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Waves of elastic stresses in the doubly-connected domain

In this paper, we consider a nonstationary mixed problem of impact of a rigid plate on the face surface
of the base body containing inside itself a central foreign inclusion. Formulated in terms of stresses and
velocities of displacements, the mixed problem is modeled numerically by means of an explicit difference
scheme of a through count, based on the method of the spatial characteristics. The results-of a change in
the wave fields in a doubly connected domain are presented in the form of graphs. The analysis of numerical
information made it possible to investigate the dynamic effects of stress concentration in the neighborhood
of the contact of a doubly-connected domain, as well as near the corner points of a‘foreign inclusion.
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The leading factor determining the efficiency of modern engineering structures is their layered heterogeneous
structure. In connection with this, the study of dynamic wave processes in deformable multiply connected
media in order to determine the nature of possible damage has, in addition to purely scientific interest, an
important applied value. In general, the number of works devoted. to dynamic problems, taking into account
a number of weakening factors, is very small, they do not consider all aspects of their performance under the
conditions of nonstationary external loads [1-4]. However the interest in these problems, primarily due to the
importance of solving complex practical problems, is great, and further improvement of numerical methods in
various modifications with the use of increasingly sophisticated computer technology should lead to a substantial
development of this direction.

Statement of the problem. A strip with a rectangular cross-section of finite sizes, consisting of a main body
and a central rectangular foreign inclusion, occupies a region in the Cartesian coordinate system z10xo (Fig. 1).
The physical and mechanical properties of the body (i = 1) and the foreign inclusion (¢ = 2) are characterized
by the density of the material p;, the velocities of the longitudinal and transverse elastic waves a;, b;.
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Figure 1. Study area

18 Becrnuk Kaparanmauickoro yHUBepcuTeTa



Waves of elastic stresses in the doubly-connected domain

At the initial time ¢ = 0, an absolute rigid body with a displacement velocity vgl) = f(¢) and vgl) = ( strikes
the outer boundary 1 = 0, |x2| < of the principal body in a static equilibrium state of the doubly-connected
domain. The problem is to determine within the doubly-connected domain 0 < z1 < ¢, |z2| < L the stress
and displacement velocity fields caused by fronts of incident and repeatedly reflected, refractive and diffracted
elastic waves at time moments t > 0.

A mathematical model of the wave process at interior points of a doubly-connected domain is a linear system
of dynamical equations of hyperbolic type containing as unknowns the dimensionless stresses p(*, ¢(9, 7(9) | speed
of displacements vy, vs [5]:
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Here vgi)(scl,x%t), ’Uéi)(l‘l,l'gﬂf) are the components of the displacement velocity vector in the direction
of the coordinate axes x7 and xo. The transition to dimensionless variables was carried out according to the
formulas [5]:
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The upper index «0» is given to the dimensional values; " is the characteristic size; the index i(i = 1,2)
corresponds to the main body if ¢ = 1, and to a foreign inclusion if i = 2; the index m refers to a material in
which the velocity of propagation of longitudinal elastic waves is a maximum (a?, = max; al); 09,03, 0%, are
the components of the stress tensor.We assume that the velocity of propagation of longitudinal elastic waves
in the main body is the greatest.

To determine the wave field in a doubly-connected domain caused by a dynamic action on the face frontier
x1 =0, |x2| < L, of the main body, it is necessary to integrate for ¢ > 0 the hyperbolic system of differential

equations (1) with zero initial data
o) =0f) =p® = ¢ =70 =0 (i=1,2) (3)

and the following boundary conditions for ¢ > 0:

v§1) = f(t), vél) =0 for 21 =0, |z2] < L; ()

pW —gW =0, 7O =0 for ap=L, 0<a1|<E (®)
’Uil) =0, vél) =0 for a1 =4, |xo| <L, (6)

pD g =@ L @ LW @ 0 @2 (7)

on contact borders PG and Q.S and

PV — g = p@ _ @ ) _ @ D@0 @) ()

)

on contact borders PQ and GS.
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Here f(t) is a given function that monotonically increases to the maximum value f(tg), and then decreases
monotonically. The zero initial conditions (3) mean that a doubly connected region is at rest up to the time
t < 0 . The boundary condition (4) corresponds to the specification of the normal component of the particles’
velocity and to the absence of a tangential component of the particles’ velocity on the boundary x1 = 0, |za| < L
of the base body for all instants of time. The boundary conditions (5) mean that the lateral surfaces |z3| = L
of the base body are free from stresses for all instants of time. The boundary condition (6) corresponds to the
condition of rigid fixation of the points of the surface |zo| = £ of the base body.

The boundary conditions (7) and (8) at the contact boundaries of the main body and the foreign in¢lusion
correspond to the usual conditions of rigid contact. The conditions connecting the stresses at the contact
boundaries are the formulation of Newton’s third law, and the remaining ones that connect the partiele velocities
ensure the continuity of the doubly-connected domain.

At the accepted loading in the body it is appeared a complex process of propagation of longitudinal waves
in the directions of the axes x1, x5 and propagation of transverse waves. After a while (depending on the size
and speed of propagation of disturbances) they begin to interfere. To determine the stresses and velocities of
particles in a doubly connected region, it is necessary to integrate the hyperbolic system of differential equations
(1) for given zero and boundary conditions (3)—(8).

The solution of the system of equations (1) for initial (3) and boundary (4)—(8) conditions'is found by the
method of spatial characteristics at the nodal points, into which the entire doubly-connected region is divided [6].
The peculiarity of the considered body is that on the contact boundaries of the doubly connected domain, as
well as at the inner corner points (P, G, Q,S) of foreign inclusion, the «smoothness» of the functions «usual»
for dynamic problems is violated. In general, as we know, there were no methods for solving the tasks with
such singularities. In addition to the known relations [6], the calculated relations on the contact boundaries
of the doubly-connected domain and also at the internal corner points (P, G, @, S) of the foreign inclusion are
obtained [5].

The developed technique was numerically realized for a rectangular strip (0 < zq < 14-h), |z2| < 12-h with
central foreign inclusion (4-h < 21 < 10-h), |z2] < 4-h for hard coupling of dissimilar materials. The material
of the main body is steel (i = 1, p{ = 7.9-10% kg / m 3, a¥ =5817 m/sec, b) = 3109 m/sec), and the foreign
inclusion - copper (i = 2, py = 8.9-10% kg/m 3, a§ = 4557 m /sec, b3 = 2131 m/s). The program, written in the
Fortran language, allows us to calculate a sufficiently wide class of dynamic problems describing unsteady wave
processes in multiply connected isotropic media: The wavefield parameters were calculated for a band with a
central foreign inclusion at the following values of the initial data: £ = 0.7, L = 0.6,h = Az; = Axzy = 0.05,
k= At =0.025,f(t) = t-e* for t > 0 and for _f(t) = 0. The time step k is chosen in accordance with the

necessary stability conditions
k) 7 v
= | <min ,
<h> {72+1 (272—1)}

of the explicit finite-differencescalculation scheme used. For comparison, the calculation was carried out for a
single-connected steel strip without foreign inclusion with the same boundary conditions.

The results of calculations are presented in the form of graphs of the variation of various functions as a
function of time at fixed points and the distribution of these same functions wih respect to the coordinate
for certain fixed time instants. An analysis of the obtained results reveals certain features of the process of
propagation of perturbations in a doubly connected medium. Because of the symmetry of the location of the

foreign inclusion and the nature of the loading, the normal stresses p(¥, ¢(¥) and the longitudinal velocity vgi)

are symmetric, and the tangent stress 7(¥) and the transverse velocity véi) are antisymmetric with respect to
thesaxis x5 = 0. In this connection, Figures 2-4 show the results of calculations only for positive values of
@a, (292 0). _

The calculated oscillograms of the transverse vél) particle velocity in the time interval ¢ € [0,100 - k] at
nine fixed observation points 1(zy = 2-h, ©9 = 2-h), 2(x1 =2 -h, 29 = 10-h), 3(x; = 7-h, 29 = 2+ h),
4(.1‘1 — 7h, Ty = IO'h), 5(1‘1 = 12-h, Ty = 2'h), 6(%‘1 = 12'h, Ty = 10'h), 7($1 = O, Ty = 0),
8(xy =7T-h, xo =4-h),9(x1 =4-h, x5 = 2-h) are represented by the curves in Figure 2. The solid curves with
round points indicate the velocities displacements arising in a simply connected strip without foreign inclusion
with the same boundary conditions. The appearance time of the transverse component of the velocity vél) and its
magnitude are completely determined by the transverse-wave fronts. The transverse component of the velocity

véi) at point 1 is small. Therefore, at the point under consideration, near the symmetry axis o = 0, we can
assume that the condition for a quasi-one-dimensional motion is satisfied.
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The displacement speed vg), generated by the diffraction waves from the angle R(zy = 0, x5 = 0.6), appears
at point 2 before (¢t ~ 5- k) than at the point 1 (¢ ~ 24-k). At ¢t ~ 13-k point 4 is already covered by additional
transverse motion due to arrival of diffracted waves emanating from the angle R and from the free surface
RK (x5 = 0.6) of the base body. From the form of the velocity of displacement vg) at the point 3(t =~ 15- k) (for
the simply connected (curve 3 — @ — —) and doubly connected (curve 3 - -) regions), the effect of the diffraction
of the angle G of a foreign inclusion is well traced. The appearance of the transverse velocity vél) at point 5 for
(t = 23 - k) is due to the diffraction of transverse waves from the angle S of foreign inclusion.

At a distance of 10 - h from the axis zo = 0 (points 2, 4, 6), the impact of the diffraction fronts is more
significant than their influence at points 1, 3, 5 located near the axis of symmetry. The motion polarized in
the transverse direction has less propagation velocity than the velocity of the displacement of thelongitudinal
wave. The diagrams for the transverse velocity of displacements vg) are characterized by the presence of a set
of local extrema, which is caused by the interaction of multiply reflected, refracted and diffracted waves. And
this, in turn, determines the pulsating nature of the movement in the transverse direction.
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Figure 2. Oscillogram of transverse velocities véi)
of particles at nine fixed observation points

Comparison of kinematic parameters of motion at six points of a doubly connected medium with correspond-
ing values in a simply connected medium shows that the influence of the material of foreign inclusion with
acoustic stiffness, which is twice less than the stiffness of the material of the main body, significantly affects the
magnitude and character of the change in the velocity vector vél) of particles in time at points 1, 3 , 5. As well
as the presence of foreign inclusion significantly affects the early appearance of the transverse component of the
displacement velogcity vg) at points 3 and 5.

Figure 3 shows the isolines of normal stresses p* + ¢(¥) = const in the plane x1/h - x2/h for the time
(t = 50 - k). Sequential action of plane wave fronts, their interaction with reflected, refracted and diffracted
waves leads to a-dynamic concentration of compressive stresses near the corner points (G.S) of foreign inclusion
in which they reach local maxima. At this time, a relatively high concentration is formed around the corner point
G. The degree-of stress concentration around the corner points varies with time. The maximum concentration
(t. ~ 50 - k) is observed near the corner points R, K of the strip in the vicinity of which the stress field has the
largest gradients.

In conditions of the existence of internal points with maximum stresses, it becomes important to ensure the
compatibility of the deformation of the materials of the foreign inclusion and the main body.

The distribution of the tangential stress 7(Y in 25/h in the sections z; = 2-h(1), z; = 4-h(2),
21 =7-h(3), x1 =10-h(4), z; = 12-h(5), is shown in Figure 3 for the time moment (¢ ~ 50- k). The maximum
values of the stresses in sections 1 and 5 arise in the vicinity.
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Figure 3. Isolines of normal stresses p'?). + ¢t = const at the time ¢t = 50 - k

The maximum values of the stresses in sections 1 and 5 arise in the vicinity of free surface RK of the band.
In the neighborhood of the corner points G, .S of aforeign.inclusion located in sections 2, 4, significant changes
in the behavior of tangential stresses are noted. The presence of sections of the sharp changes in 7" is due to
the piecewise heterogeneity of the material properties and the additional wave diffraction caused by them. At
the moment considered, the effect of diffraction waves emanating from the corner points of a foreign inclusion
on the nature of the change of the tangent stresses 7() is weaker in the remaining sections along the x5 /h axis,
but over time it becomes more noticeable (Fig. 4).
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Figure 4. Change of tangent stress 7(?) with respect to /b in cross-sections
T = Qh(l), Tr1 = 4h(2), I = 7h(3), xr1 = 10h(4), T = 12h(5)
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Waves of elastic stresses in the doubly-connected domain

As a result of the studies carried out, it can be concluded that the developed calculation technique for
nonstationary dynamic problems with a centrally located foreign inclusion of a rectangular shape quite correctly
conveys the main regularities and features of the ongoing wave processes and makes it possible to study the
stress-strain states in simply connected and multiply connected media with a complex system of inhomogeneities
of the considered types.
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Eki GaiistaMabl 00JbICTaFbl CEPITIMJII KEPHEYJIIK TOJKBIHIAP

Maxkanaga oprasblk imki 6esiri 6acka,6erme MaTepuaJMeH TOJTHIPBLIIFAH HETI3ri JeHEHIH CBIPTKBI OeT
JKarblHAH KATTHI IITAMIIIEH YPFaH Ke37Eerl CTAaIlMOHAD eMeC apaJiac ecell KapacToipbuiran. Kepueysep Men
KBLTJIaMJIBIKTap TEPMUHIH/E KOMBIJIFAH apaJiac ecell aKbIH aflbIPBIM/IBIK, CXEMa, aTall alTKAHIA, CAHJIBIK
KEHICTIKTIK cunarraMaJiap diciMen memniijired. ExibaiisiaMabl o0JIbICTa MTaiiga 60JIaTHIH TOJIKBIHIBIK OPICTIH
e3repy mporteci rpadukTep Typiniae Gepiiaren. AJbIHFAH CAHILIK, HOTHXKEJIEP/Il Tajaaay OapbIChIHIA eKibaii-
JIaMJIbI OOJIBICTBIH, TYHICKEH >KaHacy HYKTeJiepi MeH Oerje JieHeHiH OYPBIIITHIK HYKTeJIepiHiH MaHalbIHIa
KepHeyJIep KOHIEHTPAIUSICHIHBIH, TUHAMUAKAJIBIK, 9 (EKTICIH 3epTTeyre MyMKIHIIK 6ep/Ii.

Kiam cesdep: ceprmiMIiIiK, TOJKBIHABIK YP/IIC, KEPHEYIIK, 6erje /1eHi, CAaHbIK IIeIIiM.

H.Ammpb6aes, 2K.Ammup6baera, T.Cynrantex, M.I1lomanbaesa

Bouabl yripyrux HalpsKeHuii B ABYXCBA3HOI obJiacTu

B pabore paccmorpena HecranpmoHapHasi CMeIIaHHAs 3ajada 00 yaape »KeCTKOrO IITaMIIa 10 JIUIEBON I10-
BEPXHOCTU OCHOBHOT'O TeJIa, COIEPIKAIIEr0 BHYTPH Ce0s MEHTPAIBFHOE HHOPOIHOe BKIoUeHne. ChopMyampo-
BaHHAsl B TEPMUHAX HAIIPSI?)KEHUI U CKOPOCTEl IepeMeIleHnii CMelllaHHast 3a/1a9a MOJIEJIUPYeTCsl YUCIEHHO
C MOMOIIBIO SIBHON PA3HOCTHOI CXE€MBI CKBO3HOTO CYeTa, OCHOBAHHON HA METOJle MPOCTPAHCTBEHHBIX Xa-
pakTepucTuk. B Bume rpadukoB mpeacTaBiIeHbl Pe3yJIbTATH N3MEHEHHUsI BOJIHOBBIX TOJIEH B JIBYXCBS3HOMN
obstactr. AHaau3 YKMCI0BOI MHGPOPMAIUHU TIO3BOJINII UCCAEN0BATh AUHAMUYECKUE 3P PEKTHI KOHIIEHTPAIUN
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HaHpH}KeHI/Iﬁ B OKPECTHOCTHU KOHTAaKTa ,ZLByXCBH3HOI‘/JI O6JIELCTI/I7 a TakxKe BOJIM3U YIVIOBBIX TOY€K MHOPOIHOTO
BKJIIOYCHUA.

Karouesvie crosa: yupyroctb, BOJIHOBOI IIPOIIECC, HAIPSXKEHIE, CKOPOCTh, NHOPO/IHOE BKJIIOYEHNE, IHCTICH-
HOe pellleHre, I'PAHUYHOE YCJIOBUE.
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