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MULTIDIMENSIONAL PROBLEMS OF SOILS’ CONSOLIDATION
WITH MODULUS OF DEFORMATION, VARIABLE IN ITS DEPTH

Abstract. In unconsolidated condition, the tension applied to the soil is perceived both by a skeleton of soil
and pore fluid. Wherein speaking about the one-dimensional case the pressure on the elementary area consists of the
tension on the soil’s skeleton and the pressure in the water. Sometimes the tension in the soil’s skeleton is called
effective, the pressure in the water is called neutral, and the unit pressure applied on the whole soil’s surface is called
total.

All problems in this article are directed to the definition of neutral pressure. Subsequent values are calculated
easily. Consequently, it is necessary to find the pore fluid pressure. This pressure must be figured out in order to
determine it.

The filtration theory of consolidation states that compression curve is taken as the main rheological equation of
soil’s condition, and phases’ interaction is described by the equation of equilibrium, according to which the unit
pressure, applied toward the soil is made up of an efficient and neutral pressure. And here the air movement obeys
the law of Boyle-Mariotte, which explains the relationship between pressure and volume, and the gas, dissolved in
water, obeys the law of Henry. This model allows us to simplify the mathematical formulation of the problem and
makes it easier to determine the solution of soil consolidation problems.

The compaction of soil is mainly determined by its compressibility. Compressibility of the base depends on the
soil type and the nature of the tension. The phenomenon of the soil’s compressibility is very important in the design
of engineering structures on a consolidated basis. Wherein this soil compression deformation occurs mainly due to
the convergence of solid particles together and is evaluated by the change in porosity coefficient when the
compressive pressures in the soil skeleton are changed. The determining of the relationship between porosity
coefficient and compressive tensions in the soil skeleton is usually performed in the laboratory in compression
devices.

Below we consider the process of compaction of heterogencous saturated soil’s layer which has capacity h, and

which lies beneath a sandy pillow. At the initial time (/= 7, ) the soil’s layer immediately gets a distributed tension
with the intensity q (z, t). Then the mathematical formulation of this problem is as follows: it is required to
determine the pressure in pore fluid P (z, t), the tension in the soil skeleton & (Z 1 ) and vertical movement of the

upper surface S (t) (the sediment) of the compacted soil base.

The paper also studies the flat compaction of soil, which is mainly determined by its compressibility. The
spatial problems of the deformed solid’s mechanics are also considered by the authors.

Key words: Evaluation, equation in integral form, the process, compaction, soil, rectangle, pressure, basis,
foundation, boundary conditions.

During estimation of different kinds of soil consolidation, it is necessary to identify the nature of the
change in time of constructions and bases” sediments. Preliminary it is needed to determine the dissipation
of pore pressure arising upon application of tension to the soil and the amount of the main tensions
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exerting on the soil skeleton; i.¢. it is necessary to evaluate the bearing capacity of soil foundations, which
are in an unstabilized condition.

We should mention that in unconsolidated condition the tension applied to the soil is perceived both
by the soil’s skeleton and pore fluid. Wherein speaking about the one-dimensional case the pressure on
the elementary area consists of the tension on the soil’s skeleton and the pressure in the water. Sometimes
the tension in the soil’s skeleton is called effective, the pressure in the water is called neutral, and the unit
pressure applied on the whole soil’s surface is called total.

Thus, the soil consolidation is determined not only by physic-mechanical properties, but also by the
size of the compaction area as the dissipation speed of pore pressure depends on the length of filtration
path.

In the calculations of consolidation it is necessary to identify the nature of the change in time of bases
and constructions’ sediments, which are determined by the gradual soil’s compaction with decreasing
pore pressure. Then, the resulting value of sediment is compared with the limit value, i.e., [11].

S, <S8,

After that, it will be possible to talk about the strength of the entire construction’s system - soil.

Currently, there are three main estimating models of consolidation theory, i.¢. filtration consolidation
theory, the theory of body forces and osmotic theory, which are used in the mechanics of elastic and
elastic creeping soils” compaction, depending on the used species of the equation of condition, describing
the relationship between the tensions in the soil skeleton and its deformation, and description of the nature
of the phases’ interaction.

The compression curve is taken as the main rheological equation of soil condition in the filtration
consolidation theory, and the phase equilibrium interaction is described by the equation, according to
which the unit pressure applied to the soil is made up of an efficient and neutral pressure. And here the air
movement obeys the law of Boyle-Mariotte, which explains the relationship between pressure and
volume, and the gas, dissolved in water, obeys the law of Henry. This model allows us to simplify the
mathematical formulation of the problem and makes it casier to determine the solution of soil
consolidation problems. The filtration consolidation theory was formulated by K. Terzaghi and further
developed in the works of Soviet scientists. This theory is sometimes fairly called the theory of Terzaghi-
Gersevanov-Florin, because N.M.Gersevanov [6] and V.A. Florin [4] not only received partial solution of
problems of this theory, but also could formulate a general statement for the two- and three-dimensional
cases.

The compaction of soil is mainly determined by its compressibility. Compressibility of the base
depends on the soil type and the nature of the tension. The phenomenon of the soil’s compressibility is
very important in the design of engineering structures on a consolidated basis. Wherein this soil
compression deformation occurs mainly due to the convergence of solid particles together and is
evaluated by the change in porosity coefficient when the compressive pressures in the soil skeleton o are
changed. The determining of the relationship between porosity coefficient and compressive tensions in the
soil skeleton is usually performed in the laboratory in compression devices. In addition, the deformation
properties of soils, in general, vary with the point’s coordinates, and the assumption on their homogeneity
is the idealization of the real conditions of earth massives’ compaction. In this respect, theoretical and
experimental researches of B.N. Barshevskyi [2], L.A. Galin [6], G K. Klein [7] and other researchers
have shown that the soil, on which constructions are built, is heterogeneous for its mechanical properties,
and this soil’s heterogeneity varies in depth according to the law:

E(z)=E, z", (D
where FE, is a module of soil deformation at depth z=1; index m in most cases ranges in limits
0 <m <2 and is connected with a Poisson coefficient 4, , i.c.

Mo 2+m)=1.

G K. Klein [7] has worked out the method of calculation of beams lying on the soil base, the
deformation modulus of which varies according to the law (1). He has derived the following formula for
the determination of the half-space’s surface’s sediment:
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P
Wm = D m+l
x, D r

m

— — characteristics of
a

heterogencous half-space’s rigidity; » — distance from the place of application of force P to the point of
the half-point’s surface, where the sediment is determined by:

a_3+m 1 B
2 \l+m o)

On the basis of these studies, in contrast to (1) herein in order to study the compaction process the
soil deformation’s module is the following

E=E (1+(2)" (>0, E, >0, oo+ pz>0), )

where P — the concentrated force applied to the surface of the half-space ; D, =

where £, , f,m are the parameters of an experience.
The parameters £, f,m ., in (2), can be determined, if we know three values FE|,E,,E,of

deformation modulus for three different values z,,z,, z,.

One-dimensional problem. Below we consider the process of compaction of the heterogencous
saturated soil’s layer, which has capacity h, and which lies beneath a sandy pillow. At the initial time (==

7,) the soil’s layer immediately gets a distributed tension with the intensity q (z, t). Then the
mathematical formulation of this problem is as follows: it is required to determine the pressure in pore
fluid P (z, t), the tension in the soil skeleton o (z,7) and vertical movement of the upper surface S (t) (the

sediment) of the compacted soil base. Wherein we assume: the possibility of the part of the tension for
highly compressible saturated clay soils at the initial time, tension g, instantly applied to the soil, which is
equal in magnitude of the structural strength of the compression p.,, immediately perceived by soil
skeleton. The soil is structurally heterogeneous, i.¢. soil heterogeneity may be conditioned by continuous
increase in its density, and therefore in rigidity by the depth under the influence of its own weight. This
means that the properties of the soil are not constant, but vary depending on the position of coordinates.
And the soil, deformation modulus of which increases continuously with depth, is called continually
heterogeneous; the soil bases deform under the tension in a vertical direction; the earthen surroundings are
water saturated, i.¢. it consists of solid soil particles and fills its pores with water; the viscous nature of the
clay soil deformation is not expressed clearly enough, so in some cases the skeleton creep phenomenon,
simply can be ignored. Water filtering, extracted from the strongly compacted water saturated clay soil,
passes according to the generalized Darcy's law.

Then the value of the pore pressure p(z,f) at =7, is equal to [1]

p

t=1y = q(zﬂ Z() - pcmp = qO (Z, Z)J (3)

1.e. the part of the tension, which is equal to the value of the structural strength of the compression p,,, is
immediately accepted by the soil skeleton. The rate of change of porosity coefficient £(z,)has the form
Og o'p

K
5:—(14‘8@)822 5 (4)

where £, - the average coefficient of porosity; k - filtration coefficient, y,- volumetric weight of water;

If the soil is deformed only in the vertical direction, then according to the filtration consolidation
theory, the amount of excess pore pressure p(z,7) and the effective tension in the soil o(z,7)at any given

time is equal to the external tension, i.e.
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p+o=q 3)
In the linear soils’ consolidation theory the compression dependence for heterogencous soil has the
following form

e(z,t) =¢, —a(z)o(z,t) (6)
Here, the compressibility coefficient for heterogencous compacted soil a(z)depends on the
coordinate z, 1.e. the depth of the studied point’s location of the compacted soil massif, &, - initial rate of
porosity.
Using (3) - (6), the equation (4) leads to the following form:

2

ap n O P
—— =l L+ A 7
ot w(l+2) oz @)

2

where
k(l+e,,)

7/5a0

1v

Boundary conditions in laminar Darcy law will take the following form

0
P, =0 £ o (®)

- aZ z=h

The second boundary condition applies to the depth h, the filtration does not occur below it. Thus, the
solution of the studied problem reduces to the solution of differential equation (7) at the edge (3) and (8)
conditions.

The solution (7) with the boundary conditions (8) is the following

w 2-m .
p(z,t)=1/1+ﬁch,.VL v (1+pz) 2 e, ©)
=0 2-m

where m = 2;

1+ ph l,m 2,_,,,
[ (@ +b2)22 "7, [V,.(Hﬂz) 2 }dz
C- — 1 2-m

5 1+ pBh 2-m (10)
[z {Vi(l+,6’z) 2 }dz
1 2-m
Wherein the function }” | (x) depends on the value 5 .If it is even, then
- —m
2-m
2m 2m 2m
Vv, [V(l—i—,b’z) > }:J : [V(lJr,Bz) 2 }Yl V)-J , WY, [V(lJr,BZ)T} (11)
2m 2-m 2m m 2m
When it is fractional , then
2—-m
2m 2m 2m
v, [V(l—l—,b’z) > }:J1 {v(nﬁz) 2 }Y L W-J [V(lJr,Bz)T}YI ) @2
2-m 2-m 2-m 2m 2-m
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where J | , Y , - Bessel functions of the first and second kinds correspondingly. And the parameter

2-m 2-m

vin (9) - (12) is of the following transcendental equation:

for the even index
2—m

Iy (V)Ym_l[v(l g ,Hh)sz} s Y;(v)Jm_l[v(l + ,Bh)sz} =0, (13)

for fractional index
2-m m
(V)le[V(Hﬂh)z -r (v)Jm{ (Hﬂh)ﬂ 0. (14)

L
2-m 2-m 2-m

Equation (13), (14) using concrete numbers m have countless varieties of material radicals V.
Due to the expression (9) and (5) the tension in soilo(z,¢) at any given time is equal to

o(z,1) =q, — 1+ IBZiCiVL{% 1+ ,BZ)T}CMZ’, (15)

i=0 2-m
From (9) and (15) we can obtain the solution of the problem for soil, the deformation modulus of
which will vary depending on coordinate, i.e. on the depth. To do this, you must assume that =1 and

m = 0. Then the index of the Bessel functions

. 1
is equal to — .
2—-m 2

Due to the fact that the exponential function e rapidly decreases at higher values of the index, then
(9) is limited to only the first member of the series. Wherein the solution of the problem relatively to pore
pressure according to (9) can be written as follows:

22 | e
p(z,1)=C, 1+,[)’ZVLL_‘;%(1+,[)’Z) 2 }e W (16)

2—

Equation (16) describes a dispersion of the pore pressure in time and depth. This expression is a
generalized result of M. Yu. Abelev [7] and K. Terzaghi [8].
The tension in the soil skeleton comes from the coefficient (15), i.e.

2-m
o(z,t)=q—CyJa+ pzV | |:V0 (o + ,6’2)T }ec”%t, (17)

2-m

The obtained expressions (16) and (17) respectively allow to determine the pressure changes in the
pore fluid and tensions in the soil skeleton for any point of the considered heterogeneous two-phase soil’s
final area of compaction, having an elastic property. After the specified tension in the skeleton of
compaction heterogencous soil massif, we can calculate vertical displacements of the points of the soil
compacted layer’s upper surface (sediment).

Indeed, if a certain vertical tension is applied to the surface of soil layer, then the corresponding
sediments S(f) can be determined by formula [3], i e.

S(1)= f mACUNA 18)

+80

where / - capacity of heterogeneous compacted soil massif. Since £(7;)—&(z,1) = a(z)o(z,1), then
(18) takes the form
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h

S (1) = 1; [a(2)0 (. 1)dz (19)

800

In (19) instead of o(z,1) by substituting (17), we find

S(H)(t) Tre I(l+,6’z) g - 1+,6’ZV V0(1+,BZ)Tm ClV%t}dZ
from whence
S (1) = [+ pny -1
=gl A =1)
e oL o+ gy —i]-
,B(l—m)[ ,B(z—m)][( + fph) | (20)
—I(1+,6’)1'”V V0(1+,BZ)Tm ClV%t}dZ
With £ — oo from (20) we have
(H) (0 = a, m 4|
S () ,B(l+go)(l—m){q[(l+'gh) 1]
21
—vl1= L
n[ e }[( + A -1}
From (21) for a homogeneous soil we obtain
O (op) — a,h
§T(0) —chpq, (22)

Equation (22) depends only on the thickness of the compacted layer, tension compressibility
coefficient and does not depend on heterogencous soil parameters.

Thus, the expression (16), (17) and (20) make it possible to determine the numerical values of
pressure in pore fluid, tensions in the soil skeleton and sediments of the compacted heterogeneous soil.

Two-dimensional problem. With the construction of facilities on the sandy soils its sediment,
mainly, stops in the end of the construction scason. Absolutely diverse thing happens when the
construction takes place on clay soils, which often lead to difficult situations, causing deformations and
sometimes even crashes of erected structures on them.

This is due to underestimation of their more complex nature and uniqueness of the interactions of
these soils’ solid particulates. Therefore, in this respect we need to provide the models with calculations,
considering the compaction of clay soils, which in advance would allow setting the strength and stability
of the structures being built on these grounds.

In this regard, we consider the process of two-dimensional compaction of heterogencous water
saturated soils at their heterogeneous boundary conditions. The compacted soil heterogeneity is expressed
through the module of its deformation, which varies according to the depth of the soil massif
exponentially, i.¢.,

E=Ee*, 0<a<l, ze[0h], (23)

where F, o - experimental data.

— §) ——
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G.Ya.Popov [8] has formulated and solved the concrete problem of elasticity theory.
Thus, if we choose the modulus of compacted soil massif in the form (23), then the equation of

compaction (7) takes the form
) 2
% =C5 g™ F [Zx—f + Zy—f) , (24)
where
oo k(1+gcp)-(1+;’)

v o

2ay,

Let’s consider the process of water permeable soil massif’s compaction in the form of a rectangle,
thickness h, having a waterproof bounding walls by the sides and a waterproof layer at a depth h. Suppose
also that evenly-distributed tension of intensity ¢ is applied at a certain part of the rectangle’s top surface
at the time r=17y.

At the boundaries of the studied soil rectangle we have the following boundary conditions:

0 0
tim £ —o, imZe—o,
x>%l Ox y—0 ay
li | 0 )
yl_I;I; p() - p: yé—)lhnl p()
a<x</l

Besides (25) due to the symmetry p, must be even with respect to x, i.e. p (X, ) = p,(=x, ). In

order to determine the pressure in the pore fluid, corresponding to the initial moment of time, it is needed
to solve the differential equation of the following form

azpo n azpo
o’ oy’

. '72.
Ll oGy
ay, :

po(x,y)= % +2 o 7 cos7x ) 27
= ch[]TJh

=0. 26)

This solution will in the form of

The expression (27) fully satisfies the boundary conditions (25) of the problem. The abovementioned
soil massif’s strained condition for the time /=7, is studied in [9].

According to the condition of the studied problem the boundary conditions with respect to the pore
pressure p(x, y, f) are heterogeneous:

p=0 mpu y=h a<x</ mw —l<x<-a,

pzx(t)% mpu y=h —a<x<a un 0>x(1)=0,

28
a—p=0 opu  x ==/, (28)
ox
op
—=0 mpu y=h —-I<x</t.




H3zeecmua Hayuonanvroti akademuu Hayx Pecnybnuxu Kasaxcman

Solving the equation (24) at (28), we obtain the following calculation formula for estimating the pore
pressure in the compaction of heterogeneous soil massif, which has elastic properties.

nma

&(t) Sin —— -
p(x, y,t)— +2qa(t)- Y L cos2 4
nr nr
©  w (l) . t 1) ,2 T e :
+> DA e B A IQU'(T) ST gy W, we i -cos%[x, (29)
i=0 j=0
where
[ b ¥4 Zy |
e fom e o
A, =- £ |0 ~ —x |\ (30)
_z 1%/4
IWVZ H e 2’ dy Ch7h
0

It should be noted that the expression (30) at £ — o0 will be equal 0, as &(t) — 0.
The sum of the main tensions in the soil skeleton is defined by the formula

. nwa

» Sin .
O(x, y,t)——[1 &(t)]+2q-2, L —cos =
n=1 nr f
h
ch—— W cr(/l)ﬂ%"(t—fl) t ~CpP A (=)
y —w(t) |- CIZZ . + IQU_ (r)-e dr
i=0 j=0 al
xW, ,u].e_zy -cos%[x. @D

The vertical movement of the top surface’s points, i.e. sediment of the compacted soil layer will be
defined by the formula (18).

Substituting (31) into (18) we find
. hma
» SN

S(x, )_ﬁ g[l 2(t)]— 2ae(t)z Mf cos P2 _

w0 o (1),2 t 1,2 % i
—CN 25 (1) —Cp /2 (t-1) y ¥4
- A e’ e +IQU (r)-e 7 0 qr pe '’ C0S— . (32)

v
i=0 ]=0 ‘L'l

The obtained expressions (29), (31) and (32) at (33) give us respectively an opportunity to calculate

pressure in pore fluid, the amount of main tensions and sediment of compacted heterogencous soil massif,
possessing clastic property.

Three-dimensional problem. Let’s consider the compaction of the soil massif in the form of a
parallelepiped with a confining layer at a depth of /# and waterproof walls 2¢; and 2¢, . Evenly distributed

— §) ——
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tension with intensity ¢ is applied instantaneously on top of the surface of the parallelepiped with sides 2a

and 2b.
For this problem, the range of variation of the independent variables is the parallelepiped formed by

planes
xziél; y=i£2; z=0; z=h.
According to the problem, the boundary conditions at f = 7 will be:
: q npu |x|<a, |y|<b
lim po(x, y,2) =
z—h 0 npu |x|>a, |y|>b um

x|>a, |yl<b wum |x|<a, |y[>b

(33)
P, —_0 Py —0: Py =0
ax x:irfl ay y:irfz aZ z=0
Also because of the symmetry function p, (x,y,z)must be an even with respect to x and y
separately, i.e.
p(_xa V> Z)
p(x,y,z) = { } (34)
p(xa_ya Z)

In order to determine the distribution of instantaneous pressures in the pore liquid in the indicated
layer of soil, it is necessary to solve a differential equation of the following kind

0’ 0’ 0’
IZO + IZO + IZO =0. (35)
ox oy oz
Here, the function p,(x,y,z) is dependent on spatial coordinates. The solution of equation (35) at
(33), (34) was studied in [9]. Solving (35) under the conditions of (33), (34), we obtain

po(x,y,2)=q- {ﬂ +2—b amCh(%ﬁzj : cos%ﬁx —i—ﬁanch(’;—ﬁzj X

£1£2 £2 m=1 1 1 1 n=l 2

xcos};—”y+4-22a b, c ch[%h]-ch[’;—ﬂh]-cos%x-cos};—ﬂy-chamz} (36)
2

m-om o omn
m=1 n=1 1 2 1 2
where
. mnra
sin
1
a, = ;
mrnr
mﬂ-ch[—h]
1
. nnh
sin ——
2 .
b =——=—
nr
nﬂ-ch[h]
62
,1 i
c,, =cha, h;
5 2 1/2
[mﬂ] +[n7r]
(04 = p— »
i
fl 62
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Then the solution of equation

5_p _ C(3)ea.z . 82p + 82p 1 aZp

5 (37)
ot v 8)(72 8_)/2 822
where
O _ k(l+gcp)-(l+2§)
: 3a0713
It will look like:
© Sin f ) . SIHT
:p('xayazat):w(t)q—i_ ﬂ"‘@ L Cosmﬂ-x“l‘—a‘z —ZCOS—y-i-
£1£2 £2m21 mi Kl fl =l ni 5
) . nab
o 0 sin g SlnT - - " P
+4 . 2 cos 2 xcosZZ y |+ T OW | ue? |x
;; mrx nr €y £2y %;gmn"() v| He
mi nrx
X COS——XCOS— ) . (38)
1 2
where
32 _z z _~(3) 2 i
Tmnk (l) :Cmnke CV imnk(t v +Iank(T)'e CV imnk(t )dT~ (39)
7
liloh 0* . e - .
A[[[|| =+p" |-=®p,,xyhz) |- W,| e > |cos——xcos—— ydxdy
000\ 3 ey l,
Cmnk_

h a
KIKZIWV pe ? ldz
0

The sum of the main tensions will be calculated by the formula [9]. Knowing the amount of the main
tensions, we determine sediment of the compacted soil massif, presented in the form of a parallelepiped
having an elastic property. Wherein the modulus of its deformation is considered variable in its depth.

Using these data, numerical values of pore pressure, the amount of the main tensions, and also the
value of the compacted massif’s sediment can be calculated. Analysis of the curves shows that the values
of pore pressure for biphasic soil ground in the initial period is almost two times smaller than the values
for the three-phase ground. The values of the sediment for the three-phase soil are much more than for the
two-phase soil base.

It should also be noted that recently the impact of the variability of the filtration coefficient in the
compression process is considered in the following works [3], [12].
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TEPEHJIK BOMBIHIIA ATHBIMAJELI JE@OPMAIIAS MOIYJIII TPYHTTEP
KOHCOJMAATMSCLIHBIH KOTIOIIMIEM/I ECEIITEPT

Annortamusi: ['pYHTKa >KYKTCITCH HArpy3Ka  KOHCOJMIJANMSUIBIK €MEC JKAFlaiia TPYHT CKEJCTIMEHIC
JKOHEKYBICTBIK CYHMBIKTBIKIICHAE KaObuimaHaasl. byHna, Oip enmemai skaraal YOIH 37CMEHTAp aJaHJAFbl KbICHIM
TPYHT CKEICTIHE HANPsUKCHUSAAH JKOHE CYJaFbl KBICBIMHAH Kypanmagel Jlelne TpyHT CKEJETIHE TYCETiH
HAMPSOKCHACHI 3()()CKTTi, CYAAFBI KBICBIMIBI HETPAJIh , a1 TPYHT OCTIHC KBIHBUFAH MCHIMIKTI KBICHIM/IBI-TOTAJIBIK
JeT ATaH/bL

Bapmsikecenmep He#Tepamb KbICHIMIBI aHBIK Tayra kearipinemi.Kemeci mamanap xai TaOeumagsl JleMek,
KYBICTBIK CYHBIKTaFbI KbICBIM/IBI TA0Y KaskeT. OHBI aHBIKTAY YIIIH OYJI KBICHIM/BI TA0Y KaXKET.

KoncommammsHbH (DHIBTPANMSIIBIK TCOPHACHIHAA TPYHT KAFJAHBIHBIH HETI3T1 PEANOTHAIBIK TEHACY PETIHAC
KOMIPESCCHAIBIK KHCHIK KAOBUITAHABL al (pasamapaplH e3apa OpeKeTTeCyl TCHEe-TCHIIKTIH TCHACYIMCH >KA3bLIA b,
OCBIFaH COMKEC TPYHTKA KOMBUIFAH MCHIMIKTI JKYK 3()CKTTi JKOHC HCHTpaih KBICBIMIAPAAH Kypamaael. MyHma aya
KOIIyi KbICBIM MEH K6JIEM apachIHIAFbI OaHIaHBICThI TAFAWBIHAANTHIH bola-MOpHOTT 3aHbIHA OAFBIHABL, AT CY IAFBI
epireH ra3 I'eHpu 3aHbIHA OarbiHAmbL. By MOAEHb €CenTiH MAaTEMATHKANBIK KOWBLUIYBIH BIKIIAMIAYFA MYMKIHIIK
Ocpe i OHE TPYHT KOHCOTHIAIMACH CCCOIHIH MCITIMIH AHBIKTAY IBI AKCHIUTACTCII.

I'pyHT THIFBI3AANYHI HETI3IHCH ©31HIH CHIFBUIYBIMCH aHBIKTANAIBL. HEri3miH CHIFBUIYBI TPYHT THITHE, COHIAM-AK
JKYK XapakTepiHe OaWmaHbBICTHL. | PyHTapIbIH CHIFBUTY KYOBLIBICHI KOHCONHAALMSIAHFAH HETI3JETI MHKCHEPIIK
KypAbICTapabl K00aIay1a aiTapIbIkTail YIKSH MaHBI3FA He. MyHAA TPYHTTapAbIH CHIFBLTY Je(OpMALMACH HETi31HE
KaTThl O6MICKTEPAiH ©63apa >KAKbIHIACYBI CAaJJAPBIHAH OO0JIAIBI JKOHE TPYHT CKICTIHAC CHIFYIIBIHBIH ©3TCpPYiHCH
KYBICTBIK KO3(PUICHTTIHIH 63repyiMeH OaranaHambl. [ PYHT CKICTIHACTI CHIFYIIBI >KOHE KYBICTBIK KO3((HIEHT
apachlHIArel OANNAHBICTBI AHBIKTAY OACTTC JTa0OPATOPHSUIBIK JKOJNMEH KOMIIPECCOP  KYPBUIFBIIAPHIHIA
JKyprizireni. TeMeHAEe KYMABI KACTBIK ACTHIHIA >KATAaThIH h  KyaTThl Cy¥a TOIFaH OIPTEKTi eMeC IPYHT KaDATBIHBIH
TBIFBI3IANY TIPOLECIH KapacTeIpambl3. bacramkel yakeir (t=(2 ) MOMEHTiHIZE TPyHT KabatelHma Oip cortre
HHTCHCHBTLIITI ((Z,t) TapamFaH >KYK KOHbLIAAbL. By skaraaiaa ochl €CENTiH MAaTEMATHKAJIBIK KOHBIIBIMBI KEIIECITe
KCTTIPiTCAl; KyBICTBIK CYHBIKTAFHI P(Z,t) KBICBIMABL, TPYHT CKIICTIHACTI £2(Z,t) XKOHE THIFBI3IABI KATKAH TPYHTTHIK
HET13/iH >KOFapsI OCTiHIH BEPTHKA KOIIy1 aHBIKTAY TaJAI ETiIC/II.

Heri3aiH ChIFBUIYBI TPYHT THIIHE, COHAAN-AK JKYK XapaKTepiHe (CHMaThIHA )OaiIaHbICThL. JKyMbICTa ’KOHE 1e
ae(opMANHATIAHFAH KATTHI ICHEIICP MCXAHUKACHIHBIH YKA3bIK KOHE KCHICTIK CCCNTEPiH 3CPTTCITCH.

Tipek co3: nHTCTpaIBLIAil (HOPMYIACKHL TOMBIPAK, TIKTOPTOYPHIIIL, HETi31, IIEKAPATbIK IapT.
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MHOI'OMEPHBIE 3AJAYU KOHCOJUJALINHA
I'PYHTOB C HEPEMEHHBIM IO I'’'TYBHUHE MOAYJEM JE®@OPMAILINHA

AnHoTanms: B HEKOHCOMMIUPOBAHHOM COCTOSIHMM HArpy3Ka, NMPHIOXKCHHAA K TPYHTY, BOCHPHHHMACTCS KaK
CKEJIETOM IPYHTA, TAK U MOPOBOH JKUAKOCTHIO. IIpw 3TOM, A1 OAHOMEPHOTO CIy4as JABICHHE HA 3ICMCHTAPHOU
IJIOMAIKE CKIAABIBACTCA U3 HANPSDKCHUA B CKENIET TPYHTA H JABJICHUA B BoAc. MIHOTa HanpsyKeHNe, MPUXOAAIICE B
CKeJIeTE TPYHTA HA3bIBAIOT 3((PECKTUBHBIM, JABICHUE B BOJC HCHTPAIBHBIM, a YICIbHOC AABJICHUC, MPUIOKCHHOC B
[IETIOM HA IIOBEPXHOCTH IPYHTA - TOTAIbHBIM.

Bee 3amaum 346Ch CBOIATCH K ONMPENCICHHIO HEUTPANBHOTO JaBicHUA. [locheayrole BETUUUHBI HAXOOATCA
mpocto. CrnenoBaTeIbHO, HEOOXOAMMO HAXOIHTH JABJICHHE B TIOPOBOH *KUAKOCTH. UTOOBI €TO ONPEICIUTD CICAYET
HAXOAMTH 3TO JABJICHUE.

B (unbTpanmoHHOW TEOPHUH KOHCOIWIALMH B KAUCCTBE OCHOBHOTO PEOJIOTHYCCKOTO YPABHCHHS COCTOSHUS
TPYHTA MPHHHMACTCS KOMIPECCHOHHAS KPHBAs, a B3AMMOACHCTBHE (a3 OIMCHIBACTCS YPABHCHHEM PABHOBCCHS, B
COOTBETCTBHH C KOTOPBIM IIPHIOXKCHHAA K TPYHTY VACHbHAsI HArpy3Ka CKIAaAbBacTCs u3 3((PECKTHBHOTO H
HEHTpambHOrO JamicHuWil. Ilpudem 34ech NEpeMEIIeHHE BO3AyXa NOAYMHACTCA 3akoHy bonmi-Mapuorra,
VCTaHABIMBAOLICMY CBSI3b ME)KIY JABJICHUEM M 00BEMOM, a PACTBOPCHHBIN Ia3 B BOJC MOJUMUHICTCS 3aKOHY [ eHpH.
3Ta MOZENb MO3BOJLIET YIPOCTUTh MATEMATHUYCCKYI0 IIOCTAHOBKY 33aJa4d W OOJErdacT OMPEACICHUS PEIICHHH
33724 KOHCOTHAALUA TPYHTOB.

VYIIOTHEHHE TPYHTA B OCHOBHOM OTIPEACIISIETCS CBOCH CKMMAeMOCThI0. CHKHMAEMOCTh OCHOBAHUS 3aBHCHT KaK
OT THIIA TPYHTA, TaK H OT XapaKTepa HArPy3KH. SIBICHHWE CKUMAEMOCTH IPYHTOB HMECT BEChbMAa OOJBINOC 3HAYCHHIC
MPH TPOCKTHPOBAHUN WHKCHCPHBIX COOPYKCHHIH HA KOHCOJNWIUPYEMOM oOcHOBaHWH. [lpm 3TOM nmedopmaria
CKaTHA TPYHTOB B OCHOBHOM ITPOMCXOJUT BCIICACTBHE CONM)KCHHS TBEPIBIX YACTHI[ MEXIy COOOHM M OICHHBACTCA
H3MECHEHHEM KOX(P(HIMEHTa MOPHUCTOCTH MpPH H3MEHCHHM CKUMAIOIMX HANPSKCHHH B CKENETe TPYHTA.
OmnpenencHue 3aBHCHMOCTH MEXIY KO3(D(UIMECHTOM MOPHCTOCTH M CKUMAIOIIMMH HANPSDKCHUAMH B CKEJIETE
TPYHTA OOBIMHO MPOU3BOIUTCS TA0OPATOPHBIM ITyTEM B KOMITPECCHOHHBIX MPHOOpAX.

Hmxke paccMOTpHM IPOLECC YIUIOTHEHHUS CIOS HEOJTHOPOJHOTO BOJOHACHICHHOTO TPYHTA MOIIMHOCTBIO /1,
3QJIETAOINET0 IIOJ NECYAHOM HOAYINKOM. B HayanbHbii MOMEHT BpEeMEHM (/= 7;) K CIOK IPYHTA MTHOBEHHO
TPUKJIAABIBACTCS PACTIPEACICHHAS HArPy3Ka ¢ HHTCHCUBHOCTBIO ¢(z,f). Torma MareMaTuieckas MOCTAHOBKA TAHHOMU
33Ja9H CBOJHTCS K CICAYIOIIEMY:. TPEOYCTCA OMPEACTHTh JABICHHC B MOPOBOH KUAKOCTH p(z,f), HAMPSHKCHHC B
CKeJere rpyHTa O (Z, ! ) H BCPTHKANBHBIC TCPCMCIICHHA BEPXHCH MOBEPXHOCTH S(f) (0CAHOK) YILIOTHACMOTO
TPYHTOBOTO OCHOBAHHL.

B pabore Takke HCCIIeIOBAHBI IUIOCKOE W MPOCTPAHCTBEHHOE 3a7aYH MEXAHHUKH A¢(OPMHPOBAHHOTO TBEPAOTO
TeNA.

KimioueBsbie c/10Ba: ypaBHEHHE, HHTETPAIbHOE (POPMA, TIPOIIECC, YIFIOTHEHHE, TTOYBA, MPSMOYTOIBHHIK, OCHOBA,
TPAHUYHOE YCIOBHUE.




