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MODELING OF DYNAMIC STRESS STATE FOAM MEDIA UNDER THE ACTION OF
CONCENTRATED LOAD

The influence of impulse concentrated load on the distribution of normalized dynamic hoop stresses in the foam medium
is investigated in this paper. For the solving of the non-stationary problem in the case of plane deformation for the structurally
inhomogeneous materials, the model of Cosserat continuum is applied. This model enables accounting for the influence of shear-
rotation deformation of micro-particles of the medium. In the framework of Cosserat elasticity with the applying of the Fourier
transforms for time variable and developing of the boundary integral equation method the solving of the non-stationary problem
reduces to the system of singular integral equations, where the components that determining the influence of shear-rotation
deformations are selected. The numerical calculations were performed for the polyurethane closed-cell foam with tunnel cavity of
circular cross-section under the action of localized impulse load. The developed approach can be used to predict the mechanical
behaviour of foam materials under the action of time-variable load based on the analysis of the distribution of dynamic stresses.
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O.A. MikyJiu

MOAEJJIIOBAHHSA IUHAMIYHOI'O HAIIPYKEHHOI'O CTAHY HNIHUCTUX MATEPIAJIIB
3A IIi KOHIIEHTPOBAHOI'O HABAHTAKEHHSI

Y pobomi oocnioscyemuvca ennue imnynbcHozo 30cepedrcenozo HABAHMANCEHHA HA PO3NOOIT HOPMOBAHUX OUHAMINHUX
Kibyesux Hanpyxycensv y ninucmomy cepedosundi. /Ina poze'asanna Hecmayionaphnoi 3adaui y 6unaoky niockoi oegpopmauii ona
CIMPYKMYPHO He0OHOpIOnux mamepianie guxopucmana mooens konmunyymy Koccepa. La modens 00360ns€ epaxysamu 6niue
3¢y8HO-00epmanvhoi dehopmauii Mikpouacmunok cepedosuwia. Y pamkax meopii npysucnocmi Koccepa i3 3acmocysannuam
nepemeopens @yp’c oOna 3miHHOI uyacy ma Moouikauii memoody 2pAHUYHUX [HMEZPAILHUX DIGHAHbL PO36’A3AHHA
Hecmauionapnoi 3a0aui 3600umbcsa 00 CUCHIEMU CUHZYIAPHUX THMEZPANbHUX DIGHAHb, 0e 6UOiIeHi  KOMHOHeHmu, Wwo
u3Hauawmy 6naue oegopmauii 3cysy-ooepmannsn. HucenvHi po3paxyHKu 6UKOHAHO 0718 RIHOROJIYpemMawy i3z 3aKpumumu
nopamu y 6unaoxy, Koau cepeoosuuie ROCIAONEHO0 MYHENAbHOW HOPONCHUHOW Kpy2iioz0 nepepizy nio Oi€lo J10Kani3oeanozo
imnynvcnozo nasanmasicennsn. Po3poonenuil nioxio mosxice oOymu 6UKOPUCMAHUIL ONA RPOZHO3YEAHHA MEXAHIYHOI NO8ediHKU
ninomamepianie nio dicro 3MIHHO20 Y HACI HABAHMANCEHHA HA OCHOGI AHAI3Y PO3NOOINY OUHAMIYHUX HANPYIHCEHD.

Kniouogi cnosa: imnynvcue naganmagicenns, Hecmayionapna niocka saoaya, meopis npyacrnocmi Koccepa.

Introduction. In modern production, the creation and using of new structurally heterogeneous
composite materials, which have low thermal conductivity, low density, long life and resistance to corrosive
environments, is growing significantly. This applies foam materials based on polyurethane in particular.

Also, a lot of manufacturing processes associate with the necessity of applications of localized or
concentrated mechanical effect on construction elements containing foam materials. Particularly urgent is the
problem when transporting and moving construction elements which manufactured of foam materials. This
necessitates the development of methods for calculating of the dynamic stress state of such construction
elements, especially under the action of localized dynamic loads, which is due to technological and
mechanical influences.

Literature review. In [1-3] shown that under the action of non-stationary distributed load
investigation of stress state of foam materials (polyurethane, foam polimethacrylamide, etc.) can be
performed in the framework of couple stress elasticity [4]. Under the action of this type of load, the vectors
of macro-rotation of the medium and micro-rotation of particles can be considered almost identical.

Along with this, under the action of localized or concentrated forces, such an assumption gives significant
errors in numerical calculations. Several numerical and experimental studies show that the distribution of
stress fields under the action of concentrated load differs from the corresponding stress fields under
distributed load [5-7]. To study such effects in foam materials, it is necessary accounting for the micro-
rotations of the particles of the medium, which significantly differ in the vicinity of the application of the
load and at remote points of the medium.

The studying of the dynamic stress state of structurally inhomogeneous media under the action of a
localized load, the Cosserat moment elasticity is used [8, 9]. In the framework of Cosserat elasticity, the
micro-rotation of each particle does not depend on its translational displacement. For describing the elastic
behaviour of isotropic linear medium, six physical constants are used: two Lame’s constants and four new
constants characterizing the microstructure of the material. In the works of Erofeev V.I. [10] it is shown that
for a quadratic-nonlinear medium the number of new constants increases to nine.
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This necessitates the development of methods for calculating the dynamic stress state of such structurally
inhomogeneous media, especially under the action of localized dynamic loads, which is due to technological
and mechanical influences.

There are several works on the construction of solutions of these types of problems, which is associated
with a significant complexity of both analytical and numerical calculations. Within the Cosserat continuum,
Pal’mov V.A. [11] obtained a solution of the static problem of stress concentration near a circular hole. In
the works of Sandru N., the problem of the action of a concentrated force and a concentrated moment in
infinite elastic space is solved.

Therefore, the building of solutions of non-stationary problems under the action of concentrated forces, it
is necessary to use methods accounting for the influence of defects on the stress state of the medium. Such
methods include the method of boundary integral equations.

In [12] the development of the boundary integral equation method to solving time-domain problems of
Cosserat elasticity was presented. The numerical implementation of the proposed approach is performed in
[2, 12] for the case of a second exterior dynamic problem.

Therefore, the aim of the research is developing of boundary integral equation approach for the
modelling of the dynamic stress state of foam media with tunnel defects under the action of localized
impulse loads. For achieving this aim the apparatus of Cosserat elasticity is used.

Research methodology. Conctructive relations. For the solution of non-stationary problem for the
case of structurally inhomogeneous medium we use apparatus of Cosserat elasticity where the motion
equations of continuum are written as [1-3]:

oj; + X, = pli, (1)

Si T T Mk j +Y, =34, (2)
where g;ji is the force stress, g is the couple stress, p is the material density, X={X} is the mass forces
vector, Y={Y\} is the couple forces vector, J is the inertia of unit volume rotation, eum is the permutation
symbol, u={ui} is the displacement vector, ¢={} is the rotation vector. Functions u and ¢ are continuous
functions. Here and further the Einstein summation convention is used. A comma at subscript denotes
differentiation with respect to a coordinate indexed after the comma, i.e. uji=Au; /. Under the condition of
plane strain indices vary from 1 to 2, and k=3.

The relations for determining force and couple stresses are written as [4]:

O z(ﬂ"‘a)?/ji +(#_a)7ij +/17/kk5ij’ 3)
Hi = (7/+5)Kji +(7_5)Kij +:3Kkk5ij’
where «, S, 7, kare the elastic constant required to describe an isotropic constrained Cosserat elastic solid, A,
uare Lame parameters, #=ui; - &jigk IS the asymmetric deformation tensor, x;=d; is the torsion bending
tensor.
Statement of the problem. Let’s consider a foam medium with tunnel cavity of sufficiently small
diameter under a plane strain condition (Fig. 1, a). We denote a configuration of medium by 2 and the

boundary of tunnel cavity with constant cross-section by L. The center of gravity is placed at the origin of
Cartesian coordinate system x1OXaxs.
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Fig. 1. Model of the research object

The problem consists in the determination of the dynamic stresses at foam medium with tunnel cavity
of circular cross-section under the action of impulse localized loads, which are applied in internal points
(Fig. 1, b).

The boundary conditions in Cosserat elasticity are written as:

ol =a(t.3), 7| =7(t.8), | =0, (@)

© 0.4. Mikulich



168 Miscsysiscoruii 30ipnux « HAYKOBI HOTATKHy. Jhyyok, 2022, Ne73

where oft, 6) and (t, o) are the function that describes stresses, which are caused action of an impulse load
P(t), which is applied on the distance ¢ to the cavity’s boundary in radial direction, n is the normal to the
boundary of the cavity.

Solution of the non-stationary problem. For the solving non-stationary problem Fourier transforms
for time variable [5] and modification boundary integral equation method [6] were used. The representations
for transforms of displacements and microrotations are written [6]:

G =[p,-UjdL+[m @, dL+[X, - U dQ+[Y, -, dQ, (5)
L L Q Q

d =[p,-UsdL+[m @y dL+[ X, .U dQ+]Y, -0y dQ, (6)
L L Q Q

where U, U/, @, @, are the fundamental functions for displacements and mictrorotations [6], pj, m« are
unknown functions.
Inserting the representations of displacements (5) and microrotations (6) to the force and couple stress

formulas (3) we obtain the integral dependencies for absent of couple forces:
6, = I( fl(x, xo) p,+ f, (x, xo) p, + fg(x, xo)ma)dL(xo) +[(®,(x, 5)P+D,(x,5)P)dy;
L Q

£, = (0 (% x°) Pt 9, (x, x°) Py + 0 (% x°)m, )dL(x) + [ (T (x, 8) P+, (x,6)P)dex; (7)

£ =J(G(x ) p.+G, (x, x°) p, + G (x, x*)m, )dL(x"),

where f_,9,.,G,, ©,, I, are known functions, which contain Bessel function of third kind.
Integration of functions f _, g, G, for the small value of argument leads to the singularity. To

establish their characteristic we used the asymptotic expressions for Bessel function of the third kind for
small values of the argument [7].

For the obtaining of integral equations of the problem the developed in [8] approach for the time-
domain problem of classical theory of elasticity are used. For the determining of the unknown functions ps,
p2, ms the Fourier transforms of boundary condition (4) are satisfied. We obtain the system of integral
equations:

R - _
—ez(q) +V.p.{( fl(x, xo)qd§+ fz(x, xo)ng” + fs(x, x°)m3dL): ®,(x, 5)P+, (X,5)P)dQ;

_i(
|m2(q) 91+v.p.{(gl(x, x°)qd< + 9, (x, x°)qdS + g, (x, XO)deL):—SL(Fl(x, 5)P+T,(x,6)P)de; (8)

%I +V.p.{(Gl(x, x°)qd¢ +G, (x, x°)qdZ +G, (x, x°)mdL) =0,

where pdL =—lqd¢ , p=p,+Ip, is the unknown complex function, & =x +1x}, & =(1—(a/ )?) is the

constants. Here the integrals are understood in the sense of Cauchy principal value.

For the numerical solving of the system of integral equations (8) the algorithm [8] was applied. It was
used method of mechanical quadrature and collocation method.

Calculations of the hoop stress transforms on the boundary of the cavity of the medium are performed
by formulas [6]. Substituting in these formulas the potential representations for displacements (5) and
microrotations (6), selecting irregular parts and completing limit transition the transforms of the hoop
stresses on the boundary are written:

&, = Rez(q) 4, +v.p.{(hl(x, x°)qd< +h, (x, x°)gd< +h,(x, xo)mgdL); C))

where h_=h, (x, x°) are known functions, 9, is the constant (4, =v / (L—v) for plane strain).

Modified discrete Fourier transform is used for calculation of originals of the dynamic hoop and radial
stresses [5].

Numeric calculation.Within the framework of the Cosserat elasticity, based on the developed
boundary integral equation method [6] for elastic foam medium, we investigate the distribution of dynamic
hoop stresses at the boundary of a circular cross-section cavity. Numerical calculations are performed for the
case of the dynamic stress state of the medium is caused by the action of the system of concentrated non-

stationary forces P; = P{® +iP(®). Systems of these forces are applied at the internal points of the medium

(3j:32j), =1, J . The vector of mass forces can be represented as:
© 0.4. Mikulich



Mixceysiecoxuil 30ipnux « HAYKOBI HOTATKHWy. Jlyyvk, 2022 Ne73 169

N N
X = ZB[]S(‘X]. —@j)0(x; —ayj), Xy = 2}32]5(?‘1 —a1j)8(x; —ayj). (10)
=1 j=1
The functions P4;(t) and P»(t) in (10) describing change of impulse loads over the time are chosen in form
[8]:
o) = pt"e ™ £>0,n >0, (11)

A+2u

Y2,
are the constants, which are characterized duration of impulse load, a is some characteristic scale. For

numerical calculations the value of characteristic scale is chosen as a=a, -10°m, where a; is radius of cavity
cross-section.

For numerical calculations it was assumed that the concentrated dynamic forces were applied in the
internal points of the foam medium on a distance of (£1.54;; 0) from the centre of gravity. Here a; is the
radius of the cavity cross-section. The intensity change of the concentrated forces over the time was taken in
the form (11) for the values of constants o« = 4, n« =2, p«=30. The calculation of normalized hoop stresses

on the boundary of the cavity was performed for the interval of a dimensionless time parameter t <[0; 20]

with impulse duration t«=2.

Numerical calculations were performed for the case of the cavity cross-section has diameter is 1 cm,
which corresponds to the conditions of plane strain. For ensuring the accuracy of the calculations, 120 points
on the boundary of the cavity cross- section were selected [8].

Dynamic hoop stresses were calculated for polymethacrylamide closed-cell foam (Rohacell WF300)
[1]. For the numerical determining of the dynamic hoop stresses the physic characteristics of the closed-cell
foam were chosen [1]: cell size d = 0.6 mm, material density p = 380 kg / m*, Poisson‘s ratio v = 0.13,
Young's modulus E = 637 MPa, characteristics of material microstructures are o = 2.85 MPa, y=182 N, &=
494 N.

Fig. 2, a shows the results of numerical calculations of the normalized dynamic hoop stresses at the
boundary of the circular cross-section tunnel cavity for the different values of the angle 6. Here, curve 1
corresponds to the stress values at point 4= 90° on the boundary of the cross-section of the cavity, curve 2
and 3 correspond to the case &= 45°and = 0 accordingly. It was assumed thatc, = o, / o, where o is

the maximum values of stresses arising from the action of impulse concentrated forces in the medium in the
absence of a hole.

For the evaluation of the efficiency of using the model of Cosserat elasticity for the investigation of
the dynamic stress state of the foam materials, we compare the results obtained based on moment theory
elasticity equations with the results, which are calculated based on classical elasticity of theory. We use the
approach described in [9] for the calculation of dynamic stress distribution in the framework of classical
elasticity. For the numerical calculations, we used the same values of the physic characteristics of
polymethacrylamide foam without accounting for the characteristics of the microstructure of the material.

According calculation results for clased-cell Rohacell WF300 foam [1] in the framework of classical
theory of elasticity are shown in Fig. 2, b. Here, curves 1-3 correspond to the same values as those chosen for
the Cosserat elasticity.

The comparing of the curves of Fig. 2 is shown that distribution of normalized hoop stresses on the
boundary of the tunnel cavity differs not only by them magnitudes but also the character of their
distributions. However, maximum values of the hoop dynamic stresses arise around same points on the
boundary of the cavity.

Based on the numerical calculation results it was establish that in the case of accounting for the
influence of the microstructure of the material in the framework of Cosserat elasticity, the maximum values
of the normalized hoop dynamic stresses on the boundary of the tunnel cavity are smaller in 1.5 times than
without accounting for the influence of the microstructure of medium. Such vibration-absorbing properties of
foam materials are confirmed on the basis of experimental studies [18].

Fig. 2, a shows, that the attenuation of wave processes occurring in a foam medium under the action of
a non-stationary loads can be more correctly described on the basis of the equations of the theory of moment
elasticity (Cosserat continuum). Such effects cannot be described within the framework of classical elasticity
of theory.

- t-c . . . . . .
where t =—" is a dimensionless time parameter, c, = is the speed of expansion wave, p*, n*, o*
a
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Fig. 2. The distribution of normalized hoop stresses on the boundary of a circular tunnel cavity in
foam polyurethane WF 300 (Cosserat elasticity —a, classical elasticity - b)

Conclusions. Basic on the developing for Cosserat elasticity modify boundary integral equation
method [6] and according to developed approach in the framework of classical elasticity [10] the comparison
of the distribution of normalized dynamic hoop stresses in foam materials is performed. The results of the
numerical calculations confirm the necessity of using the refined theories of the continuum mechanics
(moment theory of elasticity — Cosserat elasticity) for investigation the dynamic stress state of foam
materials under the action of time-variable concentrated loads.

Based on the numerical calculations, it is established that the distributions of the normalized hoop
stress in foam media with accounting for the influence of material microstructure (Cosserat elasticity) and
without accounting for this influence (classical elasticity) have not only distinctive types of stress
distribution but also by thier magnitudes. Besides, using the apparatus of Cosserat elasticity permit more
correctly to describe vibration-absorbing properties of foam materials, which is confirmed by several
experimental studies [1-3, 10].

An adaptive approach can be used for the investigation of the effect of time-variable load on the
distribution of hoop stresses in foam media and for prediction of the mechanical behaviour of these types of
materials.
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