of-plane modes may be excited parametrically or via nonlinear modal coupling.
We therefore reduce the model to these three modes of interest.

Considering the modes of interest, the second step in the analysis is to scale the equations and introduce
detuning in the excitation frequency to allow a study in the region around 2:1 resonance. We perform first-
order averaging to derive differential equations of the response amplitudes for the sine and cosine components
of the three modes. In the third step of the analysis we use these equations to assess the local stability at the
zero amplitude point for the two out-of-plane modes in the presence of the external excitation and in-plane
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motion. For either of the out-of-plane modes, local instability at the zero amplitude point will result in a
response in that mode and hence mark the stability boundary of the semi-trivial solution. Finally, we consider
the amplitude of response of the second in-plane mode just below the stability boundary of the semi-trivial
solution and use this to derive a relationship between the excitation amplitude and frequency detuning
parameter at the semi-trivial solution stability boundary. These stability boundaries are plotted in parameter
space to indicate regions of stability and instability for each mode similar to plotting Arnold tongues for a
single-degree-of-freedom Mathieu equation [5].

2.1. Step 1—Equations of motion

There have been many presentations of the equations of motion for cables [1]. In this paper we adopt the
modal equations derived by Warnitchai et al. [23] for inclined cables with small sag. Their derivation includes
the effects of support motion at both ends of the cable and accounts for cubic nonlinearities. 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, see Fig. 1. The
cable equilibrium sag position and the chord line both lie in the x—z plane, therefore z represents in-plane
motion and y represents out-of-plane motion. The angle of inclination of the chord line relative to the
horizontal is defined as 0. Following Warnitchai et al. [23], the modal representation of the out-of-plane cable
motion may be expressed as

myn().}n + 25};,1(1)}%)./,, + w}zﬁnyn) + Z vnkyn(ylzc + Zi) + Z Zﬁnkynzk
k k

+ 2’7n(ub - ua)yn + Cn(i}a + (_1)n+lﬁh) = Fyn (1)

and the in-plane cable motion as
Moo + 2 s@anin + 0520 + > vz + 2D+ > 2Buzazi + Y B +21)
k k k

+ 27711(”/7 - ua)Zn + Cn(ﬁ}a + (_1)n+lﬂ)b) - O‘n(il.b - ”a) =F, (2)

where y, and z, are the generalised displacements of the cable in the nth out-of-plane and in-plane modes,
respectively; subscripts @ and b denote the top and bottom anchorage points, respectively; m,,, = m., = m is
the effective mass (m = pAL/2); L is the cable length; o is the cable static stress; 2 is Irvine’s parameter [3], 4
is the cross-sectional area, p is the density, g is gravity and E is Young’s modulus. The equivalent modulus of
the cable E,, the distributed weight perpendicular to the cable cord y, and the parameters k,,, Vi, B> 1,5 {nstns
/-, and Fy, and F., which represent external cable loading in the y and z direction, respectively, are given by

2 «. b  horizontal

dynamic profile

Fig. 1. Definition of cable coordinate system.
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Warnitchai et al. [23]:
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where YA and ZA are the external loads per unit length and ¢, and ,, are the out-of-plane and in-plane mode
shapes, which are taken to be sinusoidal. Finally, the out-of-plane and in-plane natural frequencies, w,, and

., respectively, are given by
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See Warnitchai et al. [23] for details of the derivation. Note that (i) these equations assume that the sag and
end displacements are small, (ii) it is assumed that damping can be modelled as viscous with modal damping
ratios ¢, and ¢, and (iii) this derivation assumes sinusoidal linear mode shapes which are approximated to
the actual modeshapes in the presence of sag, resulting in minor errors for the odd in-plane modes [1] (however
these modes are not relevant to the study reported here).

2.2. Step 2—Scaling and averaging

The cable is excited vertically at the bottom anchorage (point b) with amplitude 4 and angular
frequency Q. In this case the end conditions are u, = v, =w, =0, up =9sinf, wp, = dcosf and v, =0,
where 6 = 4 cos(Q¢) is the vertical anchorage displacement. No external forces are applied along the length of
the cable.

In the simulation and experimental study presented in the next section the sag was such that w.; = 1.08w,.
The first in-plane mode is therefore sufficiently separated in frequency from the first out-of-plane mode for 2:1
resonance between the in-plane mode and the excitation (which is close to twice the first out-of-plane natural
frequency) not to occur. The remaining modal frequencies have the theoretical relationships
Wz = wy = 2wy1; we denote wy = wo = wyy and w; = w,; (experimental values are given in Section 3).
From Egs. (1) and (2), we can rewrite the modal equations of motion for the three modes being considered
(assuming negligible response in other modes in the frequency range considered) as

1+ 280010 + oty + Wiyt + Wiy (05 +23) + Nidy, =0
3y + 2800205 + 03py + Waryayt + Waaya(v3 + 23) + Nady, = 0
2y 4 28wz + 3zy + Waizapd + Wz (y3 + 23) 4+ N2dzy = Bo ®)

where W = vu/m, N, =2n,sin0/m and B={;cosf/m. This is a set of nonlinear equations with
parametric excitation terms which we can examine via scaling and averaging.

Introducing the small parameter ¢, we scale the equations such that they are in the standard Lagrange form,
see Refs. [24,25]:

¥+ 0ix = ef (X, x, 1) (6)

to reflect the fact that the response is dominated by the linear undamped response (a discussion of scaling is
given in Bakri et al. [26]). The following transforms are made ¢, — &y, &0 — €60,.80 — &,
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U zi) = €2, z1), B— &'/?Band § — &b, giving

1 + oty + eQE, 0191 + N1dy, + Wiyt + Wiy 3 +23) = 0
Jy + @31y + 6280023, + Nadyy + Wi,y + W3 +53)) =0
2y 4+ 32y 4 eQ2E0way + Nadzy + Waizoy? + Wanz[y2 + 22]) = eBo (7

The forcing frequency is close to twice the first out-of-plane natural frequency. Therefore we write Q =
2w1(1 + u) and then scale u — eu such that Q = 2w;(1 + eu) in the scaled domain. Using this, taking into
account that w, = 2w and applying the time transform 7 = (1 4 gu)t, we can write

I+ oty + 628,101y + Nidy, — 2pwiyy + Wy + Wiy v + 23]) = 0E)
Y5 4 3y + 6Q2E,002) + Nadyy — 2uwiy; + Waysyi + Wayslys + 53) = OE)
z+ w%zz + 6(28.,wazh + N2Ozp — 2/1(»%22 + Wzlzzy% + szzz[)/% + zg] — B8") = 0(&%) (8)

where {}' represents the derivative with respect to t and we assume the higher-order terms with respect to ¢ are
negligible.

We introduce the notation {xi1, X2, x32} = {y;, »», z2} where the second subscript in x; represents
whether the variable relates to a first or second mode. We also introduce the shorthand version for the
equations in Eq. (8)

X+ wixy =eX; for {ij} ={1,1}{2,2}.{3,2} )

where the terms X; may be derived by comparing Egs. (8) and (9).
The equations are now in a form which can be averaged (see for example Refs. [24-26]). We apply
transformations to x;; in the form

Xjj = Xjje cOS(@;7) + Xy Sin(w;t) (10)

Xy = — ;X Sin(@;T) + ;x5 co8(@;7) (11)
Applying these transforms to Eq. (9) and applying the condition that the derivative of the right-hand side of
Eq. (10) must equal the right-hand side of Eq. (11) for all three modes gives

/

Xj = —%sin(wjr)Xi, Xjs = icos(wjr)Xi (12)

7 J

From inspection of the equations in Eq. (12), it can be seen that the derivative terms of x;;. and x;;, are small
and so over a short timespan x;;. and x;; may be treated as constant [25]. We can therefore average equations
(12) over an oscillation at frequency w;, treating the x;. and x;, terms within X; as constant over the
oscillation (taking the values x;, and x;y,, where subscript a indicates that they are approximate averaged
values). Note that this averaging is applied to equations expressed in terms of scaled time 7, and is equivalent
to averaging over two oscillation at excitation frequency Q with respect to time ¢ (since ¢ = 2w;1). During the
averaging process many of the terms within X; are averaged out indicating that although these terms cause
oscillations in x; they do not affect the underlying amplitude trajectory of x;. Applying the averaging
technique [24] gives the following equations for the averaged parameters:

, & N1 3 1
Vea = — (U_l <éy1w%ylca + [:uw% + TA]ylsa - g Wllylsa Y%a - Z WlZylsa[Y%a + Z%a])

1

& N1 3
yllsa :(U_l <|:/.LCO% _TA]ylca - éylw%ylsa __W”ylcaY%a _4

3 WlZylca[Yéa + Z%a])
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where Y3, =32, +12,. Y3, =3y + V5 Zoy = 3.+ 73, are the modal amplitudes, Cay = VuZ2ca +
VosZ2sa Tepresents cross coupling terms and 4 is the amplitude of vertical anchorage displacement,
0 = A cos(Qr).

2.3. Step 3—Localised stability

Now we examine the first-order differential equations (13) to assess the stability boundary of the semi-trivial
solution. The external excitation will lead directly to in-plane motion. With increasing excitation amplitude
either of the out-of-plane modes can be excited, marking the boundary of the semi-trivial solution parameter
space. To find the boundary of the semi-trivial solution in parameter space we examine the localised stability
of each out-of-plane mode about zero response assuming that the other out-of-plane mode has zero
amplitude.

For the first out-of-plane mode we can write

y/lca _éyla)l - — — UM
(0] (0]
=¢ 5 (14)

/
Visa “dor + poy — ———= —&1m) Visa

where we have set the second out-of-plane mode amplitudes to zero and neglected the higher-order y,, and
V1, terms as we are considering the stability about the y,, = 0 point. We note that this partially linearises the
equations. However, the nonlinear internally excited WuZ%a—based terms remain. The resulting eigenvalues, y
(where we apply the scaling y — &y), are given by

1607 + 3281071 + W1, Z5, — 8W apan Z3, + 160 (1> + &) — N14* =0 (15)

Initially when the excitation amplitude is small (such that 4 and Z%a are small) the eigenvalues have negative
real parts and hence the stable solution set is from zero excitation up to the boundary at which the real part of
one of the eigenvalues is zero. This stability boundary is given by

WhZ3, — 8W npei Z3, + 160 + &) — Ni4> =0 (16)

Using the same technique for the second out-of-plane mode and noting that w; = 2w; and Wy, = 4Wy,, the
local eigenvalue equation is given by

1601y> + 64007 + 3WH,Z3, — 32W pwiZ3, + 640 (1 + &) = 0 (17)

As before, when the excitation amplitude is small the eigenvalues have negative real parts and hence the stable
solution set is from zero excitation up to the boundary at which the real part of one of the eigenvalues is zero.
When p is negative (i.e. when the excitation frequency is below 2w ) the eigenvalues are stable for all Z. For
positive u the stability boundary is defined by

3WLZ3, — 32Wiuwi Z3, + 64oi (1’ + &,) = 0 (18)
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For this equation real positive solutions for Z3, only exist if ,u>\/§&jy2, and if this condition is satisfied there
are two real positive solutions for Z3, and hence two stability boundaries. For u<+/3¢, the second out-of-
plane mode is stable about the zero amplitude position for all Z,, and hence for all excitation amplitudes 4.

Finally to allow the calculation of the semi-trivial solution boundary we must derive an equation for Z,, in
terms of the excitation amplitude noting that just below a point on the solution boundary the out-of-plane
modes have zero amplitude. We can therefore reduce the equations for the second in-plane mode in Eq. (13) to

&

g 3
Z/Z(ra = - (fﬁw%z%a + |:ng - = szZ%ail sz>
(2] 8

g 3 1
Z/zm = ,uw% —~ WZZZ%G 22¢ca — észgzlm - _BA(U% (19)
(00 8 2
Setting these equations to zero, the steady-state amplitude of oscillation of the second in-plane mode may we
written as

160} B* A% = 64wt(u* + E5)23, — 48 uW 25, + 9W3, 75, (20)

Solving Eq. (20) with Egs. (16) and (18) allows the amplitude of excitation at which the boundary of stability
occurs for the first (second out-of-plane) mode, to be found as a function of the support motion frequency. We
first express the semi-trivial solution boundary equations, Egs. (16) and (18), and the amplitude equation (20)
in nondimensional form using the parameters:

L 0 _ pgLcos(0)

oS — E Yo = AO'S

- Zy ~ 4

Ly=—7 A=— 21
=2 a=2 D

Using these expressions and the equations in Eq. (3), the first out-of-plane boundary equation (16) may be
written as

44 252 2, 2 5 144 C o2
T ZZa — 88‘9/171 ZZa + 1693(,[1 + éyl) - mSll’l (O)A =0 (22)
and the second out-of-plane boundary equation (18) as
4 2
302y, — 32eum* 23, + 646,18 + £5y) = 0 (23)

where Irvine’s parameter may be written as i> = yé /¢&s. Finally the steady-state amplitude of oscillation of the
second in-plane mode equation (20) may we written as

1662c0s2(0)1° = 642212 + 2.)25, — 4825, + 9825, (24)

(Note that when reversing the transforms &,; — &£, etc. the scaling factor & cancels out.)

3. Stability boundaries: theory, simulation and experiment

The experiment consists of a 1.98 m long, steel cable which is inclined at 20° to the horizontal. The cable has
a diameter of 0.8 mm and has a mass of 0.67kg/m (in the experiments this is achieved by attaching lead
weights at 60 mm interval). The static tension of the cable is 205 N. The experimental set-up is shown in Fig. 2.
This gives nondimensional parameter values: g = 2.04 x 107> and y, = 59.7 x 10~ (giving )2 = 1.74). These
were chosen to approximately match a typical full-scale bridge cable of length 400 m, mass per unit length
130 kg/m and tension 8000 kN [12].

MATLAB/Simulink was used in conjunction with a dSpace DS1104 RD controller board to implement an
actuator controller and data acquisition system. The cable was dynamically excited using a electrically driven
ball-screw actuator which applies a displacement to the cable anchorage point in the vertical direction. The
instrumentation consisted of two load cells (aligned with the cable) to measure the static tension and the
dynamic force acting at the top and bottom cable anchorages, one LVDT displacement transducer to be able
to track and control the actuator movement and a digital incremental encoder used to control the initial



572 A. Gonzalez-Buelga et al. | Journal of Sound and Vibration 318 (2008) 565-579

out of plan
cameras

amplifiér '

Fig. 2. Experimental set-up.

Table 1
Cable natural frequencies

w1 (Hz) oy, (Hz) o:1 (Hz) oz (Hz)
Experimental 4.40 8.76 4.72 8.77
Theoretical 4.41 8.81 4.71 8.81

inclination of the cable. A high-speed vision system [22] was used to measure the cable motion at nine different
points both in-plane and out-of-plane.

Natural frequencies and damping ratios were identified experimentally using free vibration tests. The
natural frequencies agreed well with the theoretical values (Eq. (4)) and are summarised in Table 1. The modal
damping ratios over the range of oscillation amplitudes of interest were estimated to be approximately
£ =0.2% for all three modes.

3.1. Theoretical stability boundaries

The theoretical stability boundaries in terms of the normalised excitation amplitude A/L and the
corresponding normalised amplitude of the second in-plane mode at the out-of-plane Z,,/L for a normalised
excitation frequency Q/w, are found by numerically solving Egs. (20) and (16) (or the nondimensional Egs.
(22) and (24)) via iteration for the first out-of-plane mode and Egs. (20) and (18) (or Egs. (23) and (24)) for the
second out-of-plane mode.

The boundaries, in terms of the normalised excitation amplitude, are shown in Fig. 3. For the first out-of-
plane mode there is a single boundary, for excitation levels below this boundary the zero response of the out-
of-plane mode is stable and above it the zero response is unstable. For the second out-of-plane mode there are
two stability boundaries for >+/3¢ (corresponding to Q/ms>1 4+ +/3¢). At low excitation levels, the mode is
stable about zero amplitude response. Then with increasing 4 the lower boundary line is crossed and a
response in the second out-of-plane mode is expected. If A4 is increased further, so that the second boundary
level is crossed, the zero amplitude modal response becomes stable again.

3.2. Simulated stability boundaries

Simulation results were generated by using the Matlab ode45 timestepping routine applied to Eq. (5). By
inspection of Egs. (5), it can be seen that even when one of the out-of-plane modes is unstable about zero
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x 10738
theory: y1 boundary
2+ - theory: y2 boundaries |4
O sim:y1 stable
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Q/(Dz

Fig. 3. Stability boundaries: theoretical and simulated (with zero initial conditions for the second in-plane mode). Note overlaid +
and x symbols appear as .

amplitude no modal responses occur unless there is an external disturbance. Therefore, in the simulations the
excitation is run for 25s, by which time the directly excited second in-plane mode response is
approximately steady state. At 25s a disturbance, in the form of a 0.02s, 0.1 mm/s amplitude pulse, is
applied to the velocity of both of the out-of-plane modes, and the stability of the modes is assessed. This is
done for a range of excitation amplitudes with increments of 0.2mm (or 4/L = 1.01 x 107%). As an example,
Fig. 4 shows the modal responses when the system is excited at a frequency of Q/w, = 0.97 for two
amplitudes, 2.7 and 2.9 mm, which correspond to stable and unstable y; mode responses, respectively
(y, is stable for both cases).

Simulation of stability boundary results in which the initial conditions for the second in-plane mode
are zero are shown in Fig. 3. For each value of Q/w, excitation amplitudes (with a resolution of 0.2 mm)
either side of the observed modal stability boundaries are marked, for example for Q/w, = 0.97,
considering the y; mode, 2.7 mm excitation is marked as stable and 2.9 mm as unstable. From this figure,
for the first out-of-plane mode it can be seen that there is good agreement between the theory and the
simulations in the region 0.98<Q/w,<1. For Q/w,<0.98 the agreement deteriorates. This is due to the
scaling in which it was assumed that 4 and u were small. There is no instability in the second out-of-plane
mode for Q/w,<1 as indicated by the theory. For Q/w,>1 there is good agreement for the upper
second mode stability boundary (with the same deterioration at larger values of 4) even though
there is significant response of the first out-of-plane mode at these excitation levels. However, the
simulations do not agree well with the theory for the lower second mode and the first mode stability
boundaries for Q/w,>1.01. The reason for this disagreement is that the lower stability boundary does not
correspond to the zero initial condition solution computed using the simulation. To see this, consider
the equation for the amplitude of the second mode in-plane response (with zero response in the other modes),
Eq. (20), from which

A4 Zs,
dZ» 16wt B> 4

There are positive real values of Z,, that satisfy d4/dZ,, =0 if u=~/3¢.,. This indicates that there are
multiple solutions for Z», for a given 4 for u>+/3¢.,, i.e. the curve has a fold. Using Eq. (20), an example
relationship between 4 and Z,, is shown in Fig. 5 for the case where Q/w, = 1.03. The points at which the

(640} (1> + %) — 9603 uW 1223, + 2TWHZ4,) (25)




574 A. Gonzalez-Buelga et al. | Journal of Sound and Vibration 318 (2008) 565-579

(a1)

. 0.01

3

3 0

>0t . . W .
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

(a2) " (b2) "

g 2x10' ' ' ' ' ' ' ' g 2x10' ' ' ' ' ' ' '

5 P [T —

(;I\ _2 " " " " I I L L (; _2 L L L L L L L L
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

(a3) (b3)

. 20 .20

E £

E o E o0

N N

N b N
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

time (s) time (s)

Fig. 4. Simulation time responses, Q/w, = 0.97, with excitation amplitudes of (a) 2.7 and (b) 2.9 mm.
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Fig. 5. Response of the second in-plane mode (assuming other modes remain stable) when excited at frequency Q/w, = 1.03 and
amplitude 4.

out-of-plane modes become unstable according to theory are indicated on the curve. The region of the curve
represented by the dashed line is unstable. This may be shown by rewriting Eq. (19) in matrix form:

;2a zf(ZUZa) :f(Z_UZtl) + (Zv211 - ZvZa)Df(ZUZa) (26)

where Z,o, = {Z2cas Z254}" and Df(x) is the Jacobian of f(x). The stability of the response is governed by the
eigenvalues of the Jacobian evaluated at the possible equilibrium points, Z,s,, such that f(Z,,) = 0, i.e. along
the line governed by Eq. (20). (The instability point for the second out-of-plane mode occurs on a stable part
of the 4 against Z,, curve.) In the hysteretic region, where there are two stable solutions for the amplitude of
the second in-plane response, simulations with zero initial conditions are attracted to the low-amplitude
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solution. Therefore, instability in the out-of-plane modes only occurs when the excitation amplitude 4
exceeds the lower saddle-node bifurcation (point A in Fig. 5), at which point the amplitude of the
second in-plane mode jumps to the larger solution curve, point B in Fig. 5. This higher solution is
beyond the instability points of the two out-of-plane modes (i.e. point B is to the right of the instability
points for both the out-of-plane modes in Fig. 5). So both modes go unstable at the jump from the lower
bifurcation point (i.e. from A to B as indicated by the arrow in Fig. 5). From Eq. (25) the saddle-node
bifurcation (point A) occurs when

8wiu &2\’
72 =101y [1-3(2E 27
2a 9W]2 </.L) ( )

The turning point can be calculated in terms of 4 using Egs. (20) and (27) and results in good agreement
with the simulation data. To simulate the theoretical instability boundary which exists at point B in
Fig. 5, the system must oscillate at the larger Z,, amplitude solution before the out-of-plane disturbance is
applied. This was achieved in the numerical simulation by initially setting an excitation amplitude higher than
the turning point value and reducing it to the desired level after 15s. After 25s a pulse disturbance
was applied to the out-of-plane modes to test for modal instability about the zero response position.
The simulation results are shown in Fig. 6. It can be seen that there is excellent agreement with the theoretical
predictions.

3.3. Experimental stability boundaries

In the experimental tests it was found that a small amount of oscillation (around 1 mm amplitude) of the
second out-of-plane mode was present throughout all tests. It is thought that this was due to asymmetry in the
set-up. Growth in amplitude of this mode was not observed to take place before instability of the first out-of-
plane mode. The system was allowed 400 periods of external excitation for the transient response to decay.
After the 400 periods a disturbance was introduced, in the form of a slight impulse applied horizontally to the
mid-span lead weight. The out-of-plane amplitude of oscillation was then monitored for a further 400 periods
to ascertain the stability of the mode. This procedure was repeated for increasing amplitudes of excitation to
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Fig. 6. Simulation stability points for Q/w,>1 when the second in-plane response is at the higher amplitude solution.
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Fig. 7. Theoretical and experimental stability boundaries.

just beyond the instability point for a range of forcing frequencies up to Q/w, = 1.04. For Q/w; > 1.04 the first
in-plane mode was excited, the stability of which is beyond the scope of our study.

Fig. 7 shows the experimental stability points, which also show very good agreement with the theoretical
boundary for Q/w,<1.02. For Q/w, > 1.02 the results diverge from the theoretical stability values; as with the
simulations this is because the initial conditions of the second in-plane mode are zero and so the modal
instability only occurs after the excitation amplitude exceeds the turning point defined by Eq. (27). It can be
seen that this relationship agrees well with the experimental results for Q/w, > 1.02.

4. Discussion

There is very good agreement between the simulation and experimental observations presented in the
previous section and the new theoretical model. We have demonstrated how the out-of-plane modes can go
unstable at the theoretical stability boundaries defined by Egs. (16) and (19) for the first out-of-plane mode
and by Egs. (18) and (19) for the second out-of-plane mode. When Q/w, > 1 + +/3¢., a hysteretic region exists
and there are two stable solutions for Z,,. This fold in the relationship between Z,, and 4 can have the effect
of raising the excitation level required for the onset of vibrations in the out-of-plane modes as the instability
can occur on the upper Z,, branch. This raised excitation level can be calculated by considering the turning
point in the relationship between Z,, and 4 by solving Egs. (20) and (27). We note that in the region where the
turning point is below the theoretical stability boundaries, see Fig. 7, the 4 required for instability of the semi-
trivial solution is governed by the theoretical stability boundary rather than the turning point relationship and
hence the theoretical stability boundaries are conservative.

Currently the most widely used stability curve when studying 2:1 resonance is the one presented by Lilian
and Pinto da Costa [2], which is used in practical bridge design recommendations, such as those produced by
Setra [27], to provide guidance as to whether the expected cable anchorage motions would be large enough to
initiate parametrically excited vibrations. The equations of the stability boundary in both works are found
from a linear one-degree-of-freedom Mathieu-Hill-type equation. Since they reduce the study to a single
degree of freedom they calculate y, and y, boundaries separately, the first excited in 2:1 resonance, the second
in 1:1 resonance (due to external support excitation rather than internal resonance with the second in-plane
mode). For the y; mode excited close to 2:1 resonance, Lilien and Pinto da Costa [2] states that the stability
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boundary is given by

&s

4=2 sin(0)

0\2 2 Rk

(2w1) +4¢ [ij . (28)
An equivalent expression is given by Setra [27] which is virtually the same for Q/(2w;) ~ 1. The minimum
excitation amplitude at which parametric resonance occurs is hence A = 4ée, /sin(0) when Q/Q2w;) =1, i.e.
uw=0.

Fig. 8 shows a comparison of the y; mode instability boundary using the analytical model presented in this
paper and the relationship proposed by Lilien and Pinto da Costa [2]. It can be seen that the minimum
excitation to cause instability of the zero-amplitude response solution in the first out-of-plane mode occurs at
Q/w,; =1 from the equations proposed by Lilien and Pinto [2] and Setra [27]. In contrast, the equations
derived in this paper, Eqgs. (16) and (19), which have been verified experimentally in Section 3, predict that the
minimum excitation amplitude occurs away from resonance although the minimum amplitude remains
approximately the same. In addition, the excitation amplitude to induce a response in the y; mode is
significantly less than that predicted by Lilien and Pinto [2] and Setra [27] for frequencies above resonance.
This shifting of the minimum and the reduction in amplitude of the higher frequency sides of the stability
boundary are a direct consequence of the hardening that cables experience due to the geometric cubic
nonlinearity from concurrent vibrations in the second in-plane mode. This nonlinearity is not taken into
account in previous stability models, such as Refs. [2,27], and as a result the match with experimental data (as
shown in the previous section) will be reduced. The reduction in amplitude of the curve shows clearly that
parametric resonance can occur for much smaller anchorage motions that previously predicted [2,27] when
Q/C&)z >1.

Neither Ref. [2] nor Ref. [27] give a explicit equation to calculate the y, stability region considering the
excitation via nonlinear coupling with the second in-plane mode. However the averaging technique used here
has resulted in Egs. (18) and (19), which match the experimental and simulation data well.
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Fig. 8. First out-of-plane mode stability boundary proposed here (using averaging theory) compared to the boundary proposed by Lilien
and Pinto da Costa [2].
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5. Conclusions

In this paper we have presented an extended three-mode modal for the vibration of an inclined cable with
vertical harmonic support excitation at the lower end of the cable. By including the model coupling terms, and
using averaging, the three mode model has been used to explain some subtle dynamic behaviour which occurs
around the 2:1 internal resonance of the in and out-of-plane modes. In particular the effect of the hysteretic
jump on the numerical and experimental tracking of the lower stability branch for y, solutions has been
explained in detail.

As part of this study a series of experimental tests were carried out using a scaled inclined cable with an
actuator to give vertical excitation input at the lower support. Tests were carried out to observe the onset of
oscillations in the out-of-plane modes, and these were compared with analysis and simulation from the three-
mode model. Close agreement was found between the experimental and numerical results, giving a high degree
of confidence in the extended three-mode model. This also demonstrates the importance of including the
nonlinear coupling terms when studying the stability boundaries close to the 2:1 resonance region. Currently
these coupling effects are not usually considered, but the results from this study show that the onset of
oscillations in the out-of-plane modes can occur at lower amplitudes of excitation than predicted by previous
models without coupling.
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