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ANNOTATION

[Text] The work is devoted to the problem of calculating seepage forces,
which play a substantial role in designating the steepness of the slopes of
earthen hydraulic engineering structures.

The work covers efficient methods of calculating the seepage forces when
various methods are used to estimate the stability of the earthen slopes.
The work also notes the shortcomings of certain procedures, often described
in the literature, for calculating seepage forces.

Examples are given at the conclusion of the work of calculating the stability
of earthen slopes subjected to the action of seepage forces.
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FOREWORD

In planning earthen hydraulic engineering structures, attention must be given
to solving the problem of the mechanical effect of the seepage flow on the
shell of the soil. This action gives rise to seepage and weighting forces
exerted by the seepage flow on the shell of the soil. These forces are mass
(volumetric) forces, and it is sometimes very difficult to calculate them.

At the same time, these forces, as we know, may cause piping and silting,
local seepage heaving, and a general sliding of the earthen masses of soil
forming, for example, the embankment of the earthen slope. It should be
emphasized that it is now inadmissible to plan earthen hydraulic engineering
structures without taking into consideration the seepage forces, the presence
of which often causes the structure to be considerably more expensive.

In the literature the problem of seepage forces has been discussed by many
authors, and a number of various methods have been suggested to calculate
their forces. Among the known methods are those which are acceptable from

the practical standpoint and those which at present should be regarded as
insufficiently perfected, sometimes even incorrect, yielding erroneous results.

This "Manual" is devoted solely to the problem of calculating the seepage
forces when estimating the overall stability of earthen slopes (problems of
piping, silting and local seepage heaving are not covered below). In order
to facilitate the work of designers and engineers, this "Manual" describes
the appropriate, most efficient methods of calculating the seepage forces,
in a form convenient for the practical use of these methods.

In conclusion let us note that among the works of the authors who have been
concerned with the problem of calculating seepage forces, the fullest studies
are those of R.R. Chugayev, who was the first to suggest calculating seepage
forces when estimating the earthen slopes and who formulated the £irsgt theo-
retical method of this type [1, 2, 7, 9]. It should be noted that the
"Manual," compiled in the Laboratory of Earthen Hydraulic Engineering Struc-
tures by G.A. Chugayeva, junior scientific associate, mainly summarizes the
work of this author [2, 9].
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1. GENERAL CONDITIONS
1.1. Range of Application

This "Manual" applies to earthen structures of all classes of durability
subject to the action of seepage flow.

This work does not discuss problems of seepage strength (normal and random)
disturbed because of piping and silting of the soil, nor does it discuss
problems of seepage heaving.

Discussed below are only the estimates of the so-called "general sliding" of
earthen slopes, when the possibility of the earthen mass of the soil sliding
is brought about mainly by the action of the soil's own weight (and of the
external surface loads applied to it); the seepage forces in this case play
only a supplementary role (as opposed to seepage heaving).

1.2. Customary Designations for Basic Values

8--angle of incline of the slope to the horizon;
m--slope coefficient;
Z-~-height of the slope;
m-Z--horizontal equivalent of the slope;
I--piezometric gradient of the seepage flow at the point discussed;
I=-dH/IS’;
n--porosity of the soil;
Yg-specific gravity of the water;
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Yéjx—-volume weight of absolutely dry soil;
Yeyx —~volume weight of practically dry soil (with natural moisture content);
Yazs——Vvolume weight of soil suspended in water;
Yuac==volume weight of soil saturated with water (Yuyec =Ycyx* MYy )3
& —--actual angle of internal friction of the soil (valuej’, corresponding
to the given soil, found experimentally);
9x -~value of §, at which the area of soil under discussion should be found
in a state of maximum equilibrium (critical angle of internal friction);
cp-~actual specific cohesion of the soil (value c, corresponding to the
given soil);
cg——value c, at which the area of soil in question should be found in a
state of maximum equilibrium (critical specific cohesion);
k;--safety factor of the stability of the section of soil in question.

1.3. Terminology

Porous embankment (soil, concrete)--an embankment consisting of a frame
(solid phase) and pores, which may be filled with water and air or partly
with water and partly with air. Two types of porous embankment should be

distinguished: point-contact porous embankment and continuous-porous embank-
ment.

Point-contact porous embankment-—an embankment formed by solid particles, in
contact with each other at mathematical points. In this case each particle
of the frame is washed with liquid from all sides.

Continuous-porous embankment--an embankment obtained when solid particles are
joined to each other by means of impervious contacts , with a certain area.
In this case only part of the surface of the particles is exposed to the
liquid; the rest is protected from the action of the liquid by impervious
contacts.

Gradient of the slope-~the slope tangent to the horizon, equal to 1 : m; the
"coefficient of the slope"--the value, inverse to the "gradient of the slope,"
equal tom : 1 (i.e., equal to the cotangent of the slope to the horizon).

General sliding of the earthen slope-~the shifting of a large mass of soil,
forming a slope, chiefly due to the forces of the soil's own weight (seep-
age forces play a secondary role).

Local seepage herving of the soil--a shift of a relatively small mass of soil
due chiefly to seepage forces.

2. GENERAL INFORMATION ON SEEPAGE FORCES
2,1. Types of Seepage Flows in the Embankment of Earthen Structures

Three basic types of seepage in the embankment of an earthen hydraulic engin-
eering structure should be distinguished:




1) Steady seepage from the headwater to the tailwater (Fig. 1, a);

. 2) Unstable seepage arising with a change (in time) in the conditions at the
borders of the seepage area (with the volume of interstitial seepage unchanged
in time) [1], for example, that produced in the embankment of the slope after

. a reduction in the water level in the water race (Fig. 1, b);

Figure 1

a--glope exposed to steady seepage; b--slope exposed to unstable
seepage resulting from a rapid reduction in the water level in
the water race; l--depression curve; A--headwater level; B--tail-
water level

3) unstable seepage, caused by the consolidation of clayey water-saturated
. . soil (seepage caused by a change in time in the volume of interstitial seep-
age).

In addition, the following cases of seepage may also be distinguished:

a) Seepage produced during the erection of an earth dam [2] (with a build-up
on both sides; see Fig. 2,a);

b) Seepage in the embankment of the slope, produced with a rainfall, when
the surface of the menisci, established near the surface of the earth, "is
destroyed" by the rain waters; in this case seepage is formed in the slope
- embankment analogous to that shown in Fig. 1, b. 1In Fig. 2, b, hyqy desig- :
nates the height of the capillary rise of the water; the curves AA'B'B and g
BB'"C--the curves of the capillary pressure occurring before the rainfall. ]

At e -

2.2. The concept of seepage forces

In the case of steady laminary seepage, when discussing one particle of scil,
washed by water, it may be pointed out that this particle is exposed to (with
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respect to the seepage flow) the forces of pressure (normally directed toward
its surface) and the forces of friction (directed tangentially to its surface).

Figure 2

a--gseepage flow, formed during the buildup of the dam; b--slope
saturated with stationary ground water if there is a considerable
height of capillary rise; l--reservoir; 2--line of atmospheric
pressure.

If fw designates the geometrical sum of all the forces of pressure and fric-
tion exerted on one soil particle, quite a large amount, V, of the soil,
consisting of a great number of particles, will be exposed (with respect to
the seepage flow) to the force:

Q=3I 1)

where I'f° is the geometric sum of the forces }", exerted on individual
particles of soil, constituting the amount of soil under discussion.

The specific force of the mechanical action of the seepage flow will be:

o= 7. 2)

For convenience in calculation, the specific forcea¢ is customarily broken

down (when discussing a planar problem) into two components. Several meth-
cds may be outlined for breaking down the force @ into its components [2]/

Figure 3 (for an example) gives four methods of breaking down the forceg,

where the following designations are adopted: m--the point of the seepage

area under discussion; p--the hydrodynamic pressure; H--the head (H=z +

+ %%3 where z is the vertical coordinate of the point); N~-the direction
perpendicular to the lines p=const.; n'--the coordinate drawn along this

P . p—
N
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direction; I--tke piezometric gradient at point m, being discussed; wN,aJ_,',

- w,wi‘, %)N,wx,/’ »&/  are the various components of the specific force, .
The most convenient method, which we will use below, is the method shown in
Fig. 3,b. According to this method the force ¢ is broken down: into the

. vertical component w and the component f} , difected along the line of flow.

. With this breakdown of the force ¢ it appears that its component a turns out
to be equal to Archimedes' force, i.e., the force of the weight of a solid
body, which occurs in a stationary liquid. We will call this component the
specific force of "hydrodynamic suspension."”

The component fg of the mechanical action of the water on the frame of the
soil is customarily czlled the seepage force.

In the case of a point-contact porous body we have (see Fig. 3, ¢):
w=(l —n)y,
- a) , f’ Vad | 8) ’

| wh=§-ng-rudy +1-my,

Figure 3

a~-b-c-d--possible variants of the breakdown of the force f into
components; A--line of flow

BN el

Y a) The vertical component of forcef is:

w=(1—-n (3)




AL

b) The component of force p/, directed along the line of flow is:*

H
f,-].-l-—'g.%g- (4)

vhere I==9#/3S, and 3///95 is the pressure gradient with the stable movement.**

When there is a unified-porous embankment, we have (Fig. 3,c), according to
R.R. Chugayev:

a) Force W n)y, (3"

b) Force P

')
where @ is the so-called coefficient of surface porosity of the soil.

In studying the problems of the stability and strength of earthen structures
we will discuss only the point-contact soils. In this case, when making
practical estimates, we will discuss the area of soil located below the curve
of depression as suspended (exposed to the vertical force of hydrodynamic
suspension, equal in value to Archimedes' force). In addition we will con-
sider that a force;ﬁ{ (see formula 4), directed along the line of flow, is
exerted on each unit of volume of the soil located in this area.

3. BASIC (INITIAL) METHODS OF CAICULATING SEEPAGE FORCES
WHEN ESTIMATING THE STABILITY OF EARTH MASSES

3.1. First Method--Calculating Seepage Forces By Means of the Potential
Function of "Resultant Forcesg'#**

Acting on one unit of the volume of soil singled out within the limits of the
seepage flow are three forces with the potential:

a) The force of the "dry'"soil's own weight;
b) The force of hydrodynamic suspension &, expressed by the relationship (3);

c) The seepage force f; , the magnitude of which is determined by the rela-
tionship (4). The force ﬂ is the function of the coordinates

F$ (5, %)

It should be noted that formula (4) was first published by K. Tertsagi.

He did not note, however, that the second component was taken by him as
vertical, because of which he permitted other authors (N.P. Puzyrevskiy
and others) to point out justifiably that formula(4) is false if we assume
a different direction of the second component. For details on this prob-
lem see [2].

MS 18 the direction outlined along the line of flow toward diminishing
values of H.

L

*
Proposed by R.R. Chugayev in 1935.
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By geometrically combining these three forces which act on the unit of
volume of the soil, we obtain a single resultant force,]g , exerted on the
unit of soil under discussion. The resultant force y;, , just as its compo-
rents, will have a potential which we will designate by’;& or 7& (x, z).

N.N. Pavlovskiy [3]}, in discussing the pressure movement of the ground waters
under concrete dams, found an expression for the potential of the volumetric
resultant force J); :

¢u=:—‘H+c. (5)

where H is the pressure at a given point; z-~-the deepening of the given
point under the plane of reference; C-~the constant of integration.

Therefore, having the lines of equal pressure (H=const) for the seepage area
under discussion, plotted, for example, by the EGDA [electrohydrodynamic
analogy] method, it is possible, using the relationship (5), to plot lines
of an equal value

@, = const,

(6)

which give complete representation of the magnitude and direction of the
resultant forces ); at any point of the seepage area.

Key:
3. Impervious foundation

Figure 4, a, shows the earth slope for which, in accordance with the EGDA
method, the lines H=const were plotted for the seepage flow occurring in the
slope with a rapid reduction in the water level in the water race from the
level (1)-(1) to (2)-(2).
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Figure 4, b, in accordance with formula (5), plots the equipotential.yé =

- = const. These equipotentials are somewhat corrected., According to the
. proposal of R.R. Chugayev, the system of the equipotential &, = comnst,
N obtained may be replaced by a system of straight parallel lines drawn through

én equal distance from each other. By using this assumption, we obtain the
. slope of the earthen dam (Fig. 5,a), exposed to only one system of forces
(% deps inclined to the vertical at a certain angle (4;)cp. In this case,
to estimate the stability of the slope, one may use the "method of the
slope turned at an angle of (4, Jcp»" proposed by R.R. Chugayev, as shown in
Fig. 5,c). As can be seen, in this method the effect of the seepage forces
on the stability of the earth slope is calculated by the hypothetical value

3.2. Second Methcd--Contour Method of Calculating Seepage Forces¥*
This method, suggested by A.I. Ivanov** [4], is based on replacing the

a variety of surface forces of hydrodynamic pressure exerted on the contour
of the volume, abcd, of the soil under discussion.#**%

Figure 6, ¢, shows two curves:

a) The curve a'b'c'd', obtained as the variety of pressure curves (on the
contour) shown in Figure 6, a (see curves P,' and P,").

b) The curve a’b’cd’, obtained as the variety of pressure curves on the
contour, shown in Fig. 6, a (see curves Pp' and Py").

The area of the curve a'b'c'd' gives the value of the vertical component F,,

of the total seepage force exerted on the volume of soil abcd under discus-
0 sion; the area of the curve a‘b’c‘d”tepresents the value of the horizontal

component Fp, of the total seepage force acting on the volume of soil, abed.

When calculating Fy, and F,, as indicated above, the soil within the area of
the seepage should be regarded as weighted.

*

It should be noted that the name of this method (“the contour method") and
the name of the "method of theoretical weights of the soil" were intro-
duced in the literature by R.R. Chugayev [1, 2].

*k
This method is set forth in a somewhat different form than that given by
A.I. Ivanov (see [2]).

Rk
In Fig. e, R 1is the pressure force from the frame of the soil, on the

» water; Ry and R, --the horizontal and vertical projections of this force.
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of the curve of the slope at an angle of (4,)cp. }

volume seepage forces acting on a certain soil mass, abed (Fig. 6, a) with 4
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4. RECOMMENDED METHODS OF CALCULATING SEEPAGE FORCES
WHEN ESTIMATING THE STABILITY OF EARTHEN SLOPES

4,1. Method of Calculating Seepage Forces, Used When Estimating the Stability
of Earthen Slopes by the Method of Circular Cylindrical Displacement
Surfaces ("Method of Theoretical Weights of the Soil")

When calculating the stability of earthen slopes by the method of circular
cylindrical displacement surfaces, it is always efficient to use the so-called
"method of theoretical weights of the soil."” This method, in various tech-
nical formulations, was suggested by a number of authors (Kadomskiy, Ye.D.,
Ode, I. [5], Morgunovyy, N.M. [6] and others). A strict substantiation of
this method was given on the basis of the works by R.R. Chugayev {2, 7].

According to the method of circular cylindrical surfaces of displacement,
the safety factor of an arbitrarily singled out slide segment is expressed
by the formula [2]:

PR L T Y
Ige O 7N
which in most cases (as applied to Tertsagi's method of weight pressure) is
reduced to the form:

My

b= . (8)

where My 18 the moment of active forces; Mp--the moment of reactive forces
{relative to the center of the displacement surface).

We will explain the efficient methods of determining Mp and M,, included in
formula (8).

1. Method of determining M,. In calculating the value of M,, we disregard
the seepage forces; we calculate only Archimedes' forces of weighting.
Because of this, when computing Mp, we consider the soil located above the
depression curve to have a volume weight equal to the volume weight of the
soil with natural moisture content; the soil below the depression curve we
regard as weighted. Special studies have shown that this assumption is
fully acceptable (it gives a negligible degree of error in the final results).
It must, however, be noted that [7] explains an additional method, making it
possible, if desired, to calculate only the vertical components of the seep-
age forces when calculating M, (which makes the calculation somewhat more
precise).*

2, The method of determining Mg. The value of M,, according to this method,
is determined without using any assumptions (i.e., is absolutely precise).

The following procedure is used to determine the value of My: a horizontal
line, W-W, is drawn at the water level in the water race (see Fig. 7). This

*
It can be showm that it is impossible to calculate the horizontal component
of the seepage forces with the crdinary formulation of the problem in this
case.
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Plotting the Curve of the Vertical and Horizontal Components of
the Seepage Force

1--s0il; 2~-piezometers

line and the depression curve mark the slide segment ABCWA under discussion
into three parts. When determining M,, the volume weight of the soil for
these three sections is taken as different:

a) For the part of the segment above the depression curve, the soil is con-
sidered to have natural moisture content with a volume weight of Yeyx (see
volume in diagrams 7,a,b,c);

b) The soil below line W-W is considered suspended, with a volume weight
Yﬂe’ with YB” = 7"3" -(l-n)"’a (see volume 2 in diagrams 7,b and ¢).




Figure 7

c) The soil between the depression curve and the horizontal W-W is regarded

' as saturated (if the depression curve is above the horizontal W-W), with a
volume weight of Yac , With Jge = Yeyx + Yy (Diagram 7, b, volume 3). When
the depression curve is below the horizon W-W (Diagram 7,c), it should be
considered that the space MEBM (volume 4) is between the horizontal W-W and
the depression curve, filled with hypothetical water, with the moment of this
velume of water relative to the center O being a negative value.

The value of tte safety factor is calculated by using the above values of
volume weight. This method of calculating the seepage forces is used mainly
when plarning earthen dams.

4.2. Method of Calculating Seepage Forces Used When Estimating the Stability 3
of Earth Slopes by the Method of Flat Displacement Surfaces

When determining the magnitude of the seepage forces acting on a slide segment, #
» bounded from below by flat displacement surfaces, the "contour method of cal~ :
, culating seepage forces" is used (see section 3.2) [2]. P

Figure 8 shows several diagrams of slide segments exjosed to seepage forces:
Diagram a--steady seepage directed toward the outside of the slope;

. Diagram b--steady seepage directed within the slope;

Diagram c-~irregular seepage with a sharp lowering in the water level in the
. water race, from level (1)-(1) to level (2)-(2);
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Diagram d--irregular seepage with a sharp lowering of the water level in
front of the facing, from level (1)-(1) to (2)-(2).

The part of the slide segment saturated with water is called the "seepage
section." The seepage section of the slide segment is bounded above by the
depression curve and the outer surface of the slope, and from below by the
displacement surface (for diagrams 8, a,b,c). For diagram 8, d, the seepage
section is bounded above by the broken line d-c-b-a-4, and from below by
d-2-3-4,

We will consider the pressure for the lower limit a-2-3-4 of the seepage
section of the slide segment, shown in Figure 8, a, b, c, to be distributed
according to a iinear principle. With the plane of reference 00, made at the
level of the water horizon in the water race, the pressure at the extreme
points a and 4 is respectively (for diagrams 8, a, b, c) Ha (or -H,) and
H4=0; tte straight line a-4" will be the unknown piezometric line. The
pressure at points 2 and 3 of the displacement surface is determined by the
segments Hy and H3. For diagram 8, d, with the plane of reference 00 (at
the water level of the tailwater), at point 2 the pressure head is equal to
H2, and at point 3 the pressure head is equal to 0. The straight line 2-3"
is a piezometric line for section 2-3 of the shift surface. The sections of
the surface 1-2 and 3-4 are characterized by zero pressure heads.

Having established the pressure heads at all the points of the seepage con-
tour, one can determine the value of the vertical and horizontal component
of forcefi of the total hydraulic action exerted on the entire slide segment.

The vertical component ty . When estimating the stability of a slide segment,
in order tc calculate the vertical force ¢, (including the weighting and
geepage forces), the weight G of each fragment singled out must be calculated
on the basis of the fcllowing (sometimes conditional) volume weights of the
soil:

a) For the area of the soil which is not saturated with water, on the basis
of the value of the volume weight of the "dry" soil-- )y, 3

b) For the area of soil telow the piezometric line plotted for the displace-
ment surface (see piezometric lines a-4" in Fig. 8, a,b,c and 2-3 in Fig. 8,
d)* on the basis of the value of the volume weight of the weighted soil y,,, 3

c) For the area of soil between the piezometric lines plotted for the upper
section and the lower sections of the contour of the seepage part of the slide
segment, on the basis of the value of the volume weight of the saturated soil
- ch. (when the first piezometric line mentioned lies above the second
piezometric line mentioned), and on the basis of the volume weight ¥j,, =

= Yy« =Js, when the piezometric line corresponding to the lower section of

the contour is above the piezometric line corresponding to the upper section
cf the seepage contour.

*
When this line lies below the piezometric line corresponding to the upper
section of the contour.
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Also to be calculated is the water's own weight in the vclume included be-
tween the water level and the piezometric line plotted for the plane of the
displacement (see Fig. 8, b, area b-4"-c-b), adding it to the weight of the
corresponding fragments. If the piezometric linme corresponding to the sur-
face of the displacement lies above the water level in the water race, this
overweight by water acquires a negative value (see Fig. 8, a, area b-4"-c;
Fig. 8, ¢, area c-4"-d).

The vertical component of the seepage forces may be found by plotting the
curve of the counter pressure.

The horizontal component (s . The horizontal component of the force of the
hydraulic action ¢,4 should be considered equal to the horizontal component

of the total seepage force. The force of the hydrodynamic weighting of the
soil in the water is assumed to be vertical, and therefore it is not included
in the value off& .

| Fp.|=| on|=wrvp

where Wy is the area of the curve, each horizontal ordinate of which is the
difference in the heights of the pressure, measured at the two corresponding
points (see the corresponding curves in Fig. 8).

The corresponding points mean the points lying on the same horizontal, which
is a continuation of the horizontal ordinate of the curve under discussion,
and the points belonging respectively to the lefr and right part of the
contour of the seepage section of the slide segment.

The direction of the force Fj may vary; outside the slope and within it
(depending on the direction of the general course of the seepage flow).

5. CALCULATING THE SEEPAGE FORCES WHEN ESTIMATING THE STABILITY
OF EARTHEN HYDRAULIC ENGINEERING STRUCTURES

5.1. Calculating the Seepage Forces in the Clayey Core of Earth-Rockfill Dams

When discussing seepage through the clayey core of a dam, the following types
of seepage flow are distinguished:

1--Steady seepage flow with a rise in the water level of the headwater;

2-~Irregular seepage flow occurring in the core as the result of its con-
solidation (when there is no water in the water race);

3--Irregular seepage flow occurring in the core when the processes of con-
solidation are not yet completed, and the water level in the headwater is
raiged,
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Figure 9 shows the lines of equal pressure in the core (rectangular core)
for types 1 and 2 seepage flow.

- a) ' /2
=1 =1
PR
_ ! #y My Hy
Figure 9

a--lines of equal pressure in the core with steady seepage;
b--1lines of equal pressure in the core with irregular seepage
(in the process of consolidation in the core); l--lines of
equal pressure

For the third case of seepage, depending on the rate of consolidation and

the system fcr filling the reservoir, different patterns of seepage pressures
may be obtained in the core. Figure 10 shows the diagrams of possible lines
of equal pressure, pertaining to the different points in time after the
reservoir is filled.

Figure 10, a, pertains to the point at which the hydrodynamic pressure caused
by the consolidation is grest (as compared with the pressure caused by the
headwater). Diagram 10, b, corresponds to the case when the pressure of con-
solidation is low (as compared with the pressure of the headwater). Diagram
10, c, shows the precise (general) case, in between the two.

Bearing this in mind, of the possible patterns of seepage explained above,
to estimate the stability, one should select those which will give the
greatest possible pressure within the core.

The seepage forces arising in the process of the seepage must be taken into
consideration when estimating the stability of the downstream shell of the
dam.

The stability of the downstream shell of the dam may be calculated by the
method of circular cylindrical surfaces of displacement or by the method of
flat surfaces of displacement [9].

We will explain the characteristics of calculating by the method of flat
surfaces of shift;

We will discuss two planes of displacement:

e ot e R R
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Figure 10

a-b-c--pogsible diagrams of the line of equal pressure in the
core with irregular seepage (in the process of filling the
reservoir and consolidating the core); l--lines of equal
pressure.

1) The displacement of the soil takes place along the broken line of the
surface AdB (Fig. 11). This case is characterized by the fact that the
section of the displacement surface Ad lies within the core;

2) The displacement of the soil and rock takes place along the surface of
displacement NaB, with the surface Na lying outside the core.

In analyzing the stability of the respective segments of the soil (Add'A and
¢'dBd' in the first case, and Naa'N and a'aBd'a' in the second), we should:

R ian s = .-
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a) In the first case calculate the hydrodynamic pressure of the water in
the interstitial space which is in effect along the surface of displacement,
Ad;

b) In the second case calculate the horizontal pressure of the water on the
core, expressed by a triangle of hydrostatic pressure plotted for the depth
of the water in the water race, and the vertical counter pressure exerted
along the base of the core, ad (determined in accordance with the existing
lines of equal pressure; here the weight of the volume, a'add"a' should be
calculated on the basis of the volume weight of the saturated soil).

7 &>

Note. The displacement of the segment D'DBA'D', due to the active pressure
of the soil, E, falling within the boundary D'D, cannot be discussed in this
case (taking into account the pressure of the water in the pores). When con-
cerned with the stability of the segment D'DBd'D!, its displacement should be
discussed in conjunction with the segment D'DMAD' along the surface MDB,
bearing in mind the fact that the pressure of the water in the pores along
the line DD' will be an internal force, which must not be taken into con-

. sideration in the calcualtions.

5.2. Calculating the Seepage Forces When Estimating Rock-Earthfill Dams
With a Facing.

When estimating the stability of the upper slope of dams with a facing, the
case of a rpaid drop in the water level in the water race should be checked.
To be checked here is the possibility of a displacement along two planes:

1--The displacement of the protective layer along the facing; 2--the dis-
placement of the facing along with the protective layer along the material
of the embankment of the dam.

1 ' The calculations are made in accordance with the method of flat surfaces of
4 displacement [9].
-
?; Figure 12
. Key:
1. Facing 2. Surface of displacement
v The theoretical diagram for the case of the facing sliding alomg the material 3
' of the dam embankment with a rapid reduction in the water level in the water 3
]
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race is shown in Figure 8,d. See part 4, section 4.2 for the chzracteristics
of plotting the curve of the vertical and horizontal components.

The following circumstance should also be taken into consideratior. in cal-
culations for dams with a facing.

We will assume that when the water level in the water race is at the (1)-(1)
level, the depression curve behind the facing takes the position (3)-(3)
(Fig. 12). Vhen there is a rapid lowering of the water level in the water
race to the level (2)-(2), below the depression curve (3)-(3), along the

line bc there will be a constant pressure, corresponding to the pressure at
point b; along the line cd the pressure drops according to a linear principle
(see the piezometric line c'd' in Fig. 12). Therefore, the pressure (counter
pressure) exerted on the facing is exjressed by the curve b'b"d'c'. When
there are sufficiently great ordinates of the counter pressure curve obtained,
the facing surfaces, and there is no point in this case of verifying the
stability of the facing for a shift along the surface abcd.

5.3. Calculating the Seepage Forces When Estimating the Stability of a Slope
on the Crest of Which a Forebay is Located

The stability of a slope on the crest of which a forebay is located is deter-

mined according to the method of circular cylindrical slide surfaces [9], and
the safety factor is:* E

where M, is tte moment of the forces of friction (relative to the center O
of the surface of shift); r is the radius of the surface of shift; Lg is the ;
length of the arc of shift.

The moment of the forces of friction is calculated from the formula:

My = T(Q +/oyy +ay + Wteg

where Q is the sum of all the vertical forces acting on the forebay (the
structure's own weight, the counter pressure; for the diagram of Figure 13,b
the counterpressure is equal to zero); /<yx 1is the weight of the dry soil
above the depression curve (for diagram 13, a, ’:gx =0); /a3p is the weight
of the suspended soil between the depression curve (if there is one) and the
slide curve; W' is the pressing force of the blanket through the difference
in the pressures of the water above and below.

The moment of shifting forces is equal to the sum of the moments .of the fol-
lowing forces (relative to the center O of the arc of shift):
Ma =MB

3+ MB.j’ tMp, Mo

*
According to the method of weight pressure
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where M13 is the moment of the weight of the water of the headwater in the

B
volume bounded by the arc ab, which is the continuation of the arc of shift;
Mchx is the moment of the weight of the concrete structure (not taking into

‘ ‘ account the counter pressure); M/-c-yx is the moment of the weight of the dry
v soil, above the depression curve (for diagram 13, b); M Vrac is the moment of

the weight of the saturated soil below the curve of the depression.

v i

Figure 13. Calculating the Stability of a Slope on the Crest of Which a
Forebay is Located

1 --forebay; 2--blanket;3--curve of depression
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Pa6ota nocpsilleHa BONpoCY y4eTa QHAbTPAINHUOHHBIX CHJA, HI-
PaIOWIKEX CYIECTBEHHYIO POAb MPH Ha3HAYEHHH KPYTHIHH OTKOCOB
3eMASHHX THAPOTEXHHYECKHX COOPYMKEHHT.

B pabote ocBellaloTcs paiHoHaJbHHE NMpPHEMH yueta QHab-
TPAIIMOHHHX CHJA NPH HCMOAL3OBAHHH PAINHUHEIX Croco6oB pacuera
YCTORYHBOCTH 3eMASHWX OTK0oCoB. PaBHuM o6pasom B pabote oT-
Me4YaloTCA HENOCTaTKH HEKOTOpLIX, HaCTO ONHCHBAeMBIX B JHTEpa-
Type NpPHEMOB yuyeTa QHALTPALHOHHBIX CHJ.

.7 B saxaiouenne paboTH NPHBOAATCA NPHMEPH pacyera YCTOh:
YHBOCTH 3eMJAHHX OTKOCOB, MO/IBEPKEHHHX AeAcTBMIO (uALTPA-
NHOHHLIX CHA. ) ‘

P 30314-177 © Bcecowanmit naywno-uc%uejéona:emmn
WIoDnT5 HHCTHTYT ruapoTexnHxm wumeun B. E. Bezeneesa
o (BHMHT), 197
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] NPENUCJOBHE

N ITps mpoeKTHPOBAHHH 3eMASAHHX HAPOTEXHHYECKHX COOPYXKEHHHA
! NPHXOAHTCA 06palllaTh BHEMaHHE Ha pelIeHHe BONpPOCA O MeXaHHue-
CKOM BO3/ieficTBUH (UILTPALHOHHOrO NOTOKA HA cKeser rpynra. Ta-
Koe BO3JAeHiCTBHe NOpOKAaeT BO3HHKHOBeHHe (HIbTPAUHOHHHX H
B3BEIUHBAIOUIHX CHJI, TNPHJOKEHHBIX CO CTOPOHH (HABTPAUHOHHOTO
MOTOKA K CKeJIETY TPYHTA. DTH CHAH ABJIAIOTCA MACCOBHIMH (06beM-
HbIMH) CHNaMH, IPHYeM YUeT HX HHOTAa Bbi3biBaeT O6OJbIIHE TPYXHO-
cTH. BMecre ¢ Tem TakHe cuab, KaK H3BeCTHO, MOTYT 06yC/IOBAHBATD
BO3HHKHOBenne cythdo3nyu ¥ KaabMaTamKa, MeCTHOr0 QHIALTPAIHOH-
HOrQ BHINOpA, a Takxe 06ilero o6pyuIeHHs 3eMASHLIX Mace TPYHTa,
06pasyIollinX, HaNPUMeD, TeN0 3eMATHOTO OTKOca. Clieyer nofYepK-
HYTb, YTO B HacTOflilee BPEMSA HEXONMYCTHMO IPOEKTHPOBATH 3eMis-
Hhle FHIPOTEXHHYECKHE COOpYXKeHHs 6e3 yueTa QHALTPAUHOHHHIX
CuJl, HaJIHYHe KOTOPHX YacCTO BLI3bIBaeT 3HAUHTENbHOE YAOPOXKaHHE
COOpYIKEHHS. ‘ ,
B aurepatype sonpoc 0 GpHALTPAUHOHHBEIX CHAAX pacCMaTpHBaJ- ‘ 3
CA MHOTHMH aBTOpaMH, nipHueM ObT NpelsoXKeH UeNALl pAn pasiauy- ‘
HHX cnoco6os yuera 3tux cui. Cpend M3BecTHBIX Cnoco6OB HMEIOT-
¢s1 cnoco6ul, npHemJeMHe ¢ NPaKTHYeCKOH TOYKHM 3DEHHs, M TaKue,
KOTOpHe B HacTOsllee BPEMA C/€AyeT CUHTATh HELOCTATOYHO COBep-
IIEHHBIMH, HHOTAA e HeNpaBHW/IbHLIMH, JAIOUIMMH OUIHGOYHBIA pe-
3yAbTAT.
MNMpeanaraemoe «PyKOBORCTBO» MOCBALIAETCA TOJBKO BONPOCY
: . yuera QHABTPANHOHHBIX CHJ TNPH pacueTe oOueH YCTOAYABOCTH
‘ : 3eMJAAHBIX OTKOCOB (BOnpoch cy(¢o3nH, KoJbMaTaXa H MeCTHOro
(uabTpanrOHHOro BHINOPa HHXe He ocBeialprcs). C ueabto ober-
YHTb PaGoTy HHXKEHepOB-NPOEKTHPOBINUKOB, B RaHioM «Pykosoxct-
E Be» ONMHCHIBAIOTCH COOTBETCTBYIOILHE, HaHGOJlee pauHOHAMbHbIE CIO-
co6n yuera GuabTpauHOHHBLIX CHJ B popMe, yROGHON npH npakTHUe-
, CKOM HCMO/Ib30BaHMH 3THX cnoco6oB.
: B 3akmouenne OTMETHM, 4To cpean paGoT aBTOpOB, 3aHAMABILUX-
; CA BOTIPOCOM yueTa (MABTPALHOHHBLIX CHJ, HanboJjee MONHBIE HCCTe-
nosanuf  npuHaanexar P. P. Uyraesy, xoropuft Bnepphie
MPeANOXH YHHTHIBATE UABTPAUHOHHBIE CHJAB TIpH  pacue-
Tax 3eMASHBIX OTKOCOB H pa3paboTan nepBHf pacuerHudt cnoco6 ra-
koro poaa {1, 2, 7, 9]. Caenyer ormetuTb, uto «Pykosoacraos, cocras-
nenHoe B JlaGopaTopun 3eMAAHHX THAPOCOOPYXEHHA MJA. H. COTP.
I. A. Yyraesofi, o6oGmaer, rnapiuim 06pa3oM, paGoTH HAa3BaHHOTrO
asropa (2, 9] , i
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Pyxosoactso no yvery

M;::;nﬁ:efg:;no PUILTPAUROHHBIX CHA n 34-75
u saekTpudukanun:CCCP nPpH pacuertax ycrofiuusocTH BAWAT

OTKOCOB 3eMAAHBIX COOpVKeHHRA

1. OBIIUE NMONOKEHUA
1.1, OGnacrb npuMeHeHRA

Hacronee «PykoBoacTBO» OTHOCHTCH K 3eMJSHBHIM COODYXEHH-
AIM BCeX KNacCOB KanHTaNbHOCTH, NOABEPXKEHHbIX NeficTBHIO GHAb-
TPaUHOHHOTO NOTOKaA.

B nanno#i paGoTe ne paccMaTpHBAIOTCA BONPOCH (PHABTPALUHOH-
HOR NpoyHocTH (HOPMalbHOM M Kasyaablofl), HApyl1aeMoi B CBA3M
¢ cyddosned u KoabMaTaKOM IFpyHTa, paBHbiM 06pa3oM He paccmat-
pHBaloTCH H BONpOcH GUABTPALHOHHOrO BHIOPA.

Huxe paccMaTpHBalOTCH TOALKO PACULTH TAK HA3LIBAEMOrO «06-
Iero o6pyIIeHHA» 3eMAAHNX OTKOCOB, KOTrla BO3MOXKHOCTb 06pyLue-
HUSl 3eMAAHHIX Macc TpyHTa 06ycnOBAHBAaeTCA, B OCHOBHOM, Aefict-
e BHeM COGCTBEHHOTO Beca IpyHTa (H NPHJIOMKEHHBIX K HeMy BHEIIHHX

NOBEPXHOCTHLIX HATrPy30k); QHABTPAUHOHHBIE CHAK B 3TOM Cayuae
HrpaoT TOALKO JONOJNHHTENbHYIO pojb (B OTAHYHE OT PUALTpaUM-
OHHOFO BHINOpaA).

1.2, NMpunstoie 0603HaYCHHS OCHOBHLIX BEAHWHH

0 — yros HakJIOHa OTKOCA K FOPH3OHTY;
m — ko3 duuuenT orkoca; m=ctg 6;
Z — BHCOTA 0TKOCA;
m - Z — 3an0:XeHne OTKOCA;
I — nbezomerpuaecKnfi yknoH $UABTPaUHOHHOrO NMOTOKA B pac-
cmaTpunaemof Touke; I=—09HIAS;
n — NMOPHCTOCTb IPYyHTA; o
V» — YACABHHT Bec BOAb,; 7 1

- Buecentt Beecow3usim ¥V rpepxxeno BHUHT om f
R opaena Tpynosoro Kpacuoro nu. B. E. Beneneena Cpox ‘
. 3namenu HaywHo- Pewennem N 32 BBeACHNS
i nccaenoBaTeALCKUMPHHCTHTY TOM[OT 5 Mas 1975 r. n coraacosano ||V geapraa :

THRPOTEXHHUKH ¢ FaasruunpoexTom .
nM. B.-E. Bexeneesa Munsuepro CCCP 1976 J
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¥y cyx — 06beMHBI BeCc a6COMOTHO CYXOro TPyHTa;
Yeyz — OObeMHLIfi BeC MPAKTHYECKH CYXOro rpyHMTa (NpH Ha H4uHH
€CTeCTBeHHOM BJIaXKHOCTH);
Ysoe — OOGbeMHBIA BeC B3BelEHHOro B BOA€ FPyHTa;
Yaac — OObEMHHA BeC HACHIIEKHOro BOAONK TpPyHTa (Ymac=Ycyx+t
+1-vs);
¢n — AeACTBHTEJNBHHMA yrosl BHyTpeHHero TpeHHA TIpyHTa (3Haye-
' HHe ¢, COOTBETCTBYIOlIee JaHHOMY TPYHTY, HalileHHOe 9Kcne-
PHMEHTAJbHLIM IIYTEM);
¢x — BeJJHYHHA @, NPH KOTOPOfi paccMaTpuBaeMasi objacTb IpyH-
Ta AOJXKHA HAXOAHTLCS B COCTOSHHH NpeAeibHOTO paBHOBe-
CHsl (KPHTHYECKHA yroj BHyTpPeHHEro TpeHHA);
¢y — AeficTBHTeNbHOe YAedbHoe ClenjieHHe rpyHra (3HaueHHe C,
COOTBETCTBYIOLIee AAHHOMY TPYHTY);
¢y —BeJIHUHHA ¢, IPH KOTOPOH paccMaTphBaeMas 06/1acTb rpyHTa
AOMXKHA HAXOAHTbCA B COCTOAHHH Npeie/bHOr0 paBHOBECHsS
(KpHTHYECKOe YAeJbHOe CleneHne);
ks — K03 dpHUHEeRT 3anaca YCTOAYHBOCTH pPaccMaTpHBAeMOro OT-
€eKa rpyHTa.

1.3. Tepmmnosorms

lTopucroe Tesro (rpyHr, Geton) — Teno, cOCTOsMiee #3 CKeAeTa
(TBepaoit ¢a3r) H NMOp, KOTOPHeE MOryT GWTh 3aNOJHEHW BOAOA H
BO3/lyXOM HJH YacTHYHO BOJAOCH, uacTHuHO Bo3ayxoM. Cieayer pas-
JIHYaTh ABe MOJe]H MOPUCTOTO Teja: TOYEYHO-KOHTBKTHOE TIOPHCTOE
TeJO H CJAHTHO-NIOPHCTOE TeJo.

To4e4HO-KOKTAKTHOE NOPUCTOe TeAo — Teno, 06pasoBanHOe TBep-
ALIMH 4aCTHUAMH, COTIPHKACAIOIWHMHCA APYT ¢ APYrOM B MaTeMaTH-
4ecKHX TouyKax. B srom ciyuae Kakaas yacTHUa ckesiera OMBIBaeT-
€Al CO BCEX CTOPOH XKHAKOCTBIO.

Cautno-nopucroe TeA0 — Tesio, NOJAyYalOLleecss NPH COERHAEHHH
TBEPALIX YaCTHR APYr ¢ APYrOM npH NOMOILH BOXOHENPOHHIAEMBIX
KOHTAKTOB, MMEIOLLHX ONpeleseHHyl0 IJjowaab. B sTom cayuae
TOAbLKO 4acTh TIOBEPXHOCTH HACTHU NOABepraerc AeACTBHIO XHAKO-
CTH; OCTA/bHAsA YACTb — 3allMllleHa OT AeACTBHA KHAKOCTH BOAOHe-
NPOHHUAEMBIMH KOHTAKTaMH.

YKA0n OTKOCG — TaHTEHC yria HakJAOHa K TOPH3OHTY, PaBHHIA
1 :m; «ko3¢duunenT OTKOCAa» — BesIHUMHA, OGPATHAR <YKJAOHY OT-
Koca», papHas m: 1 (T. e. paBHasA KOTaHreHCY yraa Hak/JoHa K ro-
PH3OHTY).

O6uiee obpywenue 3emannoeo orkoca — capur Goabmofi Maccht
rpyHTa, o6pasylolliero oTkoc, noa AeficTBHEM, MaBHHIM 06pa3oM, cHA
cOoGCTBEHHOrO Beca rpyHTa (QHALTPALUHOHHBE CHAB HIPAIOT BTOPO-
CTeNEeHHYI0 POJIb).

Mecrnoul QuasTpayuonnol evinop 2pynra — caBHr CpaBHHTEeAb-
HO ne6OAbUIOA MaccH rpyHTa nox neficTBHeM, IaBHHM OGpasoM
GHALTPALHOHHLIX CHJL.

S




2. OBILHE CBENEHHS O ®HINLTPALLHOHHBIX CHAAX

2.1. Bupth uabTpauHONHUX NOTOKOB B TENE IEMARHLIX COOPYIKEHNA

Caeayer pasanyarth TPH OCHOBHHX BHAA PHABTPALHH B Tele 3eM-
JSTHOTO THAPOTEXHHUECKOTO COOPYKeHHN:

1) ycranosuBmancs ¢pnabrpauns H3 sepxHero Gbea B HHKHHI
{puc. 1,a);

2) HeycTaHOBMBMIA K CHA
PunbTparus, BoIHHKaOUIAR
NpPH H3MelleHHH (BO BpPeMeHH)
ycaoBHfi Ha rpaHHuax o6aa-
CTH (QUAbTPAUHH (NpPh HEH3-
MeHHOM Bo BpeMeHH OObeMe
noposoro npocrpanctsa) (1),
HanpuMep, NOJYYalOULaACA B
Tesle OTKOCA NOC/e CHHIKeHNA
ropu3oHTa BoAnm B Obepe
{puc. 1, 6);

3) HeyCTaHOBHBII A fiC A
dbuabTpauus, oGycroBiennas
KOHCOMHAaLHeR’  FJIHHHCTOrO
Prc. 1 BOJIOHACHIILlIEHHOTO rpyHTa

a—oTKoC, nomaymenuun AehcTBnio ycTanosumLehcs ((blri.’l bTpalius, BhaBaHHaa Ha-

HABTpaumH; J-—o0TKOC, ROABEPMeHHuA AeRcTBUIO
ﬁeycnp;o-mmencl OIIJlepalllﬂ? B peayaprate Ou- MeHeHHeM BO BpEMeHH o6bema

CT CHEXKe OPHIOHTA BOAM b Ohede; ] xpH~
CTPOTO CHIX! ““nrnpmcnpeccuu. B 6red xp noposoro npOCTpchTna).

HonoauutenbHo  MOXKHO

eille pa3aH4aTh CleAyloliHe cayyan GUAbLTPANHN!

a) ¢uabrpaunio, noayvaiolylocs B NepHOd BOIBEACHHA HAMbLIB-
HOft nAOTHHL [2] (npi AByCTOpPOHHEM HaMHBE; cM. PHC. 2, a);

6) duavTpaunio B Tege OT- -
Koca, noJy4aloulyiocs npH sbl-
nageHHH JOXKAA, KOraa mno-
BEPXHOCTb MEHHCKOB, YCTaHaB.-
auBapmianca B6aU3N noBepx-
HOCTH 3€MJIH, «pa3pyluaetcs»
ROXJAEBLIMH  BOXAMH;  NpH
3TOM B TeJjie oTKOca o6pa3syeT-
CA NOTOK, anafNoTHYHBA nmpen-
crasieHHOMY Ha pHc. 1,6, Ha

a)

Pnc. 2.
a—PHALTPALHONNLTA NOTOK, 06pasyOmMAcH
BO BPEMS HAMBMRA NAOTHHG; O -OTKOC, Ha-
c ] fi BosOR

S TPy

B cAyHae IHAYHTEABHOR BHICOTH KANUAAND-

HOro NORHSTMR; [—-NpyA; 2—anuug aTMO-
CHEPHOTO AABREHNR,

foae v alla bzt s, e e i el okl
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puc. 2,6 uepe3 hyg 0603HaYeHA BHICOTA KaNHAAAPHOrO MNOAHATHA
BOJH; 3MIOPHI AA'“SB’B H BB”C — sniopH KanuaJspHOro AaB/ieHHd,
HMeBIllHe MeCTO 10 BHNaJAeHHs JOXKAA.

2.2, MousrHe 0 PHALTPAUMOHHKIX CHAAX

B cayuae ycTaHOBHBlUelcCs JaMHHapHO# (QHJIbTPAUHH, paccMaT-
pHBast ONHY YaCTHIY rPYHTa, OMHIBaeMyiO BONOH, MOXHO NOKa3aTh,
YTO 3Ta YacTHUA noasepraercs AeficTBHIO (CO CTOPOHE (HABTPaUH-
OHHOTO NOTOKA) CHJ RaBJeHHs (HanpaBJeHHHX HOPMAJBHO K ee I0-
BepXHOCTH) H CHJI TpeHHs (HampabJeHHBIX KacaTelbHO K ee noBepx-
HOCTH).

Ecan yepe3 [° 0603HAYHTb reOMETPHYECKYIO CYMMY BCexX CHJA AaB-
JieHHs M TPEeHHA, NPHAOXKEHHBIX K OJHOA uacTHUEe FpyHTa, TO fOCTa-
TOYHO Gosbiwof o6bem V rpyHTa, cOCTOAIHMA H3 MHOXECTBA YacCTHL,
6ylder NOABEpPrathCA AEHCTBHIO (CO CTOPOHBI (GHJILTPAUHOHHOrO NO-
TOKA) CHJBI

?=xF, U)
riae Xfa—reometpnqecxaa cyMMa cust fO, NPHAOKEHHHX K OTACHbLHHM 4acTHUAM
IpyHTa, COCTaBJAIOUIHM PacCMaTPHBaeMblit 0ObeM rpyHTa.

YaenvHas cHNa MeXaHHUECKOro BoajeficTBus PUALTPAUNOHHOTO
noroka Oyner: o

¢$= v 2

Has ynoGetba pacdera yxeabhyio cHAy ¢ NpHHATO pasnarath
(npH paccMOTpeHHH MJIOCKOR 3ajauH) Ha ABe COCTABJSIOULHE. Mox-
HO HAMETHTb HECKOJDbKO CNocOGOB pa3sioKeHHA" CHAN ¢ Ha ee co-
crapasioutre (2] Ha pHc. 3 (zn1s npumepa) mpeacTaBieHo ueTHpe
cnoco6a paanokeHHs CHALI ¢, e NPHHATH cleAylollHe 06o3Have-
HHSl; M — paccMaTpHBaeMas TouKa 06GJacTH QUJbTpPAauUMHM; p— rA-

apopnHamuyeckoe aasaenne; H —uanop (H=2+ L, rae z — Bep-

THKaJbHas KOOPAHHATA TOYKH); N — HampaBJieHHe, HOpMaJIbHOe K
JHHHAM p=const; n’ — KOOpAuHATA, HAMEYeHHas BIOAb 3TOTO Ha-
npaBieHHs; l——nbeaomer HYeCKHH YKJOH B paccMaTpHBaeMofi Tou-
Ke m; wy, w,’, w, wy, (o)~ , Wx, ¢, W:— pasauvRLe COCTABNAIO-
wHe yAeabHoh cuanl ¢. Han6onee yno6HM cnoco60M, KOTOPHM ML
HUXe H 6yneM nOAbL3OBaTbLCA, ABAAETCA CHOCOO6, NoKasaHHHM Ha
puc. 3,6. Coraacro 3tomy cnocoly ciaa ¢ packaaibiBaercs: Ha Bep-
THKaJbHYI0 COCTaBRAIOULYIO @ H COCTRBAAIOMYIO fg, HanpasAeHHYIO
BROJb JAHHBH TOKA. [IpH Takom pa3a/ioKeHHH CHAH ¢ OKA3LIBAETCH,
4TO ee COCTapARIOllas W noJydyaeTcs paBHOM apxumMenoBOf cHJe,
T. €. CHJle B3BelUHBAHHS TBEPAOrO Tesla, KOTOPas HMEET MeCTO B Cay-
yae NOKOAMEACH KHAKOCTH. STy COCTABJAIOILYI0 Ha3oBeM yzle.nbnoﬁ
CHJION «THAPOJHHAMHYECKOrO B3BeLIHBAHHSY.

CocTaBAsiollyIO [ MeXaHHYECKOro BO3feACTBHA BOAH Ha- cxener
TPYHTE NPHHATO HA3LIBATE PHALTPAUHOHHON cHAOR.

ratasit ok i vodh o din
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B cayuae TOYeYHO-KOHTAKTHOTO NOPHCTOrO Tena HMeeM (CM.

puc. 3,6):
a) BEpPTHKaNbHas COCTaBARIONAA CHAA ¢ papHa:
’ w=(1—n)y 3)
a) /M 8) t‘

.' u&':-.g-nr.--r‘g’"'ﬂ)r'

Pnc. 3

A—0—8—2-BOSMOXHLIE BADHAMTH PAINOKEHHR CHAL @_na cOCTaABARIOWNE,

6) coctaBasiOulas CHAN ¢, HanpaBieHHas BAOAb JHHHM TOKa
.1
paBHa:

ORI

oH
f¢='{s'l="‘1-'§- 4

rae [m—0H|[3S, npuueMm GH/AS — rpajHeHT HanoPa NPH YCTAHOBHBIIEMCA ABA-
XKeHrHn 2,

! Caeayer oTMeTHTh, uto GopMyay (4) Bnepsue omy6aukoman K. Tepmarh.
On}ako OH He OTMETHA, YTO BTOPAR COCTABAAIOLAS TPHHHMAGTCR UM BEDTHKAAL-
HOfi, B CBA3H ¢ %eM OH no3moaun apyrim asropam (H. I1. yampesckomy 1 ap.) obo-
CHOBAHHO 1OKAa3aTh, 4T0 popMya (4) ABAfETcA HEBePHOR, eCIH MH NDHMEM HHOe
manpanedne aTopoli cocTaBasiowed. [ToapoGHo no sToMy Bompocy oM. {2].

2 § — HanpaBJsieHHe, HaMeUeHROe BAOAb JIHHWH TOKa B CTOPOHY YMEHBILRIOWHX-
cq snavennh H.
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" pHALTPAUHOHHOTO NO-

IMpn HaaMaUKM CAUTHO-TIOPHCTOTG Tena umeem (puc. 3,6), cornac-
Ho P. P. Uyraesy:
a) cuaa

@ = (2~ 1), @)
6) cuaa
fp =11 )
rie ¢ — 7ax nasmBaeMul KO3PPHILACHT NOBEPXHOCTHON NOPHCTOCTH NDYHTA.
3aHuMasicb BONPOCAMH YCTOAYHBOCTH H NPOYHOCTH 3eMJISHBIX CO-
opyxeHnnit, 6yaeM pacCMaTpHBaTh TOJbKO TOUEYHO-KOHTAaKTHBIE TPYH-
Th. B 3TOM cJyyae npH BbINOJIHEHHH MPAaKTHYECKHX pacuyeros OG-
Jach TPyHTa, PaclNONOKEHHYI0 HHXe KpHBOH lenpeccuu, Gyaem pac-
CMAaTpUBATh KaK B3BeUIeHHYIO (N01BEPKEHHYIO 1eHCTBHIO BEPTRKAMb-
HOW CHJIbI THAPOAHHAMHYECKOro B3BeIUlHBAHHA, 10 BeNHYHHE PABHOIO
apxuMe10Bof cuje). JonoaHuTebHO GyieM CUHTATDH, 4TO K Kamaoh
efluHule o0beMa TPyHTa, pAcloJOXKEHHOro B ykasanHo# ofaacTa,
npuaoxKeHa cHaa fy (cM. popmyay 4), HanpaBneHuas BAOAb JHHHHA
TOKa.

3. OCHOBHBIE (MCXOAHBIE) CNOCOBL! YHETA
SHALTPALLHOHHBIX CHJI TPH PACHETAX YCTORAYHBOCTH
JEMJIAHBIX MACC

3.1. MTepsnifi cnocoG — yweT PYUALTPALMOHNLIX CHI (IPH NOMOUIK
ROTEHUHAbHOA DYHKLKH «PEIYNLTHPYIOWUX CHAD |

Ha oany eaunnny

o6beMa rpyHTa, Bolje-

JEHHYIO B T1ipejeJax

TOKA, HeHCTBYIOT TpH
CHMbl, HMelollHe I10-
TeHIHA:

a) cuaa cofersen-
HOTQ BECa <«CYXOro»
rpyHTa;

6) cuna ruapoau-
HAMHYECKOro B3BellH-
BaHHAl W, Bhipa)kae-
Mas#i  3aBHCHMOCTbIO
(3):

B) GHABTPAUHOH-
Hasi cuna [y, Bennuu-

Nuruu @,

Puc. 4.

! [peanoxen P. P. Uyraesnim s 1935 r.
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Ha KOTOpO#l omnpelensercs sasucHMoctbio (4). Cuaa [y nBasercs
¢yHKusei KoopaHHAT

Jp (% 2)

Ckanagbisas reoMeTpHUECKH ITH TPH CHJIBI, AefCTBYIOUIHE Ha elH-
HUUy o6beMa TIpyHTa, NOAyuyaeM OAHY pe3yJbTHDYIOULYIO CHAY Yo,
NPHJIOKEHHYIO K paccMaTpHBaeMofl eIMHHUe rpyHTa. Pesyabtupyio-
Was CHia Yo, TAK XKe KdK W ee COCTanIqiclne, GYIeT HMeTh NOTeH-
uHaa, xoTopblit 0603HauHM uepe3 Py uau Py (x, z).

a) ‘ H. H. Nasaosckuit [3], pac-
(N of8 (1) 8 ¢ CMaTpHBasi HaNoOPHOe ABHXeHHE

- TSI TPYHTOBLIX BOA NOL GeTOHHBLIMH

MJOTHHAMH, Halllel BhIPAXKEHHE
A18 moTeHnuana oGbeMHOH pe-
3yabTHPYIOWed CUJB Yy

= '—H
Bodonenponuyaemoe OCHOBAHUE Po=2 +C ©
raie H — nanop B 1aHHofi ToOuke, 2 —
5 c' 3arayG/aeNne 1aHHOAM TOYKH NOY nno-
ckocTbio cpasiiedus; C — noctosnnan
HHTErpHPOBAHHSL.

Takum oGpa3om, umesn AuHUU
pasHoro Hanopa (H=const) aas
paccmMaTpuBaeMOH o6GaacTH
(OHAbTPAUKH, NOCTPOEHHBle, Ha-
npumep, no meroay I OA, mox-
——————— HO, TOJb3ySICb 33aBHCHMOCTBHIO
(5), NOCTPOHTL JIHHHH PaBHOrO
3HaueHHd

Puc. 5.

@, = const, ©6)

KOTOpHie 1ai0T MNOJHOE NpelCTaB/JeHHe O BeJIHUMHE H HanpaBJeHHH
pe3yabTHpyloled CHAb Yo B N0GOH TOYKe 06AaCTH QHIAbTPALUHH.

Ha puc. 4, a npexacrab/ieH 3emManHolt OTKoc, AA9 KOTOPOro no Me-
toay 3T IA noctpoensi Auuun H=const aas $puaprpaunonnoro no-
TOKa, BO3HHKAIOUIEro B OTKOCe NpH OGBICTPOM CHHXXEHHH T'OPH3OHTA
BoAN B Gbede oT yposus (/)— (/) 10 ypoBua (2)—(2).

Ha pur. 4,6 8 ccotBercTBHU ¢ hopmyaof (5) MOCTpOeHH! IKBHMO-
Teniurany Pp=const. ITH IKBHNOTEHUHANH ABIAIOTCA HECKOMBKO HC-
npasaennumMu. Coraacho npenanoxennio P. P. Uyraesa, nosiyueHHyio
cHCTeMy 3kBHnoTeHunaneft Po=const npeacrasafercs BO3IMONKHLIM
3aMEHHTh CHCTEeMOM NPAMHIX NapajJelbHbiX JHHHA, TPOBEAEHHBIX
yepes pasHoe paccTosiHHe Apyr or Apyra. Mcmoabsys Takoe nony-
leHHe, nosyuaeM OTKOC 3eMAsHo! NJOTHHE (pHc. 5, @), noaBepxKeH-
HHA AeficTBHIO TOABKO OAHOA cHCTEMBI CHA (Yo) cp, HAKJIOHHOM K Bep-
THKAJH NOA HEKOTOPHM YrioM (0g)cp. B Takom cayuae ana pacuera
ic'roﬂqusocm OTKOCA MOXeT GBbiTh HCMNOAL30BAH NpeAJOXKeHHbIN

. P. Uyraesum «cnoco6 nosopora orkoca Ha yroa (6o)cp», Kak mo-
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Ka34llo Ha pHc. O, 6. Kak BuaHO, B 3T0M cluocode BausHne PHIAbTpa-
IWHOHHBIX CHJl Ha YCTOHYHBOCTb 3€MJASHOTO OTKOCA YYHTHIBAeTCs ny-
TeM BoOGPaKaeMOro yBeldYeHUs KPYTH3Hbl OTKOcA Ha yrod (Oo)cp.

3.2, Bropoi cnoco6 — KouTypHbiii cnocob yyeta
QHUALTPAUHOHHBIX CHJA !

Srot cnocob, npeanoxenunii A. H. Vipanosnim ? (4], ocHOBaH Ha
3aMeHe 0o0beMHbIX (PUALTPALHOHHBIX CHJ, JACHCTBYIOUIHX Ha HeKo-
TOpYlo Maccy rpyHTta abcd (pHc. 6, @) pa3HOCTBIO NOBEPXHOCTHLIX CHJ
FHAPOAMHAMHYECKOro J4BJeHHs, MPHJIOKEHHbIX K KOHTYpYy paccmar-
puBaemoro o6bema abed rpyura. ®.

Ha puc. 6,6 npeacrasaennt 18e SMiophi:

a) sniopa a’b’c’d’, noaydaouasca Kak pasHOCTb 3NIOp 1aBJIeHHS
(na KOHTYP), MOKA3aHHBIX Ha pHuc. 6,a (cM. smiopul Py u P.");

6) amopa a’h°c’d®, noayuaioinasca Kak pasHOCTb 3MIOP AABNEHHS
Ha KOHTYp, NOKa3aHublx Ha puc. 6,a (cM. amopsl Py’ u Py”).

IMaowais snopu a’b’c’d’ jaeT 3Havenue BEPTHKAJAbLHOM COCTaB-
asowleit F, cymmapHoil QHABTPAUHOHHOM cHABI, AeHcTBylOMlell Ha
paccmarpuBaeMblii 06beM rpyHTa abcd; naowlaas sniopsw a®bc’d*
NpejCTaBaseT BeJIHUKIY TOPHIOHTAALHOR cocrasasiowedi F), cymmap-
HOA GHABTPALHORHOM CHJBI, AeficTByiollet Ha o6bem rpyHra abcd.

Ipu pacuerax Fn u Fp, Kak yKasaHo phille, TPYHT B Npiuenax
o61actd QUALTPAKHH cAelyeT CYHTATh B3BeWeLHBIM.

4. PEKOMEHAYEMBIE CNOCOBb! YYETA ®HJAbTPALHOHHLIX CHJl
NPH PACHMETAX YCTORYHBOCTH IEMAAHBLIX OTKOCOB

4.1. Cnoco6 ydeta GuALTPAUHOHHBIX CHJ, HCIOAB3YEMbIil NPH pacuyeTe
YCTOHYHBOCTH 3EMARHBIX OTKOCOB, NO METOAY KpPYTAOUHAHHAPHYECKHX
nosepxHOCTeH cABUra («cnocol GUKTHBHLIX BECOB rpyHTas)

[Tpu pacuere ycToAUHBOCTH 3eMJAAHLIX OTKOCOB 1O METOAY Kpyr-
JOUHJIHHAPHAECKHX NOBEPXHOCTEN C1BHra Bcerja PauUHOHAJBLHO HC-
noJib30BaTh TaKk Ha3bviBacMblit «cnocob (PHKTHBHbIX Becos TPYHTa».
3toT cnocob B TOM HAH IAPYFOM TeXHHueckoM odopmJienHn npeina-
rajcs psifoM aBTOpOB (K‘;JOMCKHM E. ., One H. [5], Mopryno-
oM H. M. [6] 1 ap.). Ctporoe c6ocHoBanne 3toro cnocoba npuse-
JleHo Ha ocHoBaHu pa6ot P. P. Uyraesa [2, 7).

! Hazo 3ameTHTb, uTo HaHMeHOBaHHe [aHHOro cnocoba («KOHTYPHLIA cno-
co6»), a TaKKe HAHMEHOBAHHE «CNOCO6A GHKTHBHLIX BeCOB TPYHTa», GHIO BREACHO
B snteparypy P. P. Yyraesum [1, 21

2 Eaunuﬁ cnocol H3NaracTcs B HECKO.IbKO HHOM dopme, uem To Gbino caena-
no A. . Usanosum (cm. [2)).

3 Ha puc. 3 R = chna JaBaelHn co CTOPOHL CKeseTa rpyHta na BOAY; Rp H
Ry, — ropH3oHTaNbLHAR H BEPTHKANLHast NPOEKIHH ITOA CHADL.

P . ]
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CoracHo Meroay KpPyrJIOUMAMHAPHYECKHX NOBepxHocTel obpy-
Wwenus Ko3pOHUMEHT 3anaca NPOH3BOJIbHO BhIIEJEHHOro oTceka 06-
pyiienus suipaxkaercs dpopuyaoi [2]:

tg%s  €a
k3 == (g‘PK - ch (7)

KoTopasi B 60.1bIIHHCTBE ClyuaeB (MPHMEHHTENbHO K Meroay Tepua-
i, BECOBOTO 1aBJEHHA) NPHBOTHTCH K BUAY:
by Mo @)
M,
rie M, — MOMEHT aKTMBHHX CII; M; — MOMEHT PCaKTHBHBIX CHJ (OTHOCHTEJIbHO
UeHTPa NOBEPXHOCTH cABNTa).

Tosichum  pauHoHab- a) 4
Hble crniocoBbl olipefeseHHst
My u M,, Bxoasiuiux B pop-
Myay (8).

1. Cnoco6 onpederenus
M,,. Tlpn noacuerte Besnun-
ue M,  npenebperaem
GuAbTPAUHOHHBIMH  CHJIA-
MH; YUHTBIBAeM TOJILKO ap-
XMMEJOBbl CHJ/Ibl B3BEIUH-
BaHHA. B CBA3H ¢ 3THM, Bbi-
yycasis Mp cuutaem, uTO
FPYHT, PACNIONOXEeHHbIH Bbl-
lile KPUBOH AenpeccHu, Hme-
€T ofbeMHbI Bec, paBHbBl
o6bemioMy Becy rpynrta
NpH  eCcTeCTBEHHO# BJIAXK-
flOCTH; FPVHT, Pacnofoxen-
HBIH HHXKe KPHBOIi Aenpec-
CHII, CUMTAEM B3IBELIEHHLIM. Puc. 7.

CrennanbibIMH HeCaI€Z0BA-

HHAMH ObIIO NOKA33HO, 4TO TaKoe AONYIlleHHe ABARETCS BNOAHE NpH-
eMJeMbIM (OHO RaeT HHYTOXKHYIO NOTPEUIHOCTb B OKOHYATE/IbHEIX pe-
syabtatax). Hano, snpouem, ormernts, uto 8 [7] ocsemaercs aonoa-
HHTeJbHBI CNOCOG, TO3BONRIOUIHE, NPH KENANHH, VYECTb TOJBKO
BEPTHKaNbHBIE cocTaBNfOUMe GUABTPALMOHHEIX CHA NPH NOACYeTe
M,, (410 HecKo/IbKO yTOulnAeT pacyert) .

2. Cnoco6 onpedesenus M,. Beanuuuna M, coraacuo paumo-
My cnocoGy onpelensierca 6e3 HCMONb3OBAHUA KaKHX-1H6O j10nylue-
HHA (T. €. COBEPUIEHHO TOUHO).

Has onpenenenns seanunnbl Ma nOCTyNaloT caelyoOmum o6pa-
30M: 1ia ypOBHe TOPH30HTA BOAb B Gbede NPOBOIAT FOPHIOHTANLHYIO

! Moxno noxa3aTe, 4TO YNCT rOpH3ONTaALHOA cocTaRaaiomed (UALIPANHOR-
SHX cia Npn O0HYHOA NOCTaHOBKE BONPOCA B NAHHOM CAYuae HEBOAMONCH.
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auunio W—W (cm. puc. 7). Ota JHHHA H KpHBAsA NenpecCHH pacue-
HAIOT paccmatpuBaemuifi orcex obpywenns ABCWA na TpH uactu.
Onpeaensis M., o6beMHble Beca IPyHTa AJS 3THX TpeX dacreil lpH-
HMMAIOT Pas/iHYHHMY:

a) A8 YaCTH OTCEKa, PACNOJOXEHHOH Bhiule KPHBOA AenpeccHy,
TPYHT CYHTAETCA eCTECTBEHHOH BJAAXHOCTH C OGbeMHbBIM BECOM Yeyx
(cm. o6bem | na cxemax 7,4,6, 8);

6) rpynt, pacnonoxenuntlt nuxe annun W—W, cunraerca Base-
WEHHBIM, ¢ O6BLEMHBIM BECOM Yass, TPHUEM Ysas =Y eyx— (1—1) ¥a
(cu. o6vem Il ua cxemax 7,6 u 8);

B) TPYHT, pacnosioxeHHut MeXK1y KpHBO# lenpeccun W TOPH3OH-
tanpio W—W, cynraerca HacbitleHHniM (eC/in KPUBan JenpeccHn pac-
noaoxeHa Bblule ropusouTans W-—W) ¢ o6beMHLIM BECOM Ynac, NPH-
YeM Yuac=Y cyx+nye (cxema 7,6, o6nvem I1I). Inn cayuas, xoraa {
KpHBasl JeNpeccHH pacnojioKeHa nuxe ropuzonra W—W (cxema
7,8), cremyer cyurath, utro o6bem MEBM (o6wvem 1V), pacnono-
KeHHBl Mexay ropusontanbio W—W n kpHBOf aenpeccHH, 3amoa-
HeH BoOGpa)aeMoll BO10M, NpHYEeM MOMEHT 3TOro o6bema BOAH OT-
HocuTesbHo nenTpa O sBaseTcs BeNHYHHON OTPHUATENBHONM.

Mosabaysch BuilIeyKa3aHHbIMH 3HaYeHUAMH OOBEMHOTO Beca, Nola-
CYHTHBAIOT BeJHYHHY Ko3(ppnuuenta 3amnaca. IToT cnocob yuera
QHUABTPALHOHHBIX CHJ, B OCHOBHOM, HCTIONb3YeTCsi TIPH NPOEKTHPOBA-
HHH 3eMJAHbIX NAOTHH.

42, Cnocol yuera DuALTPARHOHHBIX CHA, HCTIOALIYEMBA NPH pacvere
YCTORMMBOCTH 3EMARNLIX OTKOCOB NO METOAY MAGCKHX NOsepxHocTel casura

Mpu onpeaenesnu BenAwuHHb HABTPALHOHHBIX CHJ, AEHCTBYIO-
IHX Ha OTceK O6pyiuenHsi, OrpaHHYeHHbI CHH3Y NJIOCKHMH NOBEpPX-
HOCTAMH CABHTA, HCNONb3YETCH «KOHTYpPHbIA cnocob yueta QuabTpa-
nHoMHLIX cia» (oM. n. 3.2) 12). .

Ha puc. 8 npeacraBicHO HeCcKONbKO cXeM OTcekoB obpylnenus,
noABepKEHHbIX 1eACTBHI0 PHALTPAUKOHHLIX CHIL

cXeMa a-— ycTanoBuBluasca (QHIALTPAUHA, HANpPaBNCHHAA Hapy-
Xy OTKOCa;
cxeMa 6 — ycTaHOBHBILAACA (PHALTPAUHS, HANPABJEHHAA BHYTpPD k

OTKOCa;

cxemMa @ — HeycTaHOBHBINAACA QHJABTPAUHA NPH PE3KOM CHHXKe-
HHR Topu3onTa BOoAW B Obede oT ypoBus (l)—(1) a0 ypoBHs
(2)—(2);

cxemMa 2 — HeyCTaHOBHBIUAACA PUALTPANHA NpH PEIKOM CHHXKe-
HHH TOPH30HTA BOAH Nepen 3Kpakom oT yposusa (1)—(1) zo yposua
(2)—(2).

Yactb orceka oOpylleHHA, HacollleHHAas BoaoM, Ha3biBaercs
«puabTpylonieh uacTbio». PUALTPYIOMANA HACTh OTCeKa o6pyusenus
orpannuena cBepxy KpHBOH IENpPECCHH H HAPYKHOW NOBEPXHOCTHIO
OTKOCR, CHH3Y — MOBEPXHOCTbIO CABHTa (An% cxem 8,a,6,8). Hdan

14
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cxeMn 8,2 GUABTPyOIMAs yacTb CBEPXy OrPaHHYEHA NOMaHOR AH-
nueit d — ¢ — b —a—4, cunzy d — 2—3—A4.

CuutaeM, 4TO Hanop 1R HUKHeN rpavuus @ — 2—3—4 duab-
Tpyiolefi YacTH OTCeKa OOpYyuleHHs, NOKa3aHHOro Ha puc. 8,4,0,8,
pacnpexesiercs no JHHelHoMy 3akoHy. ITpu naockoctu cpasxenus
OO, nposelaeHHOR Ha YypOBHe TFOpH3OHTZ BOAW B GObede, Hanop B
Kpafiunx Toukax a u 4 paBeH COOTBeTCTBEHHO (118 cxeym 8, a,06,6)

o (nan —Hy) n Hy=0; npavan a—4" 6yaer uckomoh nbe3oMerpH-
ueckofi auHueil. Hanop B Toukax 2 n J noBepxHOCTH cABHrA onpele-
aserca orpeskamu Hy u Hi. Jnn cxembl 8,2 npu nAOCKOCTH cpasHe-
uua OO (Ha yposHe BOAM HHXKHero Gbedra) B Touke 2 Hanop paBeH—
Ha, B Touke 3 wanop pasen 0. [psivan 2—3” asaserca nbesoverpu-
4eCKON AWHMed A yuacTka 2—3 noBepXHOCTH ¢1BUra. YYacTKH no-
BepxHocTH [—2 H 3—4 xapaKTepH3YIOTCA Hy/eBbIMH HanopamH.

YcraHoBHB Hanopbl BO Bcex Toukax (HAbTPYIOUlEro KOHTYpa,
MOKHO HafiTy BeJHYHHY BepPTHKaJbHOR H TFOPH3OHTaJbHOH COCTAB-
AR0Wed cuanl P CyMMapHOro FHAPaBAHYECKOTO BO3REACTBHA, Nei-
¢TByIOllell Ha Becb OTCEK OGpYIIeHHs.

Bepruxaasnaa cocragaswoias P.. C tem, uTobH 1pu pacyere yc-
TOMYHBOCTH OTCeKa OOPYIIEHH yu4ecTb BePTHKaJAbHYI0 chay P
(BKI10YalONlyl0 B3BEWHBAIOWYIO H (GHIBTPAUHOHHYIO CHJbI), Bec G
KaX10TO BbiIeJeHHOro ¢parveHTa HeoGXOAHMO NMOACHHTHIBATHL, HC-
X014 H3 CJAeIYIOIHX (HHOTZA YCIOBHMX) 06beMHBIX BeCcOoB rpyHTa:

a) ans obaacTH rPyHTA, He HACHILIEHHOTO BOAOH, HCXOIA H3 Be-
ANYHHEB 06bEMHOIO BeCa «CYXOro» I'PyHTa — Yeyx,

6) 1na o61actTd TPYHTA, PAcHONONEHHOR HMXKe Nbe3oMeTpHye-
CKOM THHHH, NOCTPOEHHON A7 MOBEPXHOCTH CABHTra (CM. Nbe3oMerT-
puueckue aunnk a—4" na puc. 8,a4,6,8 1 2—3 —na puc. 8,2) |,
HCXO0AR M3 Be.THUHHBI 06BEMHOrO Beca B3BEUICHHOTO FPYHTA — Yasn;

B) 144 06/acTH I'PYHTA, PACNONOKEHHOH MeXI1y nbe3oMeTpHye-
CKHMH JAUHHAMH, NOCTPOEHHHIMH A/NS BepXHEro yyacTKa M HHKHEro
Y4YacTKOB KOHTYypa GHJbTPYIOLLleH YaCTH OTCeKa o6pylUeHHs, Hexoas
M3 BeIHUHHB OOBEMHOrO Beca HAcHIUIEHHOTO FPYHTa — yuac (KOTIA
nepsas ynoMsHyTas Nbe3oMeTpPHUecKas JHHHA JeXKHT Bblllle BTOPOR
yMOMAHYTOH mnbe3oMeTpuyeckofi JAWHHH), H HCXOASl H3 O06BEMHOro
BeCa Y'syp =Ycyx—Ys, KOTAa NMbe30oMeTpHYeCKas JTHHHA, OTBEYAQULAR
HHXKHEMY YYaCTKy KOHTypa, pacnoJioXeHa shillle Nbe3oMeTPHYECKON
NHHUH, OTBeyalollefi BepXHEMY yuacTKy ¢abTpyIOHIero KOHTYypa.

Heo6xo01uM0 yunTeBaTh TaKXKe coGCTBEHHBIN Bec BOAW B 06beMe,
3aKNIONEHHOM MeX1y FOPDH3OHTOM BOAB H Nbe30MeTPHUECKON JAHHM-
efi, TOCTPOGHHOM A/NA MJOCKOCTH caBura (cM. pHc. 8,6, naowaib
8—4"—c—a@), npn6aBnAsn ero K Becy coOTBETCTBYIOUIHX (paruven-
to8. Ecan nbesoMeTpuueckas JMHWS, OTBEYalOUlas NOBEPXHOCTH
CI1BHTa, JeXHUT Bbillle FOPH3OHTa BOAb B Gbete, TO ykazgHHAR npHu-

! Caywaf, Koraa 3Ta JHHHS JEXKHT HHAKC TbEIOMETPHUECKOR JTHHAH, OTHEYAI-
uiefl BRPXHEMY YWaCTKy KOHTYpa.
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rpyska BOROA noayuaer oTpHuaTeabHOe 3Hauehne (cM. puc. 8,q,
naomwans 6 —4” —c; puc. 8, 8, nromans ¢ —4” —d).
BepTHKa/AbHYIO COCTaBAAIOMYIO DHABTPANAOHKLIX CHJ MOXKHO Ha-
XORHTb NMyTeM NOCTPOEHHS 3MOPL NPOTHBOAABJEHHSA.
T'qpusontaasnan cocrasasrouans Pr. Caenyer cuHTaTh, 4TO FOPH-
30HTaJbHaf COCTABJAAOIAA CHJAW THApaBIHYECKOrO BO3AeACTBHA
&, paBHa FOPH3OHTANBHON cocTaBisioulell cyMMapHOR (GHIbTPAUH-
OHHOM cHAHN. CHAla THAPOAHHAMHYECKOrO B3BEIIHBAHHA IPYHTA B BO-
Je NpHHHMAEeTC BePTHKAAbHOM, H MOTOMY OHA He BXOXHT B Be/IHUH-
s . Hy ¢h4
: | Fal=1Pp| = o,
rae @ — AAOWAAL INIODH, KAXKAAA FOPHIORTAABHAS OpAuKaTA xo’ropoﬁ NpeACTaB-
aser coGok PAa3HOCTb BHCOT A4BJCHHS, H3IMEPEHHLIX B ABYX COOTBETCTBEHHLIX TO4Y-
1 Kax (CM. COOTBeTCTBYIOUiHe STmOpH #a puc. 8).

ITog coorBeTcTBEHHbIMH TOUKAMH NMOHMMAEM TOUKH, JeXalile Ha
OXHOR H TOM JKe FOPH3OHTAJH, ABAKONIelicA NPOAOIIKEHHEM paccMaT-
pHBaeMofi TOPH3OHTAJALHOM OPAHHATH 3SMIOPW H NPHHAANEKAUIHE
COOTBETCTBEHHO JeBOAi K Npapofi YacTH KOHTypa $uiabTpylOlled Ya-
CTH oTCeKa OGpyuieHHs.

Hanpasnenne cuan Fp Momer GHTb pasjHUHBIM: HAPYKY OTKOCA
HIH BHYTpb ero (B 3aBHCHMOCTH OT HanpapJjieHHsa o6lero TeueHHA
(HABLTPaLHOHHONO NOTOKA).

T 5. YYET #HJALTPALLHOHHBIX CHJ1 NNPH PACYETAX YCTORYHBOCTH
3EMAAHBIX THAPOTEXHUYECKHX COOPY)XKEHHR

5.1. Yuer QHALTPANMORHLIX CHA B TAHHNCTOM SAPE o
KaMEHHO-3EMANHLIX NAOTHR {

Ilpu paccmoTpenud QHALTPAUMH Hepe3 INIHHHCTOE AAPO NMAOTHHL
pasjiHyaloT cjeayloiiHe BHAN QHALTPAUHOHHOTO NOTOKA:
! — ycranosuBuiifics ¢uabTpaLHOHHNA RNOTOK NpH NOXHATOM
ypoBHe BOAH BepxHero Gheda; 3
2 — geycranopnBuinficd (pHALTPaNHOHHHA NOTOK, HMelOMHA Me- '
CTO B fiApe B pesyabraTe ero KOHCOJSHAaUHH (NpH OTCYTCTBHH BORL
B Gbede); ]
3 — HeyCTaHOBHBIIHACH QHABTPALHOHHBIA MOTOK, HMEIOKA Me- '
4 CTO B fApeE, KOrla Npolecch KOHCONHAALHM ellle He SABEpPUINJIHCD, a
ypoBeHb BOAN B BepxHeM Ghede nonusar.
Ha puc. 9 npescrassenn JBHHH PaBHOTO Hamopa B fAape (AApO 4
npsaMoyroassoe) ans 1 1 2 suga GHALTPALUHOHHOIO NOTOKA. 3
Has 3-ro cayvas ¢uALTpaUHH B 3aBHCHMOCTH OT CKOPOCTR KOR- ’
CONHAALUHMA H cXeMbl HANOJNHEHHs BOJOXPAHHJHILA MOXHO NOAYYHTH
pasandHEe KapTHHH QHABTPAUHOHRLX Hanopos B sape. Ha puc. 10
npeAcTaB/JeHb cXeMHl BOIMOMHEIX Awuuf pasHoro uanopa, OTHOCH-
HWIHeCH K PasqHYHLIM MOMEHTAM BpeMeHH NocCje 3aNONHEHHA BORO-
XpaHuauila, i

(2 . 3




Cxema 10,2 OTHOCHTC K MOMEHTY, KOTAa FHAPOAHHAMHYecKoe
AapJieHHe, o6ycaoBAEHHOE KOHCOMHAaUHeN, BEJHKO (MO CpaBHEHHIO
¢ NaBaeHueM, o6yclOB/JeHHHM BepxHHM Goedom). Cxema 10, 6 orne-
yaer cJayuaro, Korja JapjeHHe KOH- .

COJNHAAUMY - MANO (N0 CpaBHEHHIO @)
¢ laBjeHHeM BepxHero Gbeda). Ha

cxeme 10,8 H3o6pakeH npoMexy re
TOuHHA (O6ulHR) cayuyafi. 11—

Hmes 3to B BHAY, W3 BO3MOXK- ~~ ~—_~
HBIX KapTHH HABTPALMH, NOSCHEH-
HHX BHllle, AJS pacyera ycToHuu-
BOCTH ClleftyeT BHIOHpaTb Te, KOTO-
pble 6yAyT RaBaTh BO3MOXKHO 60.1b-
IHe Hanopu BHYTPH sajpa.

Bosuukawmue B npouecce
buabTpaunH PUALTPALUHOHHBIE CH-  §)
AW He)6XONMMO YYHTHIBATD TNIpH
pacyetax YCTOAUHBOCTH HH3OBOIL

KJAMHA NAOTHHAL. g /8

Pacuer ycrofiunBocty nusosoro _— _— -
KJHHA NJOTHHH MOXeT BHNOA- =~ =~
HATLCA NO METORY KpYIJOLHJIHHA- ' ?
PHYECKHX NOBEPXHOCTER CABHIra UJH
nO MeTOAY IJIOCKHX MOBEPXHOCTEN
caenra [9].

lMoscunm ocoGeHHocTH pacueta
no MeToAy MJOCKHX IOBepXHO-

a) ! J)
g
(1 —1
lﬁ?"z”’a
B T I,
Puc. 9 Puc. 10

-@—AHHHN DABHOTG HaROPa B AAPE NPR YCTR-  G—O-—C—BOIMONNME CXeMM AUMNK PABMOTO

NoBHBuieACH PUALTPAUNN; G—~ANNWH DAB-  MANOpA B NAPe MpN  WeycTawoswswelics

HOTO HAMOPS B sApe NPR NeycTANODNBIMEACH PuAMTPAUNN (B NPOmecce MANCANONNS BORO-

GuavTpauK (B NPOUECCE  XONCOANERUNN  XPAHNANINA K KOMCOAMASUNN aapa); /-am-
B NApe), I—anMMM pasworo nanopa. ' RUM DIBNOTO MANOPA,

ctefi casura: '

PaccmoTpum aBse nAoCKoCTH caBura:

1) caBur rpynta npoHcXoaHT no nomaHoli nosepxuoctH AdB
(puc..11). 1ot cayuaht xapakrepuayerca TeM, 4To y4acTox nosepx-
HocTh casura Ad AeXHT BHYTPH Aapa;
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2) casur rpysra
H KaMHA NPOHCXOJHT
no MOBEPXHOCTH CABH-
ra NaB, npuyem mo-
sepxHocTs Na nexur
BHe fiapa.

Axanusupys  yc-
TOAYHBOCTb COOTBET-
CTBYIOIIHX  OTCEKOB
rpyata (Add'A =&
d’dBd’ B 1-om cayuae
n Naa’N n a’aBd’a"—
BO 2-0M cAayyae) MM
AONXKHBL:

a) B l-om cayuae
YYHTHIBATh THRAPOAH-
HaMHyYecKkoe faBJjeHHe
BOAM B TIOPOBOM
npocTpaHcree, ReficT-
Bylollee o NOBEPXHO-
cTH casura Ad,;

6) BO 2-0M ciAyuae
YYHTHIBaTb [OPHIOH-
TaJbHOe JaB/ieHHe BO-
Jbl HA PO, BHIpaKa-
eMoe TPevrOJbHHKOM
THAPOCTATHYE CKO T O
LaBaeHHA, NOCTPOeH-
HbIM I8 TyGHHB BO-
AW B Gbede u BEpTH-
KanbHoe NPOTHBOAAB-
JNieHHe, NeficTayiollee
no noaouise aapa ad
(nafinenHoe B COOT-
BETCTBHH C HMEIOLIH-
MHCSl AHHHAMH PaBHO-
ro Hanopa; npH 3ToM
Bec o6bvema a’add”a’
HaANEKHT BHYHCAATL,
HCX0AR H3 06'beMHOro
BeCa  HacCbilleHHOro
rpynra).

Mpumeua nne
Casur orvcexa D’DBd'Dy
NoA& AeficTBHEM AKTHBROTO
Aasaens npyura E, npuxoasuterocs Ha rpaitb D’D, M B AaHHOM cayuae He Mo-

XeM PacCMBTPHBATb (¢ ydYeTom Rasienna poan B nopax). Hurepecysch ycroRe.-
Boctbio otcexa D'DBA’D’, chepyer paccMATPHBATL CABHT €10 COBMECTHO C OTCEXOM

2¢ 19

—TOpRIORTAbHEA W

MR (1) pasnoro manopa;
Fy

"n
Add’'A c pacuernum 06>~

M ARN
Fy
POAN B nRpE.

-—432CTh OTCEXA

sHoBuBleRcs ¢uabTpanvn; abed—Arpo ¢ yxasamme
NaB-BosMOXHHE NOBEPXROCTH CABMTA TPYHTS;

D.

AdB,

G—cayusit Heycr
eMMMM BECOM FPYNTA, PaBNNM OOBEMHOMY BECY HACHIIEHHOTO IPYHTa; (2)—pacwernnii ypopenn

Puc. 11. K pacuery yctofiunsocTH nu30BOR xameHHOHAOpOCHOH MPHIMBI NMAOTHRE C SAPOM

yuaft ycrsnosnswsefics QuapTpaNUNN;
sleuentTapnan cTpylixa nOcTosnnoR BHCOTM;

BEPTHKIABNAN COCTARAMOIDNE PuAbTPauNOnHON chan, aeficTayOlUleR Ha OTCEX rpynta Add’'A; Add"A

a—Cca

ef—
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D’DMAD’ o nosepxsoctn MDB, umes 8 BHAY TPH STOM, YTO AaBjeHHe BOAM B
nopax no auuun DD’ Gyaer puyTpeHHeRt CHAONA, KOTODPYIO HeAb3sl YYHTHIBATh npa
pacuerax.

5.2. Yuer QHALTPALHOHNBIX CHA NPH PacHeTax
KAMENHO-3EMARHBIX NAOTHH C IKPAHOM
3 Ipu pacuerax ycTofiYHBOCTH BEpXOBOTO OTKOCA NJAOTHH C IKpa-
3 HOM NOAJIEXXHT NpoBepKe cayyai OLICTPOro CHUXEHHAl TOPH3OHTA BO-
2 Aut B Gbede. [Ipu 3tom caenyer nposepsiTh BOZMOXKHOCTL CABHTA MO
ABYM IJIOCKOCTAM:
| —caBur 3ailUTHOTO €NOA NO 3KPaHY; 2 — CABHI SKpPaHa COB-
MECTHO C 3alllHTHHM CJIOeM N0 MaTepHaay Teja NJOTHHLI.
Pacuer  nposo-
Ixpar ASITCA COTJIAaCHO METO-
Y NJAOCKHX NOBEPXHO-
creit casura [9].
' r8e2) PacyetHast cxeMma

= ANA cayuas CKoAbxke-
liosepxnocme . HHSl 3KpaHa no mare-
coua c A pHajay Tena MJOTHHB

npH GHCTPOM CHHXe- 1
HHH TOPH30HTA BOAH
B Gbede npeacrasne-
Ha Ha puc. 8,2. O6 0cOGeHHOCTAX NOCTPOeHHs 3MIOP BePTHKAJbLHOMH H
- FOPH30HTA/IbHOM COCTARJNAIOLLEH cM. B pa3fene IV n. 4.2
Ilpn pacuerax nAOTHH ¢ 3KPAaHOM HYKHO AOMOJMHHTENbHO YIHTH-
‘BaTh caefyloliee 06CTOATENLCTRO.
, Ilpeanonoxum, uyro nmpu ropusoHre soadl B Gbedpe Ha yposHe
3 (1)— (1) xpuBasm jenpeccun 3a 3KpPaHOM NPHHHMAET MOAOIKEHHE :
3 (3)—(3) (puc. 12). Ilpn GplcTpOM CHHXKeHHH TODH3OHTZ BOAL B
: 6bede 1o yposus (2)—(2), pacnojoxeHHOro HHXKe KpHBOR Aempec- '
cHH (3)—(3), BAOAbL MHHHK 8¢ GyJeT HMeThb MeCTO NOCTOSHHHA Ha-
nop, OTBeYaOIHA HATIOpPY B TOUKe 8; BAOJb JHHHH cd Hanop majaer
no JHHefiHOMY 3aKOHy (cM. Nbe3OMeTpHuecKylo JuHHi0 c'd’ Ha
: puc. 12), Takum 06pa3oM, nas/ieHHe (NPOTHBOZABJEHHE), NeACTBYIO- |
lilee Ha SKpaH, Bhipaxaercs smopoil 8'8”d’c’. B caydae N0CTATOUHO
4 GOJbILHX OPAHHAT MOJy4eHHOR 3MOPH NPOTHBORABJEHHA NpPOH3OH-
AeT BCNILIBAHHE IKPAHA, NPHUEM NPOBepKA YCTONUHBOCTH SKpaKa Ha
CABHT NO MOBEPXHOCTH a6cd B ITHX YCJAOBHAX HE MMeeT CMHCAA.

5.3. Yuer ¢uALTPAUNOHHMX CHA NPA PacueTe YCTORWNBOCTN OTKOCA,
sa rpebne Kotoporo pacnonoxen wanopusiit Gaccedn

YcrofiunBocTb OTKOCA, Ha rpeGHe KOTOPOrO PacnoNiOXKeH Hamop-
: Hulli GaccefiH, onpefensieTc COrNIACHO METOAY KPYIMOUMAHHAPHYE-
3 , CKHX n?sepxﬂocreﬁ o6pymenns [9], npn stom kosddHuHenT 3anaca
. paBeH: o — Mp _ My + rLscy
: 3 = = ’
M, M,
rae Mm — MOMGHT ChA Tpeuua (OTHOOMTenbNO Hentpa O nodepxHocTH cXsura);
r — pPaguyc NOBEPXHOCTH cABHra; L, — RAHNA AYrH cABHTA.

3 Puc. 12.

" 1 Cornactio cnocoGy BeCOBOr0 Z@BAEHHS.
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MoMeHT cua Tpenns BHUMCAsETCR NO PopMYyne:
My =r (Q+ leyx + Nosn + W) 12 95,

rie Q —cyMMa Bcex BEPTHKAALHGIX CHA, REACTBYIOMLMX Ha HanopHbill Gacceild
(coficTBeHHB Bec COODPYIKEHHS, NPOTHBONABAEHHE, AN CXeMu puc. 136 nporu-
BoJaB/JieHHe PaBHO HyMO); [cyx — Bec CyXOro rpyHta, pacmonoXKeRHOro Bhillle
KpuBO# genpecodn (Ans cxembl 13,8 Ioyx=0); [s3s — Bec BaBellIlEHHOTO TPyHTa,
PACNOJOKEHHOrO MeXAY KPHBOH XempeccHH (eCAH OHa ecTb) H KPHBOA ofpyumenns;
W’ — cisa nrwKatns NOHYPa DA3HOCTHIO AaBACHHA BOAM CBEpXY H CHH3Y.

Puc. 13. K pacuery ycrofiuuBocTH 0TkOCa, Ha rpeGHe KOTOpOro
pacnonoxen Hanophuit Gacceiin
I-unanopusiit GacceMu; 2—nonyp; J—xpusan AenpeccHH.

Moment capuraiomux cun pasen cyMMe MOMEHTOB CJeNyIONIHX
CHM (OTHOCHTEAbHO UeHTpa O AyrH caBura):

M, = Ma, + Msc" -+ M,-cyx -+ Mrm,
rae MB'——uouem- Beca BoAw BepxHero G6beda B o6veme, orpanHHuenHom ay-
rofl ab, aBraomefica NPOAOANKEHHEM AYIH CHBHra; Msc"— MOMeHT Beca Oe-
TOHHOrO coopykeuuss (6e3 yuera npOTHBORABACHUR); M,.m—uouem Beca

CYXOro rpyHTa, pacnoAOXeHHOro Buille XpHBOW Renpecchn (ana cxemw 13,6);
r.  — MOMEHT Beca HAaCHLIUEHHOTO TrPYHTA, DACNOAOKEHHOrO HHXE KpHBOR
Hac

Aenpecca,

2
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CBEepPXY COCTaBaAAOIAA cocTaBagolias
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pacyeTax yCTOHUHBOCTH OTKOCOB 3eMAAHBIX COOPYIKEHHI.
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