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Abstract

A linear analysis is made of a single collision between two single-degree-of-freedom systems separated by
a gap. The contact is modelled by a spring and a viscous damper. The approach is to describe the motion of
the pair as being composed of sum and difference displacements. The equation of motion during contact is
found and the solution is obtained from the conditions at initial contact. The main parameters are the ratio
of strain energy to kinetic energy at initial contact, and the damping of the contact. The contact time and
the energy loss are calculated, which gives an expression for the coefficient of restitution for the collision.
This coefficient is found to be dependent on the collision velocity, but becomes constant for strong
collisions.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Whenever two mechanical systems collide there is an exchange of momentum and also energy is
dissipated in the high stress region of contact. This energy dissipation is the work involved in
damped elastic behavior and also plastic deformation and fracture. Although there are many
practical examples available, the case of interest here is the collision of a line of adjacent building
structures during seismic activity [1,2]. This paper is presented as the first step in the analysis of
this problem, but is also has general application.

Collision problems are usually approached by assuming that the contact stiffness is large in
comparison to the oscillator stiffness, which justifies the use of a “‘coefficient of restitution” that is
constant for impacts of any strength [1,3-6]. This coefficient is usually derived from the collision
of a free body with a general boundary, which assumes that at the moment of initial contact all the
energy is kinetic and is available for transfer to the boundary. However, if an oscillator rather
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than a free body is in collision with a boundary, at the moment of initial contact strain energy
remains stored within the oscillator stiffness, and is therefore not available for transfer to the
boundary. The conventional coefficient of restitution cannot thus be used with complete
confidence.

The purpose of this paper is therefore to investigate a single collision between two oscillators
separated by a damped contact stiffness, to determine: the energy loss, contact duration and
coefficient of restitution as a function of the physical parameters, and the velocities and
displacements at initial contact.

Each oscillator consists of a mass and a spring with viscous damping. The contact is also modelled
as a spring with a viscous damper as in Ref. [7]. There is a separation between the oscillators when at
rest. This choice of damping was made simply because the decay rate of the time response is
controlled only by the damping at the resonance frequencies, and is independent of the general
frequency characteristic of the damping mechanism. Other possible damping mechanisms more
representative of real materials can be composed from a summation of Kelvin—Voigt relaxation
elements [8]. These however add to the oscillatory response of a non-oscillatory decay response, the
form of which is particular to the exact frequency response between zero and the resonance
frequency. The solution to these problems is therefore possible but are not of general application.

The analysis here only considers the actual contact period between two oscillators, and deploys
a device where the oscillator motions are not described independently but rather as a pair with
two almost uncoupled modes. One mode describes the mean or in-phase motion, which is not
greatly affected by the collision. The other mode describes the relative motion and hence the
collision dynamics. This basic assumption is only rigorously true for identical oscillators;
however, it is shown that it also holds good for a broader application described as “‘similar
oscillators” during the short contact interval following the initial conditions.

The benefit of this representation of “‘similar oscillators™ (such as adjacent buildings) is that
only the relative motion is altered by the collision. This implies that the relative motion can be
modelled as single degree-of-freedom system, leading to closed form solutions for contact time,
momentum exchange, energy dissipation and coefficient of restitution.

The solution depends upon an important non-dimensional parameter called “impact strength™,
which is the ratio of the oscillator kinetic energy to strain energy at the moment of initial contact.
For impact strength greater than unity the solution for relative motion tends to that for a
viscously damped contact stiffness applied to a single degree of freedom [6]; the coefficient of
restitution and contact time then become independent of impact strength as is generally assumed
in the previous work [1,5].

2. Equations of motion

Consider Fig. 1 in which two oscillators a, b, are spaced a distance 4, and have masses m,, m,
viscous damping c,, ¢, and real stiffnesses &/, k. The distances u,, u;, describe the displacements
relative to the equilibrium position.

Before contact the oscillators are in free motion, solutions of

Kuua = 0, Kbub = 0, (18., b)



R.J. Pinnington | Journal of Sound and Vibration 268 (2003) 343-360 345

where
K, =D?m, +Dc, + k., Ky, =D?my+ De, +kj,

and D is a differential operator d/dz. The solution to equations la and 1b include the two
oscillator damped natural frequencies w, and wj.
The displacements may also be described by the sum and difference displacements wus, uq,

Us = Uy +Up, U = Ug — Up (2a,b)
and the sum and difference dynamic stiffnesses K, Ky, i.¢.,
Ki=K,+K,, Kq=K,— K. (321, b)

The sum displacement in Eq. (2a) is the in-phase component of the two oscillator motions which is
therefore almost unaffected by the collisions. The difference displacement in Eq. (2b) describes the
relative motion outside and within the contact.

Within the contact when ugq > 4, a contact force F in proportion to the product of complex
contact stiffness, k = kK’ 4+ D¢, and relative displacement u;, occurs in accordance with Fig. 2. The
stiffness of the contact is k' and the viscous damping constant is ¢. The relative displacement u;
used during contact is simply related to the general difference term w4 by:

F=Kku, u =uy—A. (4a,b)
The contact force acts equally on both oscillators, thus
Kaua = —F, Kbub =F. (58., b)

Elimination of this force yields the equations for conservation of linear momentum, i.e.,
Ku, + Kyup = 0. (6)

Ug I

Fig. 1. Two separated oscillators.

k. mg k mg ks
W

Uy Uy

Fig. 2. Contact model for uy > 4.
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By substituting from Egs. (2) and (3) these may written in the sum and difference form of the
alternative oscillator pair as

Kug + Kquqg = 0. (7)

For the special case of identical oscillators, i.e. K, = K3 Eqs (3b) and (7) show that the sum and
difference motion is entirely independent, i.c.,

Kdud = 0, Ksus =0.

When contact occurs, only the difference motion will be modified, which is the central idea here.
To investigate how far the identical oscillator result can be extended the analysis is now continued
for the general case. Egs. (4)—(6) can be combined to give the equation of motion for difference
displacement during the contact.

(KoK /K5 + K)ug = k4, (8)

the solution of which yields the difference displacement, contact period, contact force and energy
dissipation. The change in sum displacement u; can then be calculated from the momentum,

Eq. (7).

3. Simplification of the equations of motion

The full solution of Eq. (8) for difference motion during contact is rather awkward as it is for a
fourth-order differential equation. It will be shown however that if the oscillators have a similar
scale it may be reduced to an equation of the second order for the short time of contact. This
simplified equation yields the expression for contact duration and ultimately the coefficient of
restitution. The first group of terms may be referred to as the oscillator “interaction dynamic
stiffness” Ky, 1.€.,

Kqo = KuKp /(Ky + Kp). (9a)
Using Egs. (1a) and (1b) and a harmonic solution e’ it is expanded as
Ko = (kg — 0’mg)(ky — ’my)/(kq + Ky — 0’ (mg + my)). (9b)

For a compact form the complex stiffness k, = &/, + iwc,, ky = kj + iwcy, are defined. Eq. (9b)
is plotted in Fig. 3. At low frequencies in zone (1) the dynamic stiffness K4y asymptotes to the
complex “interaction stiffness” kqo = k.kp/(k, + kp):

Kio = kqo (10)

At high frequencies in zone (2) the dynamic stiffness asymptotes to the interaction mass nyy =
mamy /(m, + mp) are

KdO = —wzmdo (1 1)

where the “free interaction frequency” is defined from wﬁo = kqo/maqo. It will be seen later that the
interaction mass and stiffness describe the portion of the oscillator mass and stiffness that
participates in the collision.
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Fig. 3. The dynamic stiffness (....... ) and its approximation(——).

This would suggest a dynamic stiffness with an approximate form seen in Fig. 3, corresponding
to that of a single degree-of-freedom system

Ko ~kao — w’mag, (12)
To demonstrate that such an approximation is valid for the short contact duration, the free
vibration solution of Eq. (8) must be considered. This has roots at +w,, +®,; one pair from each

equation of motion (1a), (1b) and in the numerator of Eq. (9). The oscillator displacements u,, u;
are

u, = Aje % 4 Ayel®l = Bie ' 4 Byel®, (13a,b)
where A, 4>, B, B, are constants dependent upon the conditions at initial contact at time ¢ = 0
g =Us tty=Up, tg= U, up="Up,
For real values of initial displacement and velocity equation (13) yields
Ay = A, B,=Bj,
where * denotes the complex conjugate. As time is measured from initial contact the relative
displacement u, is the difference between u, and u;, in Egs. (13a,b)

Uy = 2R(A e — Be~int), (14)
where R denotes the real part. As the relative motion is zero at initial contact, i.e., = 0, then
Eq. (14) gives

Ay = By. (15)
The relative motion may be further simplified by defining @ as the mean of w, and w; as in
Fig. 3, and defining w;s as half the difference

@ = (g +wp)/2, 5= (g — p)/2. (16a,b)
Substitution of Egs. (16) and (15) into (14) gives the relative displacement as
uy = 4R(A4; exp(—i@it))coswst. (17)

If the impacting pair of oscillators have similar natural frequencies then @ > w;, in which case
for the contact duration (corresponding to n > @t), the cos wst term stays close to unity and so
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can be neglected. The relative motion then takes the form of the impulse response of a single
degree-of-freedom system of natural frequency . This shows that the approximate form of
Eq. (12) is appropriate, provided that @ ~ wq9. To determine the range of values for which this is a
valid approximation, the quotient wg/@ is expanded from Egs. (11) and (16) to give

a0/ @ = (1 + o) /(1 + o = (1 = ) /@), (18)

where u, = m,/my. For identical oscillators wqo/@ = 1, as expected. However even if y, = 2, and
ws/@ = 1, as for rather dissimilar oscillators, the quotient wqg/@ = 0.86, which is still sufficiently
close to unity to suggest that the approximation is still useful and has a broad range of
application.

4. Solution for relative motion during contact

In the previous section some justification was given for expressing the difference displacement
uq as a simplified form of Eq. (8)

(Ko + K)ug = k4,
which on substitution from Eq. (12) and applying a harmonic solution e?, becomes
(—’mao + iw(cqo + ¢) + Kkl + K )ug = k4. (19)

The solution has two parts; the complementary function uy. and particular integral ug,. The
particular integral is the steady state response arising from the constant forcing function on the
right side

ugp = k' A/ (Ko + k') (20)
The complementary function is found by setting the right side of Eq. (19) to zero
(—’mao + io(cqo + ¢) + Ky + K uge = 0 (21)

and finding a solution ug. which satisfies the conditions at initial contact ¢ = 0. The pair of
complex roots from Eq (21) are: w = @, ® = ®, where the complex form of @, is for light
damping, {, <1, in this analysis

O; = O + 19, (22)

These give the “interaction frequency” that governs the contact time and the dissipation of
energy during contact. This is wqg in Eq. (11), now modified by the contact stiffness

o = gyl + k’/k30)<\/ -G+ iCr) , (23)

where the viscous damping coefficient is

{r = (¢ + ca0) /24 /mao(K + k). (24)

The general solution is the sum of the complementary function and particular integral,

Ug = Are O + Bre O 4y, (25)
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The constants 4;, B, can now be found from the initial conditions. At t = 0, uq = 4, giving
Ay = Ar + B:. (26)
The modified separation 4, is obtained using Eq. (20),
Ar = Akyy/(kao + k') (27)
Differentiation of Eq. (25) gives the relative velocity
llg = —io, Are " 4 i B (28)
The relative velocity at 1 = 0 is defined as
Us=U,+ Up, (29)
which on substitution into Eq. (28) gives
Uy = —i®, 4; + io,B,. (30)
Rearrangement of Egs. (25) and (30) give 4, and B;:
A, B = (40, +iUy)/(0; + o). (31)

These are a complex conjugate pair because the relative velocity in Eq. (28) must be real.
Substitution of Eq. (31) into Eq. (25) gives the relative displacement during contact u,, where u; is
a special case of the difference displacement u4 that applies during contact as defined in Eq. (4)

Uy = (A, coswyt + (4:6; + Ug/oy) sinwyt)e ' — A, (32)

A “loss ratio” 9, is defined from Egs. (22) and (23) as a function of the viscous damping
coefficient. As the damping coefficient can take the range between zero and unity, the “loss ratio”
in Eq. (33) covers the full range of zero to infinity:

5r - Vrr/wrr = Cr/ 1 - Cf: €r< L. (33)

The displacement amplitude is controlled by two input parameters: Uy /w,; and 4,. The first is
the maximum displacement that would occur if there was no initial separation between the
oscillators, and is related to the kinetic energy at contact T4. The second is 4., a negative
displacement step reducing the depth of contact; it is related to the strain energy at contact Syq.
Eq. (27) shows that this term increases both with the oscillator stiffness k,, kj, relative to the
contact stiffness &, and also the initial separation 4. The ratio of these two displacements gives a
non-dimensional parameter referred to here as the “impact strength”, f8

f = Us/(wndy). (34a)
This is related to the “impact ratio” at initial contact § by
B = Ta/Soa, (34b)

where ﬁ/ﬂ = \/kqo + k/kqo.

Eq. (32) can be regrouped using this term and the expansion:
sin(a + b) = sina cosb + cosa sinb (35)
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giving the relative displacement during contact as

B sin(w t + ¢)e
ur—Ar( N _1), (36)
where
sing = 1/1/1 + (6, + f)? (37)
and
tang = 1/(5; + p). (38)

Eq. (36) is plotted in Fig. 4(a). The relative displacement is zero at initial contact and has a

maximum at a time ¢ = ¢, of
ﬁr:Ar<\/1+ﬁ2—1>. (39)

Before further interrogation of Eq. (36) a relatively brief energy analysis is made of the collision
to confirm the outcome and to give some physical insight.

5. Energy relationships and contact duration

Fig. 5 shows the force-difference displacement curve. Between 0 > uyq > A there is no contact
and the gradient is k4o which is defined in Eq. (12). When u4 = 4 initial contact is made, thereafter
for ug > A the gradient is that of the combined stiffness, i.e., kqo + k. At the instant of contact the
kinetic energy Ty is

Td = % mqo Uﬁ (40)

The strain energy Sy stored between contact and the peak displacement is the area under the
curve ug > 4, i.e.,

Sa =1 (kgo + K + kot 4. (41)

This strain energy is shared between the contact stiffness & and the oscillator interaction
stiftness kq9. Equating this strain energy to the kinetic energy gives a quadratic in terms of the
peak displacement

0 = i + 24,8 — (Us/ o) (42)
The peak relative displacement, taken from the positive root gives the same result as Eq. (39),
which was obtained with rather more labour. This equation is however not very convenient and so

an approximation is selected which is accurate at the asymptotes 1 « ﬁ > 1 and has at worst a 10%
error when =1, i.e.,

i = (Ug /o B2/ (4 + B2). (43)

The peak strain energy within the contact stiffness alone Sy is taken from the square of
the peak relative displacement in Eq. (43). This is the energy available for dissipation or damage in
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Fig. 4. (a) Contact depth against time; (b) time shifted contact depth; (c) time shifted relative velocity.

the contact
Sue = L k(Us/on)* /(4 + ). (44)

If the energy ratio [§>> 2, more energy is stored within the contact stiffness k than in the
oscillator stiffness’ kgo. Under this condition the oscillator stiffness can be neglected and the
collision is that between free bodies, when the usual constant coefficient of restitution could be
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used for calculations. Eq. (36) shows that the contact pulse approaches a simple half sine, seen in
Fig. (6). If however there is only a light impact such that <« 2 then the collision dynamics are
more controlled by the oscillator stiffness than the contact stiffness. As indicated from Egs. (34)
and (44), much less energy is available for damage. Fig. 6 and Eq. (36) show a greatly truncated
half sine, which is nevertheless still quite similar to a half sine.

If there is no energy dissipation the contact duration can also be estimated from the expressions
above. The main assumption is that the kinetic energy given in Eq. (40) can also be written as

Td = % mdoa)fcﬁg. (45)

The contact duration ¢, is assumed to be a half sine, and gives an ‘“‘equivalent interaction
frequency” w;. from

te = 1) Wre. (46)

/ (k+kao)ur

System difference force

0 A EA+u.. g

Relative displacement

Fig. 5. Difference force against relative velocity.

Contact
depth

(O]

*, Contact time

X
T2 T/ 2Yee

Fig. 6. Contact depth as a function of time and impact strength /?: (1) ﬁ> 1; (2) /?7 1; (3) [3< 1.
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Although this is only strictly accurate for heavy contact, it can be shown to be quite acceptable
even for light contact, as truncation of a half sine does not greatly alter its shape. The contact
frequency w,. can be found from Hamilton’s Principle, effectively,

(T4 — Sq)/0t; = 0. (47)
Ty and Sy are in Egs. (41) and (45). Using also Eq. (28b) the equivalent interaction frequency is

Wre = O/ 1+ Ay /1. (48)

If a substitution is made from Eq. (43) this becomes

Ore = wr\/ 1+1/(4+ /B2 (49)

The contact duration ¢, is now available from Egs. (46) and (49), in which w,, is the real part of
Eq. (22). t. is plotted against impact strength ,[;’, as the solid line in Figs. 7(a) and (b). The contact
time is important as it controls the coefficient of restitution. For strong impacts when > 2 there
is a plateau region where from Eq. (49), o =~w,. Therefore in this region the coefficient of
restitution is constant. For weak impacts when B« 2 the contact duration increases with impact

strength f§ according to
te = 1 /o /2. (50)

6. Energy dissipation and contact duration

In the previous section it was shown that the contact duration is a function of the impact
strength, while here the relationship with the loss ratio J; is established. In the event of impacts
involving damage, large losses are possible and the calculations must therefore accommodate the
full range of loss ratio i.e. 0 <d, < o0, (see Eq. (33)).

! 1

10 ; ; 10
/,/ﬁ &W
© 10} /":F“Udi 10°
- il E
g //—Ff 5
-'»_: Q
g A £
=] o
Sl ©
4 d ...'/”
-
o
/
107 : : . -
107 10" 10° 10’ 10° 10° 10 10°
(a) Impact strength ) Impact strength
Fig. 7. Approximate contact time (a), and estimated contact time (b), against non-dimensional time: —, loss

ratio=0.01; ....., loss ratio=0.5, xxxxx, loss ratio=1.0.
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Eq. (36) for the relative displacement during contact is plotted in Fig. 4(a). Initial contact
occurs when ¢ = 0, and so the other root of this expression yields the general form of the contact
duration z.. As it is difficult to provide a simple algebraic solution directly the following path is
employed

Fig. 4(b) shows Eq. (51), a rearrangement of Eq. (36). The contact occurs for time —#; <t <1;.

Uy = A7) coswy, — sing)/sing. (51)

The times ¢; and ¢, are the solution of Eq. (52), the numerator of Eq. (51), at zero relative
displacement:

0 = " (1cosw,t — sing. (52)
The contact duration is
=040+ (53)
The first interval ¢; is found by setting t = —¢; in Eq. (52) and making an approximation for the
cosine of the form
cosxx 1 — x?/2. (54)

This approximation only becomes inaccurate when x is almost +=/2, and so is acceptable
within the range of contact. Solution of the quadratic form of Eq. (52) gives two roots

t = +1/2(1 — sing)/wy. (55)

The negative root represents the real value of #;,. However if there is no attenuation the contract
pulse is symmetrical and the positive root is equal to #,. The contact duration can thus be

expressed as 27y, i.e.,
te = 2+/2(1 — sing)/wyr (56)

which could be shown to be very close to the estimate made from Egs. (46) and (49) using the
energy approach.

The general form of £, may now be found by returning to Eq. (52), setting ¢ = ¢, and making the
previous approximation for the cosine term, and now also for the exponential using the first three
terms of the series expansion, i.e.,

e x4 x4 x%/2. (57)
The solution of a quadratic equation in x,, X, = w,¢» may with some patience, be found as
X2 = (1 + 0rx1) — O sing +(x; — O, sing) /(1 + 5% sing), (58)

where Eq. (55) was used for the definition of: x; = w,#;. The time period #, is the positive root of
Eq. (58). The contact duration ¢, is therefore the sum of ¢#; and ¢, i.c.,

te = 2(t; — 8, sing/wy) /(1 + 57 sing). (59)

This expression is plotted in Fig. 7(a) for four different loss ratios. When the loss ratio is 0.01
and 0.1, the contact period is that of the undamped case given in Eq. (49) or (56). The contact
period is seen to decrease when the loss ratio increases to 0.5 or the maximum of 1. This is
expected as contact occurs when there is a reaction force between the colliding bodies arising from
the stored strain energys; if this energy is dissipated the force is lost and the contact ceases. At first
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sight it would appear that Eq. (59) has the unfortunate possibility of becoming negative for short
contact times. This is not in fact the case because sin ¢, which also occurs within 7, also includes
the loss ratio seen in Eq. (36).

Eq. (59) is in error when there is very high loss and short contact duration, as represented on
Fig. 7(a) for f<0.1 6, = 0.5,1. This is because of the approximation used for the exponential in
Eq. (57). Inspection of Eq. (59) and Fig. 7(a) suggest an accurate and simple contact time which is
valid for all cases is

te = 2t/(1 + 6% sing,), (60)
where the undamped parameters from Egs. (36) and (37) are used, namely,
singy = 1/1/1 + p2 (61)
and ?y is half the undamped contact period, i.e.,
to = (2(1 — sing))'/? /oy (62)

given in Eq. (49) in an approximate form. Eq. (60) is displayed in Fig. 7(b), where it can be seen to
correspond to the accurate section of Fig. 7(a)

To confirm the contact time calculations the relative displacement, from Eq. (36), is plotted in
Figs. 8(a), 9(a), 10(a) as a function of loss ratio ¢, and the impact strength ,3 the accompanying
relative velocities given from the differential of Eq. (36) are

iy = A;@pe " cos(wyt + ¢ + 5))/sing, (63)

where
d. = arctand,

are plotted in Figs. 8(b), 9(b) and 10(b). These are normalized by setting 4, = 1, w,; = 1. Four loss
ratios are used: 0.01, 0.1, 0.5, 1.0, covering the full range of possibilities. In Fig. 8 the impact

100 " T ‘ 100
80}
- 50+
g z
g 60r ‘o
8 L2
o g
3 g O
£ 40¢ b
ﬁ 2
-50
20}
0 ; : : -100 : \
0 1 2 3 4 0 1 2 3 4
(a) Non-dimensional time [radians] (b) Non-dimensional time [radians]

Fig. 8. Relative displacement (a) and relative velocity (b) against non-dimensional time: impact strength =100; loss
ratios: 0.01, 0.1, 0.5, 1.0, in order from the top.
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Fig. 9. Relative displacement (a) and relative velocity (b) against non-dimensional time: impact strength=1.0; loss
ratios: 0.01, 0.1, 0.5, 1.0, in order from the top.
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Fig. 10. Relative displacement (a) and relative velocity (b) against non-dimensional time: impact strength =0.1; loss
ratios: 0.01, 0.1, 0.5, 1.0, in order from the top.

strength is 100. For low loss the relative displacement is a half sine wave and the relative velocity is
a half cosine. When the damping is increased the contact time is almost unaffected, as seen in
Fig. 7, there is however considerable attenuation to the peak relative displacement and to the exit
relative velocity.

Fig. 9 shows the contact pulse when the impact ratio is unity, indicating that only one half of
the kinetic energy at contact is transferred into strain energy within the contact. For low damping
the pulse duration is half that of the high impact ratio example in Fig. §, while for heavy damping



R.J. Pinnington | Journal of Sound and Vibration 268 (2003) 343—-360 357

the contact time is a quarter of that of Fig. 8. Inspection of the exit velocity shows that the
reduction in contact duration leads to considerably less energy dissipation.

Fig. 10 gives the contact pulses for slight contact when the impact ratio is one-tenth. The
contact duration is very brief and accordingly there is little attenuation, the relative velocities only
include the zero crossing section of the cosine form. The contact times are all correctly given by
Eq. (60) in Fig. 7(b), confirming its utility.

The work done during contact may be simply estimated from the difference in the initial and
final kinetic energy, calculated from the initial and final velocities at times 0 and ¢, as

Wq = Ty(1 — . (64)
The coefficient of restitution ¢ is defined in the usual way:
u(te) = —eue(0).
or from Eq. (36)
& = exp(—0;wyle).

T4 1s the energy of the collision described in Eq. (40). The contact time . increases with impact
strength f as given in Egs. (60) and (61) and seen in Fig. 7(a). The coefficient of restitution is
therefore a function of the impact strength . For impact strength greater than unity the
coefficient of restitution will be independent of collision velocity (as is generally assumed).

7. The relative and mean motion during contact

The approach used in this analysis is to regard the dynamics in terms of sum and difference
motion. The collision and energy dissipation is associated with the relative or difference motion,
causing no direct change to the sum motion. There are however secondary changes to the sum
motion ug in response to the changes in the relative motion to conserve linear momentum. This
interaction as described in Eq. (7) has two parts; a forced solution ug; representing the change sum
motion due to the change in relative motion, and a free vibration solution us which satisfies the
initial conditions for sum motion at the instant of contact.

The forced solution us is found by substituting the relative motion u,, from Eq. (51), into

Eq. (7)
Kug = —Ae 71 R{(kg — w’mg)e ™’} /sing + A, R{kq}. (65)

The solution takes the form
us) = A’ + A'e 4 C, (66)

where A is a complex constant and C is a real constant. Substitution into Eq. (65) yields

—Ape Il kg — wzmd .t kq
= L 10 A, — 7.
Us] Sing 9{{ <ks . -y ) e + 4R . (67)

As expected from the symmetry of the momentum equation, the sum motion g is similar to the
relative motion u,, given in Eq. (51). The ratio us; /u; decreases with the quotient in the centre of
Eq. (67), which is Ky/K; at frequency o;. If the two oscillators are identical there is no forced sum
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motion as Ky is zero. This means that if the colliding structures are physically similar as would be
the case for adjacent buildings, the sum and difference motions can be regarded independently.

A further simplification may be made by observing that the interaction frequency o, in Eq. (22)
is always greater than the free interaction frequency wgo in Eq. (12) i.e.

o /oa = v/(k + Kao)/Kao. (68)
The sum frequency ws can be defined from Eq. (1) as
w? = Ky + Kp/(my + my). (69)
so the ratio of uncoupled difference frequency to sum frequency is
W4/ ws = Wawp/ cog (70)

This ratio becomes unity if oscillators ¢ and b are similar, i.e., of the same elastic modulus,
density and shape, but of a different size, then k, = pky, m, = pm,; where p is the scaling factor.
Under these conditions ®, > m, and Egs. (51) and (67) give the ratio of sum motion to relative
motion as us/u; = R, where R is

Rx(—myq + olkq)/ms. (71)

For a hard contact, i.e., ®; > @5, R = —mgy/my as for the collision of two free bodies. Fig. (11)
illustrates this change to the sum displacement and sum velocity within the contact period because
of the relative motion, which is also shown. The peak relative displacement is given from Eq. (51)

as
Iy = e WA + U3l — A, (72)

The quantity us; discussed above only represents the change in u, during the contact period, as
there is also the free vibration component ug,, which satisfies the left- side of Eq. (7), i.e.,

Ksugp =0, (73)
such that the total response within the contact period is

Us = Ug] + Ug). (74)

The free vibration solution takes the usual form, used for example in Eq. (27) as
Uy = A€ + ALe . (75)
This is valid during contact, i.e., —f; <t<t;, and must satisfy the initial conditions at t = —¢;:
us = U, ug =0, u= U, 15 = RUj. (76)

These substitutions yield:

Agp = e (U — i((Us — RUg)/ws) /2. (77)

To summarize the simplest and most useful case which is that of a hard contact, i.e., w, > ws, the
dynamics become those of two colliding masses and

Us] /”r = _md/ms
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Fig. 11. Relative displacement and sum displacement due to contact (a), relative velocity and sum velocity due to
contact (b).

at initial contact:
g = U, i, = Uy, (78)
at final contact:
s = Us + eRUy, 1ty = —eUj. (79)

These terms may then be used to obtain the energy loss and exchanged in the collision, and they
may also be substituted back into Eq. (2) for the motions of the individual oscillators. The only
difference between expressions (78) and (79) with those normally used for the impact of two free-
bodies is that the coefficient of restitution ¢ is a function of the contact stiffness, damping and the
impact strength.

8. Conclusions

The contact dynamics between two colliding oscillators has been calculated using the sum and
difference motions. The contact mainly influences the difference or relative motion as is usually
assumed when a coefficient of restitution is used. There are changes in the sum motion in response
to the change in relative motion. These are calculated from the momentum equation in the usual
way. For identical oscillators the relative and sum motion are shown to be independent; however,
it is also shown that within the short contact duration these motions are almost independent
provided that the two oscillators have ratio of resonance frequencies that is less than two. In this
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range a new coefficient of restitution can be defined in terms of all the mechanical properties of the
oscillators.

The contact time was found to increase with the contact stiffness and relative velocity and
decrease with the damping ratio and the oscillator separation. A strong impact gives a half sine
displacement pulse, while a weak impact gives a truncated half sine pulse. The analysis was
confirmed using an alternative approach employing an energy balance.

The main outcome is that a coefficient of restitution describing the energy loss in the collision
was calculated, which increases with the contact stiffness, damping, and the relative velocity.
However, it decreases with the oscillator spacing. Above a certain threshold the contact time and
coefficient of restitution become invariant with the magnitude of the relative velocity at impact.
This threshold occurs when at the moment of contact, for relative motion, the strain energy in the
oscillators is equal to the kinetic energy. For free bodies there is therefore no such threshold and
the coefficient of restitution is constant, as is usually assumed.
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