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Abstract. Over the past 20-30 years, usage of specific ptiegeof rubber (high elasticity,
resistance to environmental influences, good dyogeiformance, low compressibility, nearly
linear stress-strain relationship for strains oftad5% + 20%) enabled development of shock
absorbers with nonlinear characteristics "forcettleament”. The paper proposes a method of
calculation of a cylindrical rubber shock absorberds with hard side stops by considering
weak compressibility of rubber. The solution isadbed by applying Ritz method and using the
principle of the minimum complete potential eneafydeformation. Obtained solutions can be
used to find the dependence of ,force - settlemémttylindrical shock absorbers, as well as in
design of such shock absorbers. This is requireghvaleveloping a shock absorber with a given
non-linear stiffness characteristics.
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Introduction

Over the past 20-30 years, usage of specific ptiegenof rubber (high elasticity, resistance
to environmental influences, good dynamic perforoeariow compressibility, almost linear
relationship between stress and strain at strginsoul5% + 20%) enabled development of
shock absorbers with nonlinear characteristicscdor settlement”. They can also be used in
different designs engineering and constructionlastie ties for the implementation of the given
linear and nonlinear elastic characteristics, éffety replacing hydro- pneumatic - spring
compensating device. An example may serve shoakrbéis with ,self-tuning” stiffness when
subjected to wide variation of external forcesl(iding the weight of equipment).

Suppose we want to design a shock absorber loadkdwal compressive force P with a
nonlinear or piecewise nonlinear characteristic FP(&) "force - settlement”, providing a
definite correlation between the stiffness of theck absorber and level of loading, i.e. at any
point characteristic PAj should comply

dP(8) 1
dA  P(A)

= f(P(4)) (1)

If f(P(A)) =const = C, then from equation (1) to describe\lP{ve obtain the solution:

P(A) = A-expC-A) (2)
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The constant of integration A is determined frondiidnal conditions. For example, the
condition of minimum weight (the minimum amountrabber layer) of the shock absorber, for
which the shock absorber performs its functions éxample, provides an initial draft of
shock absorber). In this case, constante get:

A=P(A,)-expEC-A,) 3)
From (1) - (3) that the shock absorber stiffneszatteristics:
P(4) = P(A,)-exdC(A-A,)] (4)

will provide the desired balance between rigiditydathe level of shock absorber loading.
Qualitative characteristics (4) shown in Figure 1.
In particular, ifC = p%g (where:p - the natural frequency of equipment that is epegbwith

the projected shock absorber; g - accelerationra¥ity) andAu - sludge from the minimum
weight of the shock absorber, the execution ofdésign of the shock absorber of the equation
(4) provides equifrequency absorber .Value (4)lmamplemented using special characteristics
of P (A), which provides a choice of a particular geometiyhe shock absorber. Commonly,
shock absorbers with absolutely rigid side stopes wsed. In the calculation of shock weak
compressibility of rubber is unrecorded [1]. Buttims paper, we design a damper on the
example of a cylindrical solid absorber with abselyirigid vertical side stops (Fig. 2), which
should provide a measure of stiffness propertie® ¢h) of type (4). A qualitative graph is
presented in Figure 2. Stages of the shock abisontoait are provided in Figure 3.

The first stage (Fig. 3a). No contact of the rublbger side with a side stop, force P is less

than force R in which they come into contact with the sidepstdhe dependence of the
"force - settlement” ) in the light of weak compressibility of rubberdstermined by using

the principle of minimum total potential energydaformation J(uw;) [1,2].
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- absorber with absolutely
@2b d rigid vertical side stops
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Fig. 2. Stiffness properties of R}
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Fig. 3. Principle of operation of cylindrical solid absertwith absolutely rigid vertical side stops
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47° 3A 47
u=Ar (1—7), W, = — 2;] (z—shz) (6)

Choosing the displacement functiongruz), w (r, z), respectively, along the axes r and z,
that satisfy the geometric boundary conditions:

u(0,2)=0, ul(r,ig)zo, u(r=b,z=0)<a , (7)

w (r,0)=0 w(rt_-)=7

N

A
2
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From the principle of minimizing the funatial (A;, B,) the dependence of the force - for
the first phase of sediment loading (up to contlaetrubber layer with a lateral focus), with the
weak compressibility of rubber, has the form (fat B< P):

-1

2
Ph | g, 12+15x @ =bih (8)

(1+ 31_ 2H azj
2

For further calculations the dependence (8) is eaiantly represented in the form:

Al=——
' 7 b’G

Ap=A + Ay, ()]

Where:Ay; - settlement first stage at the expense of formaimgbber layer.

A = Ph 1 (10)
Y b®G 3+1.5a2
Ay - settlement first stage due to bulk deformationutber layer
Ph  3(1-2u)a?

T 240°G 34154’

The second stage (fig. 3.b). When the force R, is Point contact rubber layer with a side
stop. Meaning of Pis determined from the point of contact with tisesstop:

u (r=b,z=0)=075A, b/h=a (12)

where: a - the size of the gap between the latndhce of the rubber layer and the side
stops, from (8) and (12), taking into account ahly deformation of shape change:

P, :gﬂ b Ga[30+1502] (13)

The third stage (fig. 3.c). At this stage, the &R > R and the process of deformation of the
rubber layer will substantially depend on the widthits contact with the lateral k emphasis
(fig. 3.c), which value is not known in advance andst be determined in the solution process.
For the third stage, fulfilling the condition ofrpevolumetric strain:

ou u ow

—+—+—=0 14
or r 0z a4

Displacement functions for the rubber layer cacclhesen as:
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-for0<r<h;0<z<0,5k:

ar 2a
Uy =——, W, =———Z (15)
' b ’ b
- for 0<r<b; 0,5k <z<0,5h:

u —L 1-2 &_4_22
2Tpap?| T n
, 5 (16)
W, =22 a2+ 22 A2, A& 55 5,022
27 b(-y) h?  3h?| b(-y) 3
that satisfy the geometric boundary conditions:
h
u;(0,2)=0, ugr, = E):O’ Uy (r=>b,z<05k) =a,
7)
h A
Wy, (it —-)=F—=
32 ( 2) + 2

From analysis of the shock absorber, it fefichat the first stage for the loadHP, force
characteristics "force - settlement” is known. Teiedmine the characteristics of the “force -
settlement” at P > Pit is necessary to take into account that thasitmn from the second
phase of the third on an already strained stateeelbat P = Ris imposed an additional strain
condition y (r, z) and w (r, z) to the force P= P - R. In view of (6), (15) and (16) deformed
state, which is superimposed on the deformationtref first stage, described by the
displacements (r, z) and w (r, z)

Uy, = U — Uy

0<r<hb,0<z<05k
Wy = Wa =W

(18)
Uy, =Ug, — Uy
0<r<b, 05k<z<05h
Wop = Way — W
. A,
From the conditionW,, (r,z = 0.5h) = Y have
B () .
Where y = E
7
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The width of the contact zone of the rubber lay@&ha side stop is an unknown parameter
and the challenge of its definition is of focal chaer. In general, when determining the width
of the contact zone k, one must take into accdumtaictual configuration of the rubber layer
during its contact with the side stophis greatly complicates the calculations, becausél be
necessary to integrate along a curved side sudatiee rubber layer. In [3] it is demonstrated
that the deformation of rubber and 40% of smaliéngents of stress and strain imposed on the
already loaded body are subject to a linear l&mv.this case, taking into account the
incompressibility condition (14), in determiningetintegral force characteristics (type "force -
settlement"), the integration, the transition frahe coordinate system and displacement
functions of the first stage, a coordinate systeagrdinates and the displacement of the third
stage can be carried out on the initial undefore@dfiguration of the rubber layer of the first
stage of deformation.

Selected displacement functions (6), (15) - (18@lfiling the conditions of continuity of
displacement throughout the volume of the rubbgerladoes not meet the conditions of
continuity of stresses on the surface &f 0<b, z = 0,5 kiIn [1,4] it is demonstrated that using
an approximate solution for the minimum principdethie functional (5), and if the conditions of
continuity for the displacements, the stress caiitinconditions at the boundary of partitions
can not perform because they are natural boundaamgitions for functional (5)Decision (15) -
(19) unknown quantity is the only parameter k (thdth of the contact zone of the rubber layer
with aside stop), we find the value which minimizles functional:

05h b
), =an j foureraz T | }

05k 0
[05hb 05h b (20)
J, =4r j IJZIrdr dz+ j szzrdr dz} -PA
| 05k O 05k 0
Where J,,(Uy;, W,1) s 355 (Ugy, W)
Parameter k is found from the equation:
N, _ (21)
ok

Since the parameter k is included in the limitsirgégration, then, in accordance with [5],
equation (21) is written as:

05k 05h
— 4r j j Dot 474053, o+ j e 053, ,-qs [rdr -
ak ) o5 OK (22)
_p s
ok
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All the solutions obtained by methods of linearatyeof elasticity, so the deformation of up to
10% + 15% in real shock absorbers width of contaidit vary in the range & k < 0,5 h.
Therefore, the parameter e = k / h can be regasledsmall parameter. In this case, we neglect
the terms of higher-order of (20) - (22) to obttia expression of force Pc.

21Galy ,
R= 08— 05y + 02 12047+ 01
© (- 08y +057%)(1- 1)? [( 1+027 o (2-047+ 0157)]  (29)
2b
Wherea; = ———
h@- x)

The width of the contact of the rubber layer iscoldted by means of (19), if you set the
movementA, or formula (24), if you set the force Pc. Formul@y (19), (20) and (24) can be
used (with known geometric parameters of the haraesd the level of loading) to calculate the
nonlinear characteristic of “force - settlement’ #osolid cylindrical damper with side stops.

In this case:

- the total settlement absorber, in accordance faitimulas (10), (11) and (19), is equal to:

Ay =A1 +Ay +Ase (24)

- Maximum compressive force, in accordance with fdem13) and (24), is:
Pz = Pl + P2 (25)

For example consider a real cylindrical shock afsomith side stops and obtain for him
depending “force - settlement”.

Parameters of the shock absorber:
b =6cm, h=6cm, a=0.2,=0.495, G = 7 kg/cfab/h = 4

Plg T T
s00n}- 1\ —
_ A
4000l .
2000 3 .
0 —— | | |
0 02 04 06 02 Acm

Fig. 4. dependence ,force - settlement” for shock absotier= 1

»1" line - dependence ,force - settlement” for skagbsorber, b/h = 1 without taking into
account the weak compressibility of rubber;

»2" line - dependence ,force - settlement” for skabsorber, b/h = 1 with taking into account
the weak compressibility of rubber;

»3" point - point of contact of the rubber with sidhoards
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Parameters of the shock absorber:
b=6cm,h=2cm,a=0.2,=0.495, G = 7 kg/cmb/h = 1

P,kg T T T T T

L L L L
]
] 01 0z 03 04 05 Acm

Fig. 4. dependence ,force - settlement” for shock absoiier= 3

»1" line - dependence ,force - settlement” for skhoabsorber, b/h = 3 without taking into
account the weak compressibility of rubber;

»2" line - dependence ,force - settlement” for shabsorber, b/h = 3 with taking into account
the weak compressibility of rubber;

»3" point - point of contact of the rubber with sithoards

Conclusion

A method was proposed for determination of rigidigpendence "force - settlement" for
shock-absorbing elements with absolutely rigid icattside stops being under pressure, and it
allows to take into account low compressibilitynodterial of rubber layers. Obtained solutions
can be used to determine the dependence ,foradersent” forcylindrical shock absorbers, as
well as applied during design of such shock abgsrlvéhen you need to design a shock
absorber with a given non-linear stiffness charésties. Presented examples indicate that the
omission of the weak compressibility of the rublierthe calculation according ,force -
settlement” for cylindrical shock absorbers witllesistops when b/h = 1 does not lead to
significant errors. When b/h = 3 neglecting weaknpeessibility of rubber results in significant
error.
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