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ABSTRACT

The paper presents the results of a theoretical investigation of erosion processes
in cohesive soils forming the beds of open channels under the influence of wind-
generated waves. The relevance of the study is associated with the need to ensure the
stability and reliability of channels composed of cohesive soils under the combined
effects of hydraulic flow and wind-induced wave action. The stability conditions of
cohesive soils are considered, and the forces acting on an individual soil aggregate
within the near-bed flow region are analyzed, taking into account the additional
hydrodynamic effects generated by wind waves. In the proposed calculation model,
cohesive soil is represented as a system of interconnected aggregates whose stability
is governed by the cohesive forces between the aggregates and the channel bed, the
submerged weight of the aggregate, and the hydrodynamic forces associated with
wind-generated waves.

Using the limit-state approach, the critical condition of a cohesive-soil
aggregate subjected to combined hydraulic and wind-wave action is established. The
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analysis considers the frontal and lifting components of the hydraulic forces, the
additional effects of wind-generated waves, the geometric characteristics of the soil
aggregate, its resistance to tensile and bending effects, and the roughness
characteristics of the channel bed. Theoretical relationships are derived for
determining the erosive, non-erosive, and bottom non-erosive velocities of water flow
in channels composed of cohesive soils under wind-wave action.

In determining the near-bed flow velocity, the logarithmic law of velocity
distribution in the vicinity of the channel bed is taken into account together with the
adopted value of absolute bed roughness. The influence of wind-generated waves on
the near-bed hydrodynamic conditions and the resulting shear and lifting forces
acting on cohesive-soil aggregates is also considered.

The proposed calculation approach is based on the principles of reliability
theory and probabilistic assessment of the limit state of a soil aggregate. The
resulting relationships make it possible to evaluate the stability of cohesive soils and
determine the permissible hydraulic flow parameters under the combined influence of
water flow and wind-generated waves, at which detachment and progressive erosion
of soil aggregates from the channel bed do not occur. The obtained results can be
applied to the hydraulic analysis and design of unlined channels, as well as to the
assessment of the stability of channel beds composed of cohesive soils exposed to
wind-wave action. However, the influence of the lateral slope of the channel and the
detailed spatial characteristics of wind-generated waves are not considered in the
derived relationships, although these factors may significantly affect the hydraulic
characteristics of the flow and erosion intensity. Therefore, further research should
focus on establishing the influence of the geometric parameters of trapezoidal
channels, side slopes, and wind-wave characteristics on the non-erosive velocity of
water flow and the stability of cohesive-soil channel beds..

Keywords: cohesive soil, channel erosion, open channel, wind-generated waves,
wind-wave action, non-erosive velocity, erosive velocity, limit state, hydrodynamic
force, near-bed velocity, channel roughness, soil stability, wave-induced
hydrodynamic forces.
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AHHOTAIUA

B cmamve npeocmasnenvl pesynomamel meopemuuecko2o UCCAe008aAHUS
npoyeccos 3po3ull CEA3HLIX SPYHMOS, (QOPMUPYIOUUX DPYCIA OMKDPLIMbIX KAHALO08,
noo eo3zodelicmeuem B60JH, BOSHUKAIOWUX 6 pe3yibmame Oelicmsus eempd.
Axmyanvnocms  uccnedosanus — 00yclo8leHa  HeobX00UMOCmbl — 0OecneyeHus.
VCMOUYUBOCNU U HAOEHCHOCMU KAHAN08, CHONCEHHLIX CEA3HbIMU 2PYHMAMU, NpU
COBMECMHOM 8030€UCMEUU B00OHO20 NOMOKA U 8eMP0B020 80HeHUs. Paccmompervi
VCI08UsL  YCMOUYUBOCMU  CBSA3HBLIX  2PYHMOB8 U NPOAHATUSUPOBAHbL  CUJTDbL,
oelicmeyowue Ha OMOENbHbILL azpe2am cpyHma 6 NPUOOHHOU 001acmu NomokKa ¢
yuemom OONOJHUMENbHBIX 2UOPOOUHAMUYECKUX B030elUCmBUL, BO3ZHUKAUWUX NOO
oelicmeuem 6emposuvlx 80H. B npednacaemoii pacuemmuoii mooenu ces3Hvll epyHM
npeocmasiien Kak cucmema 63auMOCBI3aHHbIX azpe2amos, YCmou4usoCns KOMopbix
onpeoensiemcs CULAMU CYENIeHUsL MeNCOy azpe2amamut U OHOM KAHALA, 636EUEeHHbIM
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gecom azpezama, a maxdxce 2UOPOOUHAMUYECKUMU CUNAMU, CBA3AHHLIMU C
8030eticmeuem 6empo8ulxX GOJIH.

C  ucnonvsoganuem nooxooa NpedelbHO20  COCMOAHUSL  YCIMAHOBIEHO
KpumuiecKkoe yclogue yCmouyugoCmu azpe2ama Ce33H020 2pyHma npu CO8MeCmHOM
8030elicmeul 8600H020 NOMOKA U 6empoevlx 6oaH. lIpu ananuse yuyumvigaromcs
710606451 U NOObEMHASI cOCMABNAIowUe 2UOPOOUHAMUYECKUX CUL, OONOHUMENbHbIE
8030eticmesus, o0Oycnognennvie  8empo8bIMU 8OIHAMU, eeomempuiecKue
XapaKmepucmuku 2pyHmoeo2o azpe2ama, e20 CONPOMUEIeHUe pacmacueaouum u
uzeubarwum 6030eUCmMEUIM, A MAaKd’ce XaAPaKmepucmuky wepoxoeamocmu OHA
kanana. Ilonyuenvl meopemuyeckue 3a8ucumocmu 0l OnpeoeneHus. pasmuleéarowell,
Hepazmvléaroweli U OOHHOU HepasMvléaroweli CcKopocmell 6800H020 NOMOKA 8
KAHANAX, CIONCEHHBIX C8A3HLIMU SPYHMAMU, C YUEemOM 8030€liCMBUs. 6emMPOB8bIX GOJIH.

Ilpu  ompedenenuu  NPUOOHHOU  CKOPOCMU  NOMOKA  YUUMbIBAEHICS
Jlo2apu@muyeckull 3aKoH pacnpeoenenusi CKOpocmu 01uU3U OHA KAHAIA COBMECHHO C
NPUHAMOU 8eIUYUHOU abCOTIOMHOU wepoxosamocmu OHa. Takoce yuumvigaemcs
GIUAHUE 8EMPOBLIX BOJH HA 2UOPOOUHAMUYECKUE YCA08UsL 8 NPUOOHHOU obaacmu u
BO3HUKANOWUe 6 pe3yibmame 3Mo20 KAcamelbHble U NOObeMHble  CUJbL,
oelicmeyowue Ha azpe2amul C8I3HO20 2PYHMA.

llpeonazaemviii  pacuemusiti nOOX00 OCHO8AH HA NPUHYUNAX — MeOopuu
HAOEHCHOCMU U BEPOSAMHOCHHOU OYEHKU NpPeoelbHO20 COCMOSIHUSL 2PYHMOB020
azcpecama. llonyuennvie 3a8ucumocmu no380A0M OYEHUMsb YCMOUYUBOCb CEAZHBIX
2PYHMOG U onpeoeiums OONYyCMuMbvle 2UOpasIuyecKue napamempsl NOmMoKa npu
COBMECMHOM B030€liCm8UU 800HO20 NOMOKA U 8eMPOBbIX BOJIH, NPU KOMOPHIX He
NPOUCXO0UM OMPbIEA U NPOSPECCUPYIOUIe20 pPa3mMbléd azpe2amos cpyHma om OHA
kanana. Ilonyuennvie pesyrbmamol Mo2ym ObIMb UCHOIL308AHBL NPU 2UOPABTUYECKUX
pacuemax u npoeKmupo8aHuU KAHAN08 C HEYKPENIeHHbIM DPYCIOM, 4 Makice npu
OYeHKe YCMOUYUBOCMU PYCell, CIOHCEHHBIX CEAZHbIMU SPYHMAMU U NOOBEPHCEHHBIX
8030€liCm8EUI0 8empo6o20 8OIHeHUs. Buecme ¢ mem 6 nonyyeHHbIX 3a8UCUMOCIAX He
yuumvlearomcsi  auAHue  OOKOBbIX ~ OMKOCO8  Kawaia U O0emajibHble
NPOCMPAHCMBEHHbIE XAPAKMEPUCMUKY  BOJIH, BO3HUKAIOWUX NOO 8030elcmeuem
gempa, xoms OaHuvle GAKmopvl MOSYm CYWECMBEEHHO GNIUAMb HA SUOPABIUYECKUe
Xapakxmepucmuku NOmMoKa U UHMEHCUBHOCMb 3PO3UOHHBIX npoyeccos. llosmomy
oanbHeluue Ucciedo8aHus 00IHCHbL ObIMb HANPABLEHbl HA YCMAHOGIeHUe GUSHUS
2eoMempuiecKux napamempos8 mpaneyeuoaibHulX KAHAN08, 3aN0XHCeHUs OOKOB8bIX
OMKOCO8 U XapaKmepucmuK 6empo8blx 60JIH HA HEPA3MbIEAIOU)I0 CKOPOCHb 800HO20
NnoOmMoKa u yCmoudu8oCmy pycesl KAHAL08, CIOHNCEHHbIX CEAZHbIMU CPYHMAMU.
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Knioueevle cnosa:  cesasHvill epyHm, 3po3us pycid, OMKPbIMbIU KAHA,
6emMposble  BOJIHLL, BO30€UCMBUE BEeMPOBLIX BOJIH, HEPA3MbIBAIOUIAs. CKOPOCHIb,
PasMuleaiowds CKOpocmv, NpeoeiibHoe COCMOosHUe, 2UOPOOUHAMUYECKas CUid,
NPUOOHHASL CKOPOCHb, WEPOX08AMOCb PYCid, YCMOUYUBOCHb 2PYHMA, BOJHOBbIE
2UOPOOUHAMUYECKUE CUTIDL.

A number of researchers have proposed methods for calculating hydraulic
structures based on the limit-state approach [1,2]. These methods are based on
various considerations concerning the causes of structural failure and the safety and
reliability of hydraulic structures. In particular, emphasis is placed on the statistical
evaluation of parameters characterizing structural performance, which is one of the
principal factors in determining safe structural dimensions. In the case of open
channels composed of cohesive soils, the assessment of stability should also account
for the additional hydrodynamic effects caused by wind-generated waves, which can
increase the shear and lifting forces acting on the channel bed and accelerate erosion
Processes.

Using the limit-state method, we consider a procedure for determining the
critical flow velocity above which cohesive soils are eroded under the combined
action of water flow and wind-generated waves. The proposed approach makes it
possible to evaluate the stability of cohesive-soil aggregates by considering both the
hydrodynamic forces generated by the flowing water and the additional wave-
induced forces resulting from wind action. This provides a more comprehensive
assessment of the conditions leading to the detachment and erosion of cohesive-soil
particles from the channel bed.

We assume that water-saturated cohesive soil, similarly to non-cohesive soil,
consists of individual spherical particles d of a certain diameter. However, in
cohesive soils, individual particles form aggregates bonded to one another by
cohesive forces. These aggregates are characterized by a high equivalent fictitious y,

specific weight, which represents the force required to detach a particle from the soil
and is equal to the detachment force of a cohesive-soil aggregate.

Under the combined action of water flow and wind-generated waves, the
stability of cohesive-soil aggregates is affected by both the mean hydrodynamic
forces of the flowing water and the additional oscillatory forces induced by wind
waves. These wave-induced forces can increase the shear and lifting effects acting on
the channel bed and, consequently, contribute to the detachment and erosion of
cohesive-soil aggregates. Therefore, the assessment of aggregate stability should take
into account the combined hydraulic and wind-wave action.
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The dimensions of the aggregates that can be detached under the combined
action of water flow and wind-generated waves can be estimated in the calculations
using the following absolute roughness height:

A=0,7d, (1)
where d - the aggregate diameter.

One of the main soil characteristics determining resistance to channel erosion is
cohesion. Therefore, this property is taken into account in modeling cohesive soils.

The cohesion force corresponding to one cohesive-soil aggregate under dynamic
loading is given by the following expression:

R, =CJd*, (2)
where C; - the fatigue limit of cohesive-soil failure,
C!' =0,035C (3)

Is determined from the following expression. Here, ¢ - the cohesion in the
water-saturated state.
In addition to overcoming the cohesion force, detaching a cohesive-soil
aggregate also requires overcoming the submerged weight of the soil:
d3
Rcs =(7/L1 _}/) 7Z6 " (4)
For a non-cohesive soil particle of diameter d to be detached from the bed, a
force equal to the weight of the particle is required, which can be expressed as

follows:

dS
R, =(r.-7) ”6 , (5)

where y, and y, - the specific weights of the soil and water particles,

respectively.
The resistance to detaching a particle having an equivalent fictitious specific
weight is as follows: y, having an equivalent fictitious specific weight, the resistance

to detachment from the bed is given by:

= (1)L ©)

Thus, the resistance to detaching a particle having an equivalent fictitious
specific weight from the bed can be expressed as follows: y, having an equivalent
fictitious specific weight, we express the resistance to detachment from the bed as
follows:

R,=R,+R, (7)
or
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(7/3—7)%2(%,—7/)%+C d?, (8)
From this equality, we obtain the following:
6C"
]/3 = 7/14 + - " (9)

The aggregate located on the channel bed is subjected to P, frontal and P,
lifting forces exerted by the flow (see Fig. 1). In this case, the P, frontal force tends
to move the aggregate in the direction of flow, while the P, lifting force tends to
detach the aggregate from the bed and move it vertically upward [5].

The soil strength condition is that, at the limiting state, the forces acting on a
cohesive-soil aggregate are balanced by the adhesion forces between the aggregates

and the underlying bed, together with the weight of the aggregate.
The forces acting on the aggregate produce an eccentric stress distribution.

S \

Fig. 1. Schematic diagram of the forces acting on a cohesive-soil aggregate
under flow action

The limiting state of a cohesive-soil aggregate is expressed as follows:

P
n[ ! ”"J <c +8 (10)
mF  mW e F

where m_, m - the coefficients characterizing the tensile and bending working
conditions of the aggregate; in the calculation, m, =m, =mis assumed; n=(u,q /U, )’

- a load factor accounting for the pulsating nature of the flow velocity and,
consequently, possible excess loads (stresses) exceeding their calculated values. In
this case, u,,, and U, are the instantaneous maximum and time-averaged near-bed
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velocities corresponding to the roughness height. If d <0,001m is the case, the stress

factor is determined from the following
d
_l’_
0,00005 + 0,3d

Is determined from the formula; when d > 0,001 m applies, it may be assumed
that n=4 ; C,- the calculated resistance of the cohesive soil, which is lower than its

(11)

tensile strength capacity; G,- the submerged weight of the aggregate; F - the area of

the aggregate bearing surface; w - the resistance moment of the bearing section;
The resultant frontal force is expressed as follows:

P = “—§5 d?; (12)
X j/o}/x Zg 3 '
The resultant lifting force is given by:
2
L
P =yy =25,d*; 1
e (13)
The submerged weight of the aggregate is:
G, = %(n—n)ds; (14)
The area of the aggregate bearing surface is:
F=" (o) (15)

The resistance moment of the bearing section is:
W =0.0982(5,d)’, (16.)
where y,, 7, - the specific weights of the aggregate and water, respectively;
5,d - the diameter of the aggregate bearing section; s,d - the frontal-force lever
arm; 5,d° ;5,d*- the midsection area of the frontal and lifting forces; 4,, 4, - the
coefficients of the frontal and lifting forces, i.e. , =0,40-0,45 and 4,/ 4, =0,25.

Substituting the expressions and values given above into condition (10), we
obtain:

2 1 41,6, -
CPC :CSI;IR-ZJ/OUA y—3 n //lx52513 _g(j/q 270). (17)
- 29 | 52 0098257 | 3 o
4

From this equation, we determine the v, flow velocity:

I 29 2

UAZ\/ (4/1y53 A,8,6, J{wf
70 +

752 0.09825;

(Y,~Yo)d +CI'K |. (18)
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Taking into account that the distribution of velocities in the near-bed zone
follows a logarithmic law, the near-bed velocity can be expressed through the mean
velocity as follows:

(16.7Y j
lg| = +1
b VA T (19)
v Ig(6.15H)
A
Assuming the roughness height to be 0,7d we obtain
1.250
Ua” (8.8H} (20)
lg o

Based on the soil erosion process, we assume that when K =1(C,, =C/'K =C}')

the flow velocity is erosive. At erosive velocity values, aggregates whose cohesion is
less than or equal to the mean cohesion value are detached by the flow, resulting in
widespread detachment of the cohesive-soil aggregates forming the channel bed.
Substituting expression (20) into relation (18), we obtain the following
relationship for the erosive flow velocity in cohesive soils:
v, = (|g S’EH j\/l,zgi,r:]n [(;/q —y,)d+1 25C§’] : (21)
Taking into account the relationship known from the dynamics of open
channels, v, =1,4v, we obtain from relation (21) the relationship for determining the

non-erosive flow velocity:

8,8H 2gm )
UH:(Ig ; j\/Z,GyOn[(y”_y")d +1,25C/K | (22)
2gm i
Uy =1,25 \/2.6%“[(%, ~7,)d +1,25C; K]. (23)

Thus, the non-erosive flow velocities in channels composed of cohesive soils
under the combined influence of water flow and wind-generated waves are
determined using formulas (22)—(23). These relationships allow the critical hydraulic
conditions to be evaluated by taking into account the additional hydrodynamic effects
induced by wind-generated waves.

The proposed method is based on the principles of reliability theory and
probability theory and, when compared with a large number of laboratory and field
experiments, demonstrates reliable results. The consideration of wind-generated
waves makes it possible to more adequately assess the stability of cohesive-soil
channel beds under combined hydraulic and wave-induced loading.
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However, the relationships (22)—(23) used to determine the non-erosive flow
velocities do not fully account for the influence of the channel-side slope and the
detailed characteristics of wind-generated waves, including wave height, period, and
direction. These factors can significantly affect the structure of the flow, the
distribution of near-bed velocities, and the magnitude of shear and lifting forces
acting on cohesive-soil aggregates. Therefore, further studies are required to
determine the combined influence of channel geometry, particularly the side slope of
trapezoidal channels, and the characteristics of wind-generated waves on the non-
erosive flow velocity and erosion resistance of cohesive-soil channel beds.
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