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RESUMO

A solucédo de problemas de tecnologia anti-eroséo e projeto de maquinario esta associada a descoberta
de um pardmetro objetivo integral que atenda aos requisitos pirateados e desenvolva um método de
determinacéo aceitavel. Portanto, o objetivo da pesquisa é desenvolver um critério integral para determinar o
potencial de erosdo do solo (PES). Como um valor para caracterizar PES, é proposto usar energia expA gasta
para erodir e remover o peso unitario de uma massa de solo underm sob condigbes especificas de sua
ocorréncia. Consequentemente, o desenvolvimento de pré-requisitos teéricos para o problema em questao,
bem como a determinagéo experimental de AA e Am, podem revelar as principais regularidades no mecanismo
fisico dos processos de erosdo. Propomos usar o método do potencial termodinamico para descrever os
processos de erosao do solo. Tem sido demonstrado que o potencial termodindmico de Gibbs é o mais
adequado para este propédsito, uma vez que é possivel projetar dispositivos para a medicao experimental de
variaveis independentes. O PES é um valor aditivo e constante para um determinado solo e expressa as suas
propriedades, isto é, pode ser adotado como um critério integral Unico para avaliar a resisténcia dos solos a
erosao.

Palavras-chave: solo, fluxo de agua, erosdo, método do potencial termodinamico.

ABSTRACT

Solving problems of anti-erosion technology and machinery design is associated with finding an integral
objective parameter that would meet piratical requirements and develop an acceptable determination method.
Therefore, the research objective is to develop an integral criterion to determine soil erosion potential (SEP). As
a value to characterize SEP it is prosed to use energy AA expended to erode and remove the unit weight of a
soil mass Am under specific conditions of its occurrence. Consequently, the development of theoretical
prerequisites for the problem under consideration, as well as the experimental determination of AA and Am, can
reveal the main regularities in the physical mechanism of erosion processes. We propose to use the
thermodynamic potential method to describe soil erosion processes. It has been shown that the Gibbs
thermodynamic potential is the most suitable for this purpose since it is possible to design devices for the
experimental measurement of independent variables. SEP is an additive and constant value for a given soil and
expresses its properties, i.e. it can be adopted as a single integral criterion for assessing the resistance of soils
to erosion.

Keywords: soil, water flow, erosion, thermodynamic potential method.
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AHHOTALIUA

PeweHve 3agay npuv MNPOEKTUPOBAHMM MNPOTMBOIPO3UOHHBLIX TEXHOMOMMM N TEXHWYECKUX CPEeAcTB
CBSI3aHO C OTbICKAHWEM WMHTEerpanbHOro oGbekTUBHOrO napameTpa, KOTopblil yaoBneTBopsin 6bl TpeboBaHMAM
NpakTMkM un paspaboTkon npuemnemoro crnocoba ero onpegeneHusi. NoaTomy uUenb uWccrneaoBaHWsa -
paspaboTka MHTEerpanbHOro KpUTEPUsSl OLIEHKM 3PO3MOHHOWM CTOMKOCTU MOYBOrpyHTOB. B kavecTBe BeENMYMHLI,
XapaKTepusytoLen 3p03nNOHHYK CTOMKOCTb MOYB, NpeanaraeTcs UCNosb3oBaTh SHEPIUMIO AA, 3aTpadyeHHylo Ha
paspyLleHME U BbIHOC e4MHULLBI MacCbl Am MoYBbl B KOHKPETHBLIX YCIOBUAX ee 3aneraHusi. B Takon noctaHoBke
BOMPOC O B3aMMOAEWCTBMM BOOHOIMO MOTOKA C MOYBOrPYHTOM OyOeT CBOAWUTLCSA K OMNPEdEneHuto unm K
namepeHnto BenuumH AA n Am. CnepoBaTtesflbHO, pa3paboTka TeopeTMYEecKMx Mpeanochiiok peluaemon
npo6rnembl U 3KCNepMMEHTAanbHoe onpegeneHne BenuuuH AA u  Am, MOFyT BbISIBUTb OCHOBHbIE
3aKOHOMEPHOCTU B (DM3NYECKOM MexaHu3Me 3PO3UOHHbIX MpoLeccoB. s onncaHusi 3PO3MOHHBLIX MPOLIECCOB
npeanoXeHo MCnonb3oBaTb METod TEPMOAMHAMUYECKUX MoTeHumanoB. [NokasaHo, YTO TepMoAMHaAMUYECKUN
noteHuman Mbbca Hanbonee noaxoouT ANst 3TUX LIENEN, MOCKOIbKY MOXHO paspaboTaTb YCTpOWCTBa Ans
3KCMEPVMEHTANBbHOIO  U3MEPEHUS1 HEe3aBUCUMbIX MepemMeHHbIX. [loTeHumMan 3pO3MOHHOM  CTOMKOCTM
npeacrtaeBnsieT coboMBENNYUHY aaaUTUMBHYKO M MOCTOSIHHYIO ANsi KOHKPETHOrO MOYBOrpyHTa U BblpaXKaeT ero
CBOWCTBA, T.e. MOXET OblTb MPUHAT B KayecTBe eOWHOr0 MHTerpanbHOro KpUTEPUSt OLEHKU 3PO3MOHHOMN

CTOMKOCTU MOYB.

KnioueBblecrnoBa: rioyga, 800HbIUMOMOK, 3p03usi, MemModmepMoOUHaMUYEeCKUXMTOMeHUUasos.

INTRODUCTION

Methods for predicting soil losses due to
erosion have been developed for many years and
considered as a consequence of erosion
processes [1, 2, 3, 4, 5, 6, 7] Early calculation
models of soil losses were mainly of a qualitative
nature, demonstrating the different effectiveness
of specific agronomic methods of erosion control
[2, 3, 4, 5.7, 23, 24, 25, 26, 27]. Initially, to
describe soil loss were obtained equations with a
single independent variable. Such single-factor
equations were used for particular situations with
practical invariance of the remaining factors. As a
result of the accumulation of more extensive
experimental materials and further knowledge of
the mechanism of erosion processes, multi-factor
equations [8,9,10,11] were obtained. A fairly large
number of computational models of sheet wash
erosion are presently known; the detailed
information on this issue can be found in the
monographs [23], [45], etc. All existing calculation
methods can be conditionally divided into
empirical [11, 22, 23, 27, 28, 29, 30, 31, etc.],
hydromechanical [8, 9, 10, 11, 32, 33], and
logical-mathematical (immitational) modelling [34,
35, 36, 37, 38, 39, 40, 41, 42].

Summarizing the above brief overview of
methods for calculating and predicting erosion
processes, it can be noted that empirical erosion
models for solving prediction problems are
applicable only for specific catchment and
drainage areas and can not be interpreted for
other soil-climatic conditions. Application of

hydromechanical  and logical-mathematical
models for the same purposes is predetermined
by their sensitivity to erosion properties of soil,
such as K factor of soil erosion susceptibility,
which is determined experimentally; non-eroding
flow velocity vne or permissible bottom velocity
VA per; soil aggregate stability used in all foreign
simulation models.

Research objective. Development of an
integral criterion to assess the resistance of soll
to erosion.

MATERIALS AND METHODS

The soil is a natural body formed by the
accumulation of organic and inorganic material
on the Earth's surface as a result of the mass and
energy exchange (physical, chemical, biological,
mechanical, etc.) processes, being an object of
thermodynamics. Processes of soil formation,
erosion, accumulation of sediments,
dehumidification, biomass harvesting, etc.,
showing receipt or loss of material or energy
indicate that soil can be considered as an open
thermodynamic system.

The above processes proceed at a finite rate,
changes in the state of a system are unbalanced
and non-static. Therefore, these processes
should be described by methods of non-linear
non-equilibrium thermodynamics [43]. However,
the considered soil medium, is self-regulating,
being an agroecosystem, and like any other
biological object, it aims to:

- maintain a dynamic equilibrium or a stable state
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in which the rate of material and energy inputs is
equal to the rate of their loss, and accumulated
energy and matter remain relatively constant;

- seeks to achieve a new dynamic equilibrium,
when the rate of material and energy inputs or
losses of the system vary; accumulation of
energy and matter increases along with an
increase in the rate of the energy and material
flow of the system; the higher the accumulation
(loss) capacity within the system at a given input,
the lower (higher) the sensitivity of the system.

Such processes in thermodynamics are
usually called equilibrium and quasi-static [44].
Therefore, very tentatively, it is possible to
describe erosion processes using classical laws
of equilibrium thermodynamics.

To research highly complex and multi-
factorial erosion processes, it is proposed to use
the thermodynamic potential method. The
essence of this method is described below. Using
the basic equation of thermodynamics for the
system under consideration, some state functions
are introduced — thermodynamic potentials. An
increase/decrease of thermodynamic potentials
seen while changing the state of the considered
system is a total differential, which makes it
possible to compose corresponding (thermal,
caloric) equations for the process in question.
Solution and analysis of the results is the most
correct research approach in the context of
physics, since the method of thermodynamic
potentials derives from more general ideas about
the object and, what is more important, this
method makes it possible to experimentally
measure a number of parameters included in
these characteristic functions.

As a quantity characterizing SEP, we [42,45]
propose to use the energy input for the
destruction and removal of the unit weight of a
soil sample.

Y= ad (Ea. 1)

Am’ q
where4A is the energy to erode and remove the
unit weight of soil sample Am.

In this formulation, the question of water flow
and soil interaction will be reduced to calculations
or measurements of4A and Am. Consequently,
development of theoretical fundamentals for the
problem under consideration, as well as the
experimental determination of values included in
(Eg. 1), can reveal the main regularities in the
physical mechanism of erosion processes and
establish the most significant links in this
mechanism.

In view of such a presentation of the
problem, it is necessary to consider the
interaction of water flow with thawed soil with and
without consideration for infiltration and frozen
soil, which take place under different conditions;
and to establish a position and relationship of
SEP y among other thermodynamic potentials.
Below are the theoretical fundamentals for the
formulated problems.

RESULTS

1) Conditions for the erosion process in
thawedsoils without allowance for infiltration

Erosion processes in thawed soils can
be considered independently of infiltration if:
eroded soil is almost waterproof; the rate of
destruction of soil layer by water flow
considerably exceeds the velocity of waterfront
infiltrated into soil; the rate of destruction of soil
layer by water flow is equal to the velocity of the
front of water infiltrated into soil.

Assume that dhsare the height of soil
eroded by water flow over time dt, and dhw.inr is
the velocity of waterfront infiltrated into the soil
over the same time, then the rate of destruction
of soil layer is dhs /dt, and the velocity of the
waterfront is dhw.inr / dit.

Eroded soil is waterproof if dhw.ins = 0.
Waterproof soils in real conditions are almost not
found. For example, the approximate values of
the filtration coefficients for clay soils are less
than 0.00001 cm/s, for loams — from 0.00001 to
0.0001 cm/s [46]. Therefore,dhw.ins / dt=> 0.

If the erosion rate of the soil layer by
water flow is greater or at least equal to the
velocity of the waterfront, then

dh, _ dh,,
dt dt

or

dh, >dh,,. (Eq. 2)

Condition (2) shows that there is no
exchange of moisture between the soil and the
water flow, that is, a change in the energy
potential of a system due to the intake of
infiltrated water or salts into the soil can be
neglected

e

le'lidni = O:
i=1
where n; is

(Ea. 3)

the amount of the /ith
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component, expressed in molar units; dn; is the
chemical potential characterizing an amount of
change in the free energy of the soil, caused by a
change in the content of the i-th component,
provided that the rest of the components remain

unchanged.
By expressing dhsand  dhwin@s
elementary volumesdVs = dhdB dl and

dVw.in=dhw.inidB dl, dry unit weight of soil psand
unit weight of water pw fhwirr, t) and the
elementary masses

dm, = p,dV, = p,dh,dBdl,
dmw. inf = psdejnf + pwde. inf = Pwt psdhwjndedl’

it isobtained Equation 4:

dm
Ps

S Ay
Pn+ [ (it )

N

(Ea. 4)

where pw=/(hwinr, t) is the distribution
function of water density in the soil layer over a
period of infiltration time t,dhs; dB and dl are the

. . . d

linear dimensions of the elementary volume; s

is the elementary volume of soil with an initial
dm,

Ios +f(h1nf,t)

is the elementary volume of soil with a volumetric

moisture content of 8; due to intake of water

absorbed into the soil over a period of time dt.
It's obvious that

volumetric moisture content of 6, ;

dminf dm

Ps +f(hinf,t) Ps

S =AV,, <0,(Eqa.9)

is the volume of moisture absorbed over a
period of time dt to the depth dhw.in, which
confirms the validity of (3).

2) The basic thermodynamic egquation
for eroded thawed soilwithout allowance for
infiltration

Interaction of water flow with thawed
soil, without allowance for infiltration, is
accompanied by a whole complex of interrelated
processes, in accordance with (4) or (5). Assume
that all the parameters of these processes vary
infinitely slowly and the erosion process has
stabilized, i.e. a quasi-static process is being
realized. Therefore, the basic equation of

thermodynamics for the process under
consideration can be written in the following form:

i=1

(Ea. 6)

where T is temperature;dS is the function
determined by the differential equation;S is the
entropy; dU is the amount of change in the
internal energy of the system, determined by the
initial and final state of the system and
representing the total differential; B; is the
generalized force that is, at equilibrium, a function
of the external parameters b; and temperature T
(for non-static processes, the generalized force B
is a function not only of external b; and internal a;
parameters, but also of the derivatives db/dt and
day/dt).

Below we present the use of the
method of thermodynamic potentials. It should be
noted that the method of thermodynamic
potentials or the method of characteristic
functions was developed by Gibbs. This
analytical method is based on the use of the
basic equation of thermodynamics for quasi-static
processes. If the state of a system "eroded
thawed soil — water flow" is determined by some
generalized coordinates b; and the entropy of the
system S, then its thermodynamic potential is the
internal energy U (S, b;).

n
i=1
The state of a system, determined by
the external parameters b; and temperature T, is
characterized by the thermodynamic potential —
the Helmholtz free energy F(b;, T)

(Ea.7)

F=U -TS. (Eq. 8)

Having differentiated (8) and bearing
in mind (6), we can write the following equation:

n
dF =—-SdT -)_B.db;, (Eq.9)
i=1
At T=const, expression (9) can be
written as:
n
dF ==Y Bdb;, (Eq. 10)

i=1

If the state of a system is determined
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by the temperatureT and the generalized forces
B, which are conjugate of the external
parameters b;, then the thermodynamic potential
of the system is the Gibbs free energy G(T,B)):

G=U-TS+pV, (Eq. 11)

where p is the hydrostatic pressure; Vs the
volume of a system.
Having differentiated (11), we obtain
the following equation:

dG=dU —SdT—TdS+ pdV +Vdp.(Eq. 12)

Taking into account (6), the resulting
expression (12) can be written as:

dG = pdV +Vdp - SdT - Y b,as;. (E9- 13)
i=1

Assume that the workdAs, produced by
a water flow in an eroded soil is to shift its
boundaries and overcome some uniformly
distributed hydrostatic pressure p. Notice also
that p is not necessarily equal to the pressure in
the system. However, this equality of pressures
occurs if the eroded soil is in a quasi-static
equilibrium with the water flow. If dV is an
infinitesimally small amount of change in the
volume of the system, then we define it as:
independently of the shape or internal
structure of the system. On the basis of (14),
equation (13) takes the following form:

n
dG =Vdp — SdT — ) _b;dB,.(Eq. 15)
i=2
If the requirements p=const and

T=const for the thawed soil are met, the Equation
15 is rewritten as follows:

n
dG = — ZbldBl .
i=2

(Eq. 16)

If the system's independent parameters
are the entropySnd the generalized forces B; ,
then the thermodynamic potential is the enthalpy
H(S, B)

H=U+pV, (Eq. 17)

the differential for which can be written as:
dH =dU + pdV +Vdp. (Eq. 18)

Based on (7), (14), and provided that
p=const, the latter can be written as:

i=2

(Eq. 19)

Presented below is an analysis of the
values of the obtained equations (7), (10), (16),
(19) in the context of the possibility of their
experimental measurement. Formula (7) s
inconvenient from a practical point of view
because one of its independent variables —
Scannot be measured directly, like and V, p, and
T. A similar conclusion can be made for equation
(19). It is necessary to measure the external
parameters b; for equation (10) since in this case,
the generalized force B;is not only a function of b;
and T, but also of the internal parametersa;, and
their time derivatives.

In view of the foregoing, we consider
that it possible to use equation (16) to describe
erosion processes in thawed soils, since in this

case, the work of external forces Z bi dB is
i=2

equal to an amount of the free energy change in

the system. The negative sign before the

equation (16) denotes the fact that an increase in

the free energy of the system is associated with

energy input.  The point of the independent

n

variables of Z bi dB is that they present
i=2

elementary works performed by the system
against forces of different nature, for
examplegravity forcedA2=b- dB>, surface tension
forces at phase boundariesoAs = bsdBs , osmotic
forces 0A4+= bsdBs , magnetic forcesdAs = bs dBs,
electric forces dAs = bsdBs , etc.

3) SEP of thawed soilswithout allowance for
infiltration

In an equilibrium system, with a
stabilized erosion process, pressure and
temperature of the system are constant, and
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according to equations (15) and (16), the free
energy dG is minimal and constant throughout
the system's volume. Thus it follows that the
constancy G is a necessary and sufficient
condition for thermodynamic equilibrium in the
isothermal system and, consequently, this
equilibrium can be ensured by various
combinations of bidB; definingG. After integrating
equation (16)

AG =—AA, (Eq. 20)

where A4A is the integral energy expended

to erode thawed soil, without allowance for
infiltration.

Then, based on (1), SEP of thawed soil,

without allowance for infiltration can be
formulated as:
W AG AA (Eq. 21)
= =——. g.
twd Am Am

The obtained expression (21) shows
that SEPywq is @ constant value for a particular
soil and expresses its properties. This statement
is valid because,in equilibrium thermodynamics,
stable states are recognized at least by a local
minimum of free energy and at least by a local
maximum of entropy due to the law of decrease
of free energy and increase of entropy.

Suppose that the considered erosion
process proceeds in an open thermodynamic
system, which receives non-zero flows of
arbitrary signs from an external medium, i.e. free
energy does not necessarily has a minimum, and
entropy — a maximum. Then, the generalized
force is expressed as:

db; da
B' = ! T |y
: f( dt dtj

> Abl .dai > Aa;

l

db;

l

d t dt 7

where Ab;,Aa;are the amounts of change in

b anda, when the system is taken out of

equilibrium state; s the relaxation time, i.e. the

time interval during which the system returns to a
state of equilibrium.

)

Other functions are necessary to
distinguish  stable non-equilibrium stationary
states from other states. There are several
criteria [43,47], sufficient for solving the problem

of the stability of a non-equilibrium stationary
state. One of them is based on the analysis of
stability by linear approximation, the other on the
concept of the Lyapunov function. In addition, if
an erosion process is linear or relatively weak
non-linear in the context of thermodynamics, then
for calculating statistical fluctuation
characteristics of internal parameters, as well as
for calculating flow parameters, it is possible to
apply methods [44] based on Markov or non-
Markovian fluctuation-dissipation relations.
Without dwelling on the advantages of this or that
stability criterion and methods for calculating
statistical characteristics of fluctuations and flows,
since they are the subject of separate studies, it
is possible to formally propose the second
derivative of the potential wwe, as a function
characterizing the stability of the erosive non-
equilibrium process.

2
dl'y—deS()'

> (Eq. 22)

dt

4) SEP of thawed soilswith allowance for
infiltration

When solving problems associated
with erosion processes, it is necessary to
differentiate the total amount of water mass
interacting with soil, surface run-off and infiltration
flow [12,13,14,15,16,17,18,19,20]. Usually, the
works focused on calculating soil wash-off over a
certain period of time distinguish the surface run-
off as the main factor and do not take into
account the soaking effects, or treat it as a
certain averaged value, neglecting its spatial
variability. While averaging absorption as a
factor, the parameters influencing it are also
averaged: hydraulic conductivity, diffusivity,
sorptivity, etc. This significantly influencesthe
results of calculations in solving the main task of
erosion processes and leads to significant
differences between the results of field
experiments and calculated values.

5) Conditions for the erosion process in
thawed soil with allowance for infiltration

Soil erosion with regard to infiltration is
possible when the velocity of waterfront infiltrated
into the soil is higher than the rate of destruction
of the soil layer by water flow. If dhsis the layer of
soil eroded water flow over a time perioddt, and
dhw.in is the depth of waterfront infiltrated into the
soil over the same time, then
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dhjy s S dh
dt dr’
and equation (4) can be written as:

dminf > dm

>—3.  (Eq.23)
ps+f(hinf,t) Ps

Then, equation (5) can be written as:

dminf dm

-~ Ay, = 0,(Eq. 24)
Ps+ f(hinf,t) Ps

where A4V, is the volume of moisture
absorbed over a time perioddt to a depth dh w.ns.

Volume A4V, can be expressed in

terms of sorptivity, a function proposed by Philip

[48], which is the volume of moisture A4V,,
absorbed per unit area A within the first-secondt

172
AV, F

=6y — 6y )— ,(Eq. 25
W {(1 0)b1:| (Eq. 25)

whereé&y is the volumetric soil moisture,
m3/m3; 6, is the steady soil moisture content after
passing through the wetting front at the flow
potential F.

According to Philip [48], b1 = 0,5;
according to Reynolds and Elric [49], for most
soils by = 0,55.

By expressing 4V, using (25), and by
substituting it in (24), we obtain the following
equation:

dm,-nf
f(hinf’t)zps

C=

dmg + p,CAt

Thus, the obtained conditions (24) and

(26) show that soil exchanges mass with water

flow, that is, the system's energy changes, due to

a change in the concentration or composition of

its components, due to infiltration of water or salts
by an amount

2 Midn; >0,
i=1

_1}<Eq. 26)

(Eq. 27)

du
an]

potential ofthei-thcomponent.

where l; =( J is the chemical
S.b;

6) The basic thermodynamic equation of
the erodible thawed soil,with allowance for
infiltration

The difference between erosion
processes with and without allowance for filtration
characteristics of soils is that the former are
accompanied by a change in the energy of a
system by an additive quantity determined by
expression (27). As applied to a quasi-static
process, the basic equation of thermodynamics
for systems with variable mass can be written as

TdS = dU + 3 Bydb; - Y gidn;.  (E9-28)

i=1 i=1

Considering the fact that the most
commonly used characteristic functions are the
thermodynamic potentials U, F, G, and H, then,
on the basis of (28), we can obtain:

n e
dU =TdS - Y B;db; + Y pt;dn;, (EQ- 29)
i=l1 i=1

n e
dF =-) B;db; + Y u;dn;,(Eq. 30)
i=1 i=1

n e
dG = _ZbidBi + Zﬂidni,
i=1 i=1

(31)

n e
dH =TdS - b;dB; + ;dn;,(Eq. 32)
i=l1 i=l1

where

o= (9") _ [auJ _ (9”) _ [auj
! ai’ll % ai’ll TV al’ll T.P al’l] S,p
is the chemical potential of the i-thcomponent.

An analysis of equations (29), (30),
(31), and (32) in the context of possible
experimental measurement of their independent
variables leads to the conclusions obtained
above.

Therefore, to describe erosion
processes, taking into account the filtering
properties of soils, it is possible to apply equation
(31), since in this case the work of external forces
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n
z b; dB; and the change in the energy of a
i=2
system due to a change in the concentration or
composition of its components in mass-exchange

e
process z uidn; are equal to an amount of

i=1

change in the free energy of the system. The "-"
sign before the first sum denotes the fact that an
increase in the free energy of the eroded system
is associated with energy inputs. The "+" sign
before the second sum shows that infiltration
reduces soil erosion.

The independent variables b; dB;
included in (31) denote the same as those in (16),
that is, they represent the elementary works
performed by the system against forces of
different nature. The independent variables in
e
Z uidndenote the relative changes in the work
i=1
5A1 =/,t/dn/, 5A2 = ﬂzdn2,5A3 = ,Usdns,..., done by
the system against the same forces of a different
nature in connection with the occurred mass-
exchange processes during infiltration. It should
also be noted that many variables in (31)
necessarily change when other variables change.
In addition, in a number of specific cases, small
changes in such variables as the temperature T,
the content of free substances dissolved in water,
and others can be neglected, which may lead to
further simplifications of expression (31) for dG.

7) SEPwith allowance for infiltration

In an equilibrium system, with a
stabilized erosion process, and the system's
pressure and temperature are constant, and
according to equations (31), the free energy dG is
minimal and constant throughout the system's
volume. Consequently, the constancy G, which is
a necessary and sufficient condition for
thermodynamic equilibrium in an isothermal
system, can be provided by a different
combination of the quantitiesb,dB;uidn;, defining
G.

After integrating equation (31)

AG =-AA=-AA +AA, (31)
where 4A; is the integral energy expended
to erode soil with allowance for infiltration; 4Az is

the integral energy expended in energy-mass
exchange processes due to absorption of water

into the soil.

Such a separation of 4A into
components 4A; and 4A: s rather conditional, but
there is fundamental importance: it is possible to
develop a device for experimental determination
of both A4A;, and A4A. and thereby assess the
contribution of these components to the erosion
process.

By dividing the resulting equation by
4m, we obtain

M _ My M,

’ (32)
Am Am  Am
which, bearing in mind (1), can be written
as:
Ywd =Viwd.inf ~Vinf» (EQ.33)
where wiwainis the SEP with allowance for
infiltration;  wir is infiltration potential with

allowance for the influence of energy-mass
exchange processes due to infiltration of water
into the soil.
It follows that

Ywd.inf =Viwd TWinr» (EQ.34)

that is, the actual SEP puds a value that is
additive and constant for a particular soil and
expresses its properties. Naturally, spatial
variability of iy also affects the value Wwd.in,
nevertheless, the constancy of wws for a
particular soil is preserved.

To evaluate the stability of erosive
non-equilibrium processes with allowance for
infiltration, by analogy with (22), one can propose
the following function:

2 2
dzl//twd _d l//rwd.inf _d Wlnf SO(Eq 35)

a® dr? dt?

8) SEP for frozen and thawing soils
Preliminary remarks
The process of soil erosion that occurs
in the spring period is the result of a complex
interaction of the system "atmosphere — the
underlying terrain". Below are the processes
resulting from the exchange processes:
soil freezing, accumulation of precipitation,
melting of snow, thawing of soil, infiltration of
meltwater into the soil, the formation of overland
run-off, and soil erosion. The listed processes are
studied in depth and presented in [21, 50, 51].
However, the issues of freezing and thawing of
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soil, migration of soil moisture to the freezing
front, are currently the subject of scientific
discussions. We shall dwell on these issues in
more detail since their formulation close to the
problem of interaction of slope run-off of
meltwater with frozen and thawing soil. It should
be noted that the following brief review cannot
claim to cover the entire volume of literature
related to this thermo- and mass-exchange
processes.

Apparently, the migration of water in the
freezing soil was for the first time noted by V.I.
Stuckenberg [52] while studying the frost-heaving
phenomenon. He suggested that this effect arises
from a change in capillarity due to the
appearance of cracks during freezing and
increase of water volume during its transition to
ice.

Later this approach found both its followers
and opponents. Thoroughly set up experiments
by A. Jumikis [53], showed that the capillary
meniscus disappears quickly enough upon
contact ice and water, and therefore, the capillary
forces can not cause migration of soil moisture to
the freezing front.

M.N. Goldstein [54] suggested that the
migration of soil moisture is mainly due to
osmotic forces arising as a result of the difference
in pressures between frozen water in hydrate
shells and unfrozen water from the thawed
horizons, where the concentration of the solution
is lower. However, subsequent studies [55, 56]
have shown that the effect of osmotic forces on
the migration process is insignificant.

According to N.A. Puzakov [57], the main
role in the migration of soil moisture belongs to
the mineral composition of clay components and
the presence of exchangeable cations. Their
influence is significant when the content of clay
particles has an insignificant effect on water
permeability of soils.

The migration phenomena have been
considered in the paper [58] in terms of crystal
chemical concepts and it is believed that the
migration of moisture occurs as a result of a
decrease in the free energy of the system or its
isobaric potential. Moreover, with increasing
concentration of soluble salts, the coagulation
process and aggregation of the finely dispersed
material is observed.

As early as 1936, A.F. Lebedev [59] came
to the conclusion that the migration of soil
moisture is a result of the interaction of film water

adsorbed on the surface of solid particles and
brought into motion due to the action of growing
ice crystals. The film mechanism of mass transfer
has been further developed in [60, 61, 62],
according to which, as the temperature falls, free
and slightly distorted water turns into the ice first.
In this case, the thickness of water films
decreases and the process of pumping from thick
films to thin films occurs, and the adsorption
forces on the ice surface bringing water
molecules from thin films into motion with
subsequent crystallization.

In the work [63], the diffusion theory was
used to describe the movement of moisture in
freezing soil. However, experiments have shown
that the satisfactory correlation between
calculations and observations was achieved only
after decreasing the diffusivity by an order of
magnitude. According to V.E. Goryaev [64], the
transfer of soil moisture in the winter period is a
thermodiffusion process.

Thus, the complexity of the processes in
freezing soils and the lack of unified approaches
to the migration of soil moisture do not allow to
create a unified calculation scheme for a
quantitative accounting of the forces acting at the
same time, and for the quantitative assessment
of migrating moisture. The application of systems
of heat and mass transfer equations and their
modifications for these purposes [65, 66] was
unsuccessful since an analytical solution of the
mentioned systems of equations required a
number of simplifying hypotheses or special
experiments for determining newly introduced
coefficients.

Therefore, in opinion, the
experimentally  established fact [52] of
fundamental significance is that the driving force
of moisture migration in freezing soil is the
gradient of the thermodynamic potentialu.of soil
moisture, arising from the difference in specific
energies in thawed and frozen soil. Detailed
experimental studies have revealed that at the
initial moment of cooling of soil, there is
practically no change in u. With appearance of
intensive phase transitions of water and formation
of frozen zone, the binding energy of water
remaining in the unfrozen state increases and,
consequently, the potential u.oegins to increase
in absolute value and reach a maximum, and
then decreases again due to a decrease in the
temperature gradient in the frozen zone by the
time of establishment of thermal equilibrium of

our
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soil with the external environment. That is, the
potential of soil moisture is based on the concept
of chemical potential (u=u.), representing in
physical context the work to be done to
isothermally and reversibly move the unit mass of
pure water from the volume to a given point of
soil. It is obvious that the potential x» consists of
individual potentials, each of which is associated
with the action of specific forces, for example,
capillary, adsorption, osmotic, gravitational,
electric, etc. Then, the above approaches to the
study of migration phenomena in disperse
environments are quite understandable and, what
is especially important, the structural and texture
changes that occur during thawing and cyclically
recurring freezing-thawing processes in soil
observed in the spring periods on fields during
the snowmelt, are explainable.

Indeed, many works [58, 60, 67, etc.] have
shown that the freezing of dispersing
environments is accompanied by ice formation,
an increase in the concentration of dissolved
substances in the pore space, partial aggregation
of the mineral skeleton, partial fragmentation and
reorientation of micro- and macroaggregates (as
a result of which particles of dust fraction
aggregate to the size of 0.1 ... 0.5 mm, while the
large aggregates are partially crushed to smaller
fractions).

Two variants of thawing are considered in
[60]: without and with the migration of moisture
from the thawing to the frozen part of the soil.
Thawing without migration occurs with the rapid
advance of the thawing front and at low humidity,
i.e. ice content, and thawing with migration is
observed most often with the slow thawing of
sufficiently moist (icy) rocks. Almost the same
physicochemical processes develop in both types
of thawing: increase in the dispersity of thawing
rocks as a result of dispersion and peptization of
soil aggregates and blocks, as well as crushing of
primary particles. The difference is that in the
frozen part of thawing rocks with a massive
cryogenic texture, due to grad u. there is a
movement of unfrozen water in the direction of
thawing front into frozen water. As moisture
enters the region of lower negative temperatures,
it partly freezes due to disturbance of the
equilibrium between unfrozen water and ice. As a
result, there is an increase in ice content, which is
almost always observed in the spring in the
catchment areas during the snowmelt.

It is noted in [68] that the freeze-thaw
cycles lead to the dispersion of the mineral part
and the coalescence of structural soil elements.

The enlargement of structural elements occurs
due to coagulation and aggregation during the
phase transition of the pore solution to ice, where
the authors observed a noticeable coarsening
after the first freeze-thaw cycle.

Yu.V. Gurikov and colleagues [69]
established that the processes of seasonal
freezing-thawing of soils lead to mobilization of
water-soluble calcium in A horizon.

Thus, considering that the soil is a
multiphase multicomponent system, the elements
of which, despite the different location conditions,
are always united by a structural and functional
relation, and are in a state of dynamic equilibrium
with the environment, then to describe the
interaction of the slope run-off of thawed water
with frozen and thawing soil, we consider it
possible in the first approximation to apply the
laws of thermodynamics, and in particular, its
third law.

10) Conditions of the erosion process for
frozen and thawing soils

Our laboratory-based  reconnaissance
experiments on thawing soils, using the specially
developed device [70], as well as a number of
studies [71, 72, 73, 74] have shown that the
process of snowmelt passes through a series of
phases that do not have clear time boundaries:

- melting and heating of snow within a
temperature range from 7< 0°C to 7=0°C;
- wetting to saturation and partial
infiltration through snow;

- filtration through the entire thickness
of snow cover;

- continuous longitudinal filtration of
water through the snowalong the slope;

- formation of a sub-snow rill network;

- formation of an open rill network;

- formation of thawed patches and run-
offs along the soil surface.

Thus, with continuous longitudinal
infiltration of water into snow and the formation of
a sub-snow rill network, the temperature of the
surface layer of soil varies from T< 0°C to T =
0°C and the water flow interacts predominantly
with the frozen soil. The formation of thawed
patches leads to the interaction of the water
stream mainly with the thawing soil.

Assume that dhsis the layer of soil that
is eroded by water flow over a period of time df,
anddhwyg is the thaw depth progression over the
same time, then

dhj,r o dhy
dt — dt’

(Eq. 36)
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By expressing dhsand dhuwg through
elementary volumesdVs and dViugthe density of
soil skeleton ps,the density of thawed soilpwa ,
the density of the migratory moisture pmig = /{hmig
, t, grad Ts) and the elementary masses dms and
dmuyg, the following formula can be obtained:

dmy,,q4 5, dm (Eq. 37)
ptwd_f(hmigt’grade) Ps

where pmig = flhmg, t, grad Ts) is the
distribution function of the density of the
migratory moisture from the thawed zone to the
frozen soil layer hmig over a time periodt and with
a temperature gradientgrad Ts.

With some approximation, we can
assume that ps=pwmg, since the thawed soil
receives water formed during the snowmelt.
Therefore,

> dm, (Eq. 38)

Ps _f(hmigt’grade ) Ps

The obtained conditions (37) and (38)
show that the thawed soil exchanges mass both
with the water flow and with the frozen soil, that
is, the amount of the system's energy changes
due to a change in the concentration or
composition of its components, due to migration
of moisture from the thawed layer to the frozen
and of infiltrated meltwater or salts by an amount

e e

Z:uinf idninfi + Z:llummidnmmi » (Eq. 39)

i=1 i=

where nmmis the amount of the /-th
component in the migration of moisture from
the thawed zone to the frozen Ilayer,
expressed by the number of moles; nin.i is the
amount of the i-th component in the infiltration
of thawed water into thawed soil, expressed by
the number of moles; winri is the value
characterizing the change in the free energy of
soil during infiltration, caused by a change in
the content of a giveni-th component, at
constant valuesof the remaining independent
components; umm.is the value characterizing
the change in the free energy of soil during the
migration of moisture from the thawed zone to
the frozen layer, caused by a change in the
content of the /-th component, at constant
values of the remaining independent ones.

Assume that dhsis the layer of frozen

soil eroded by water flow over a time period dt,
and dhug is the thaw depth of soil over the same
period of time, while dhs>dhuwg, that is, the slope
run-off of thawed water interacts with frozen soil.
Then,

dmtw d

twg

dt

dh, _ dh
dt

; (Eq. 40)
any (Eq. 41)
P+ [( P 1,87adTy ) Prye = f( Byio 1, gradT )’

If, with some approximation, it is
assumed that prs=pmg, Whiledmys and dmug differ
insignificantly, then inequality (41) changes its
sign. Consequently, erosion of frozen soil with
water flow is possible only if it is thawed, i.e. dhys
= dhiwg.

dmy,,

The critical value dm®*s can be
established after determining the function pw.mig =
f(hm/’g, L, grad Ts), then

dm*fs _
pfs + f(hmig,t’grade) ptwg - f(hmig,t’grade )
(Eq.42)

Condition (41) is obviously satisfied
when dms>dmuwg, that is, in the interaction of
frozen soil with a water flow of a sufficient power
(rupture of soil and soil aggregates, hydraulic
fracturing, destruction by injection, etc.). It also
follows from (41) that the frozen soil exchanges
mass with the water flow, that is, a change in the
energy of a system occurs due to a change in the
concentration or composition of its components
due to moisture migration from the flow to the
frozen layer by an amount

e

> i@ (Eq. 43)

i=1

where nNmm.i is the amount of /ith

component in the migration of moisture to the
frozen layer, 1 mmiis the chemical potential of the
migrating moisture.

11) The basic thermodynamic equation for
eroded frozen andthawing soil

Interaction of water flow with frozen
and thawing soil is accompanied by a whole
complex of interconnected heat and mass
exchange, physicochemical and
physicomechanical processes. Considering that
all the parameters of the interrelated heat and
mass exchange, physicochemical and
physicomechanical processes vary infinitely
slowly and the erosion process has stabilized, i.e.
a quasi-static process is carried out, the basic
equation of thermodynamics for a system with
variable mass can be written as:

n e e
TdSs =dU + Z B;db, - Z:uinf i ; — Z:ummidnmmi
i=1 i=1 i=1

: (Eq. 44)
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when the water stream predominantly
interacts with the thawed soil and conditions (37)
or (38) and equality (42) are satisfied, and the
change in the energy of a system occurs by an
additive quantity (39);

n e
TdS =dU + ) Bidb; =Y [}l
i=1 i=1
(Eq. 45)
when the water flow predominantly interacts
with the frozen ground and condition (41) is
satisfied, while the energy of a system is
changing by the value (43).
Analogously to the above, based on
(44) and (45) for the Gibbs free energy G(T, B:,
n;)) in a differential form, can be obtained the
following equations:

n e e
dG =-S8dT + pdV + Vdp - zbidBi + z:uinfidninfi + Zﬂmmidnmmi ’
i=1 i=1 i=1

(Eq. 46)

n e
dG ==SdT + pdV +Vdp = bdB; + Y 1), A1,
i=1 i=1
(Eq. 47)
For  0A, =b,dB, = pdV, p=const,

equations (46) and (47) can be written as:

dG =-SdT - ibldBl + i/’linf idninfi + i:ummidnmm

i=2 i=1 i=1

, (Eq. 48)
n e
dG =—=SdT =Y _bidB; + Y 1hyidly,i
i=2 i=1
: (Eq. 49)
We consider possible to apply

equations (48) and (49) to describe erosion
processes in frozen and thawing soil, since in this

n
case the work of external forces ZbidBi, the
i=2
change in the energy of a system due to a
change in the concentration or composition of its
components in  mass-exchange processes

e e
Z :uinf i dninf i’ Z :ummidnmmi ’
i=1 i=1

e

z L m:dn, . and the accompanying thermo-

i=1

physicochemical processes is equal

change in the free energy of a system.
The sign "-" before the first term and

the first sum of equations (48) and (49) reflects

the fact that an increase in the free energy of an

to the

eroded system is associated with thermo-
physicochemical processes and energy inputs.
The sign "+" before the second and third sums of
equation (48), and also before the second sum of
equation (49) shows that mass exchange
between frozen and thawed soil and water flow
leads to a decrease in the free energy, that is, to
decreasing erosion processes.
The meaning of the independent
n
variables Zbl-dBl- is that they are elementary
i=2
works performed by the system against forces of
a different nature. The independent variables in

e e
Z :uinf i dninf i’ Z :ummi dnmmi
i=1 i=1

and

e

Z L idn, o reflect the relative changes in
i=1
the work, 0A, = Li,¢ ,dN;p¢ 5 »-.., Performed by a

system against the same forces of different
nature in the context of the occurred mass
exchange processes (migration of soil moisture to
the freezing front).

The component S dT takes into
account the total change in the energy of a
system as a result of the transition 60A;—0A1", oAz
—0Az2 (,0As —0As” ..., and the accompanying
thermo-physico-chemical processes. For
example, during freezing and thawing of sails,
hydration, peptization and other processes are
observed. Thus, during hydration, ions,
molecules of the dissolved substance and
colloidal particles are combined with water
molecules. The study of hydration of ions by
various methods (in terms of electrical
conductivity, osmotic properties, spectroscopic
method, ion mobility) has shown that a large
amount of energy is released during hydration,
which is the basic energy necessary for the
separation of ions bound in a crystal lattice upon
its dissolution. Peptization or colloidal dissolution
is the process of transition of a gel to a sol, which
is associated with the formation of double
electrical layers. As shown by numerous studies,
the charging of gel particles can occur either due
to the adsorption of ions into the inner coating of
the double layer or by the increased diffusion of
the outer layer of the double layer. These
examples are given only to show that these or
those transition processes are accompanied by
various chemical reactions, physical phenomena,
etc., that is, there are thermo-physicochemical
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processes leading to a total change in the
thermodynamic system by an amount of S dT.

It should also be noted that many
variables in (48) and (49) necessarily change
when other variables change. In addition, in a
number of practical cases, small changes in such
variables as the osmotic and the capillary
pressure in frozen soil, the content of free
substances dissolved in water, etc., can be
neglected, which can lead to further
simplifications of equations (48) and (49).

12) SEP for frozen and thawing soils

In an equilibrium system, with
stabilized thawing, infiltration, and erosion
processes, the temperature of all system's

elements is of a finite value, and the free energy
dG according to equations (48) and (49) is
minimal and constant throughout the system's
volume. This equilibrium can be ensured by a
different combination of the following values:
SAT,  bidB;,  HineidNingi  Myi APy
[ dn . After integrating (48) and (49), we
obtain the following expressions:
AGZ—AAZ—AAf +AAfhg Z—AAI —AA2 +AA3 +AA4
, (Eq. 50)
AG =-AA =-AA; + AAy, =—AA| — AA) + AA;,
(Eq. 51)

when 4Ajs the integral energy expended to
erode frozen soil;4Amgs the integral energy
expended to thaw frozen soil (thawing); 4A+, A4A;,
AA2, AAs, AAs, AAqare the energies expended,
respectively, to erode soil, for accompanying
thermo-physicochemical  processes in the
transition of soil from the frozen to thawed state,
for energy-mass exchange as a result of
migratory processes taking place in frozen and
thawed soils.

Based on (1), SEP for frozen and
thawing soils can be written as:
_AG  AA AAf_AAthd _
Vina = Am Am Am B
(Eq. 52)

where winds SEP for thawed soils; s the

thaw potential for frozen soils.
It follows that

Vi =W¥ima t¥ing> (Eq. 53)

that is, SEP y is an additive and constant
value for a specific soil.

To assess the stability of non-

equilibrium erosion processes for frozen and

4 fs = l//twg ’

thawing soils, by analogy with (22) and (35), the
following function can be proposed:
dzy/TWD . dzl)yfs _ dzy/twg <0
dt* dt* dt?
(Eq. 54)

Of course, initial soil temperature Ts,
function pmig=/{hmig,t,grad Ts), spatial variability of
other parameters under which a water flow
interacts with frozen and thawing soil influence on
Wing. @and, consequently, on s, but, nevertheless,
the constancy y for a particular soil is preserved.
Therefore, we propose to determine the potential
Wi by formula (53).

Discussions

38 samples from A horizon of different
fields were taken to determine SEP for the most
common soil types of the Chuvash Republic.
Komsomolskiy District - 4; Shemurshinsky District
- 3; Batyrevsky District - 4; Yantikovsky District -
3; Urmarsky District - 3; Alikovsky District - 3;
Porecki District - 6; Cheboksary District - 8;
Krasnochetaisky District - 4. In addition, soil
samples were taken from the fields of Leninskaya
Iskra collective farm of Yadrinsky District. After
preparing soil samples according to a unified
method (sifting air-dry soil through a sieve with a
hole diameter of 1 mm and vacuum
humidification to the complete saturation), and
determination of PES was carried out using an
experimental unit of our own design [42]. Table 1
shows the results of experimental research [42].

An analysis of the research results
shows that the values of SEP for the main soil
types of the Chuvash Republic vary within fairly
wide limits: 0.082...0.276 J/kg for varying bulk
densities of soils in solid phase within the range
of 2.70...2.96 g/cm®. Nevertheless, the SEP for
leached heavy loam black soils is almost 2 times
higher than for alluvial sod soils, which is
comparable with the data of M.S. Kuznetsov [21].

Let us compare the obtained values of
SEP with the relevant values from previous
studies. For this purpose, we use the most well-
known formulas to determine the critical flow
velocities in a hydraulic tray, derived from the
principles of calculation by the limit state method:

Mirzkhulava Ts. E. [10]:
for cohesive soils with plasticity index W<
15:
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0.5
[(72 —%)dg + I,ZSCZKU

(Ea. 55)

Vapme. —125[ o7

2m
2,6yyn

(Eq. 56)
for cohesive soils with plasticity index W,>

v =1g88H(

e =1 - %) +1 25ch]]

15:

2m
1,54y,

0,5
—%)dg +1 25c;}1<]}

(Ea. 57)

VAp.n.e. = 1’25(

8,8H 2m
= lg
d | L54ym

(Eq. 58)

p.n.e.

for non-cohesive soils, by size of soil
aggregates:

2m . ’
VAﬁ.n.e. = 1’25(0 44}/0 [g ) a.p. + zch]
(Eq. 59)
_ 8,8H 2m n
Ve =18 0o (044% %)D.., +2C"KU
(Eq. 60)
for cohesive soils, by size of soil
aggregates:
2 0,5
m
% =125 d +2CIK ,
Ap.ne. — (04470 [g 70) + d ]j
(Eq. 61)
88H( om [ ] 02
Ve =lg= d +2CJK|| .
p.n.e. d95 {044}/0 g 7/0) + d J
(Eq. 62)

Kuznetsov M.S. [21]: equitation 63

where V,4 peds the permissible (non-eroding)
bottom flow velocity (i.e. velocity at the level of
bed projections A), m/s; V per is the bottom-
averaged permissible (non-eroding) velocity, m/s;
the logarithmic relationship between the
permissible bottom velocities Vi pe@nd the
permissible averaged velocities from top to
bottom for the above formulas (56), (58), (60),
(62) have been taken based on Goncharov's
model, assuming that the height of bed
projections A is equal to 0.7 d); Vaw is the bottom
eroding flow velocity for soil with the initial
moisture content W, m/s; H is the flow depth, m;
dis the average size of detached parts, m; D, is
the average particle size of erosion pavement,
calculated as the weighted average over the area
of erosion pavement occupied by large particles
of the soil surface layer, m; dssis the diameter of

particles that are larger than those making up
95% of soil mass, m; dy is the weighted average
diameter of water-resistant aggregates after wet
sieving (Savvinov's method), with its initial
moisture content W, m; m is the erosion index,
depending on slope vegetation, presence of
erosion pavement, and the initial soil moisture; m;y
is the erosion index, depending on the presence
of erosion pavement and suspended sediments
in the flow; mais the index characterizing the
binding action of plant root systems; n is the
index characterizing the velocity pulsation of the
flow; % , wis the bulk density of soil and water
%lrtlcles respectively, t/m?; P is the porosity of

= 7)dg +1 2SCCIK]Jaggregates %; ais the angle of inclination of the

flow channel, deg.; Cd"is the nominal surface
durability of soil, t/m2 Cwis the cohesive strength
(Tsytovich's method) between soil and initial
moisture content w after rapid flooding of its
surface and saturation up to the moisture storage
capacity, t/m?; K is the uniformity coefficient;/ is
* the coefficient characterizing the soil consistency
and depending on the bulk mass of soil.
The critical flow velocities, determined
by formulas (55...63), characterize the conditions
for the erosion of soil samples in the hydraulic

tray, while SEP ym calculated using the
experimental data and formulas [42] (64) and
(65),
yo % 0p (2% O
"B 2B p 0, -0\ B )
(Eq. 64)
3
_ Qe [ M| PO+ my)
"'””’_wzms{ & (Q”psj h%(psQmes)]’

(Eq. 65)

allows to determine the amount of energy
required to destruct a unit mass of soil sample in
the hydraulic tray at a certain “critical" flow
velocity (where B is the width of the tray, hs, hzis
the height of the water flow and suspension,
respectively, pwpspsp is the density of water,
soil,and suspension, respectively; Qu, Qs is the
flow rate of water and suspension, respectively;
msis the soil mass eroded by the flow over a time
period ).

Consequently, the above equations
describe the same process, but equations (55 ...
63) are expressed kinematically, and equations
(64) and (65) — energetically. Indeed, the unit of
the potential yris [J/kg] or [m?/s?], and the unit of
critical velocity — [m/s]. Therefore, using the
theory of dimensions:
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Yrwpl = V;.n.e.,
. 8,8H
Wiwpy = 1,25 2vap.n.e.lgz( y j
_ 8,8H
Wrwps = 1,25 2VZAI,,ng,ﬂ( y j

(Eq. 66)

The above dependencies (66) take into
account the permissible (non-eroding) averaged
velocities from top to bottom, characterizing most
fully the energy of the flow, but not the bottom
flow permissible velocities that take into account
the energy of the flow at the level of bed
projections.

Similar results can be obtained by
examining studies on determining the permissible
(non-eroding) bottom velocity in the plunge pool
and in centrifugal devices [42]. Table 2 shows
some results of the determination of ys potential,
using (66) and based on the experimental data
[10, 21, 42].

By comparing numerical values wrwo,
shown in Tables 1 and 2, it can be seen that the
values yrwpare of the same order of magnitude
and, therefore, show the comparability of the
considered studies.

CONCLUSIONS:

The developed theoretical
fundamentals for determining the soil erosion
potential enables us to draw the following
conclusions.

1. We propose to use the thermodynamic
potential method to describe soil erosion
processes. It has been shown that the Gibbs
thermodynamic potential is the most suitable for
these purposes since it is possible to design
devices for experimental measurement of
independent variables included in the relevant
differential equations (16), (31), (48) and (49).

2. SEP is an additive and constant value
for a given soil and expresses its properties, i.e. it
can be adopted as a single integral criterion for
assessing the resistance of soils to erosion.

3. Functions (22), (35) and (54),
representing the second derivatives of SEP wthd
over a time period t have been proposed to
assess the stability of erosive non-equilibrium
processes in the context of thermodynamics.
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