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Abstract—Soil erosion encompasses detachment, transport, and deposition of soil particles by the erosive
forces of raindrops and surface flow of water. Average shear stresses of flowing water are on the order of Pa.
They are much less than the shear strength of soils, which even for the case of tensile failure are on the order
of kPa. This discrepancy is explained in terms of the coherent structure of turbulent flow, whereby transient
shear stresses on the bed are much greater than the average flow shear stresses. A microscale probabilistic
model, E = FPM, is constructed, which describes the probability P that the instantaneous shear stresses of tur-
bulent flow, which occur at a spatial and temporal frequency F exceed the local resistant strength of the soil
particles and cause a mass M to be detached. Raindrops impart dynamic, transitory stresses to the soil that are
on the order of hundreds of kPa. The pressures generated upon impact of a raindrop are dependent upon the
velocity of the drop and the velocities of the compressional waves that move through the two-phase soil mate-
rial. Uneven pressures under the drop impact cause a crater to be formed, and lateral jetting of water across the

bulge of the crater causes the soil to be detached.

INTRODUCTION

The hydraulic stresses that cause soil erosion in
upland areas are different from those that act to trans-
port sediment in rivers and streams. Soil erosion
stresses are of two general types, one being associated
with raindrop impact and the other being the flow of
runoff across the land surface. Raindrop impact stresses
are great. Transient vertical impact pressures on soils
are-on the order of hundreds of kPa. These high vertical
pressures are transformed into high-velocity lateral jets
of water that eject soil particles into the air. The pene-
tration of stresses into the soil under raindrops is very
shallow; thus, raindrops are able to erode only a very
thin layer of the soil surface.

Flow of water across the land surface also causes
erosion. Forces required to transport sediment down
a slope once the soil has been detached are much less
than those required to remove an in situ particle from
the soil mass. Thus, even thin sheets of surface runoff
flow are capable of transporting sediment short dis-
tances down a slope. Flow depths on a slope are never
uniform. Commonly, surface runoff flows will concen-
trate in small channels of greater-than-average flow
depth at irregularly spaced intervals across the slope.
These small channels are referred to as “rills.” Rills act
as the principal downslope transporting agent for sedi-
ment detached in upland areas. When the shear stresses
of flow in rills become great enough to exceed the bind-
ing forces of the soil, detachment of soil by flow occurs.
Rill erosion can cause incision of relatively well
defined channels and significant erosion rates on hills-
lopes. Generally, when a storm causes very high ero-

! This article was submitted by the author in English.

sion rates on a hillslope, it is due to large amounts of rill
erosion. Conversely, if rill erosion is controlled, erosion
rates are generally not excessive. Because of the rela-
tively great flow depth, raindrop impact is not consid-
ered to be a significant factor in rill erosion.

The areas between rills on the hillslope are termed
interrill areas. Thus the erosion process is conceptual-
ized as being of two general types: rill and interrill.
Interrill erosion occurs on areas where flow depths are
shallow. The principal detachment force on interrill
areas is raindrop impact. The principal sediment trans-
port mechanism on interrill areas is shallow flow, which
is capable of carrying sediment relatively short dis-
tances to areas of greater flow depth. Thus, interrill
areas act as sediment feeds for rills.

SOIL DETACHMENT BY FLOW

It has been recognized that the mechanics of detach-
ment of particles by flow is not a simple function of
averages of a flow parameter such as shear stress or
streampower. Grass [7] showed that the initiation of
movement of fine bed sand could be described as an
overlap of two probability distributions, one that
describes the distribution of instantaneous bed shear
stresses and another that describes the resistance of the
individual sand grains on the bed. Christensen [4] dis-
cussed the concept of critical shear stress in terms of
probabilities for the case of cohesionless sand.

From basic considerations of the mechanics of soil
detachment, Nearing [11] hypothesized a probabilistic
model for soil detachment of the form

e = FPM, (1)
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where F (s™! m?) is the temporal and spatial frequency
of turbulent bursting “events,” P is the probability that
the shear stress of the burst event exceeds the local resis-
tance to detachment and induces tensile failure, M (kg) is
the average mass of soil detached per failure event, and
e (kg/(s m2)) is the detachment rate per unit area of soil
surface.

Frequency of bursts F was calculated for uniform
flow over a flat slope using published relationships.
Spatial frequency estimates were taken from Raudkivi
and Tan [14], and the temporal frequency f, of bursting
events was taken from Gordon [6] and others. Multiply-
ing the spatial and temporal frequencies gives the func-
tional form for F in (1):

F = 4x10°Cg(hD)*/o, )

where C is the Chezy roughness coefficient, / is the
inclination of the slope, # is the thickness of the flow,

and G is the thickness of the turbulent boundary layer.

Equation (2) is presented to elucidate a fundamental
difference between turbulence in shallow flows found
on a hillslope and deeper flows as would be found in
rivers and streams. For the shallow flows under consid-
eration here, we make the assumption that the boundary
layer thickness I can only be as thick as the depth of
flow h; therefore, the frequency of turbulent bursting
events F can be approximated as

F = K,Ch"*?, 3)
where K| is a linear coefficient between A and S, and &
is substituted for o.

If the shear stresses of turbulent bursting events and
the resistance force, or tensile strength, of the soil under
the bursts are described using probability density func-
tions, then the overlap of the two distributions is the
probability of a bursting event causing detachment
(Fig. 1). For cases of normal or lognormal distributions,
the region of overlap, or probability of failure, can be
easily calculated. For the case of normal distributions,
the probability of failure P is

P = 1/2- (T -1,)/(s(T)* - s(1)?), @)

where ¢ is the cumulative probability function of the
standard normal variate; T is the mean value of the
capacity term, which in our case is the soil resistance or
tensile strength; 1, is the mean value of the demand,
which in our case is burst-event shear stress; s(7) is the
standard deviation of the capacity; and s(t) is the stan-
dard deviation of the demand.

Equation (1) for detachment by shallow surface flow
may be rewritten with substitutions as

e = KCPh' 1", (5)

where the coefficient K incorporates the K| from (3)
and M from (1), and P is a function of 7, 1, s(7) and s(t)
as represented for the normal distribution form in (4).
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Fig. 1. The overlap of two probability density functions: one
for instantaneous flow shear stresses and one for local resis-
tance of the soil particles to detachment.
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Fig. 2. Measured and calculated detachment rates for the
Paulding (1- to 2-mm aggregates) soil as a function of aver-
age flow shear stress.

The probabilistic model discussed here was tested
using a hydraulic flume [13]. Detachment rates were
measured on small soil cores containing cohesive soil
material. A series of tests were conducted over a range
of flow depths and bed steepnesses. An example of the
results is shown in Fig. 2. The model closely followed
the experimental results in several ways. Calculations
from the model indicate the following: (1) Detachment
rate vs. average shear stress follows a quasi-exponential
relationship. This is due largely to the cumulative proba-
bility function from (4). (2) Detachment rates are more
sensitive to changes in slope than to changes in flow
depth (see (5)). Currently used relationships for calcu-
lating detachment are usually given as functions of
shear stress or stream power of flow. These results indi-
cate that detachment is not a unique function of either

“variable, because shear stress is equally sensitive to

depth and slope, as is streampower. Both of these con-
clusions are contrary to currently accepted knowledge.
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Fig. 3. Compressional waves generated in the soil and in the
water under the vertical impact of water on a soil surface.

The probabilistic model addresses an apparent
inconsistency in terms of the order of magnitude differ-
ences between soil strength and flow shear stresses.
Soil strength is typically on the order of kPa, while flow
shear stresses are typically on the order of Pa. In the
study [13], flow shear stresses ranged from 0.5 to 2.0 Pa,

while tensile strengths ranged from 1.0 to 2.0 kPa, a

difference in magnitude of 1000. The proposed mode]
helps to explain how erosion occurs with this major dif-
ference between soil strength and flow stresses. Part of
the answer is that local shear stresses associated with
turbulent burst events are much greater than the average
flow shear stresses. The other part of the answer lies in
the fact that it is not the average levels of shear and
resistance that determine detachment rates, but rather it
is the tails of the two distributions which dominate the
process. Detachment does not occur for each turbulent
burst event but only for those where stress exceeds
strength, which may be only a small fraction (estimated
by P) of the total number of burst events.

RAINDROP IMPACT

For a homogeneous solid, the pressures generated
by an impacting fluid P,, are a function of the densities
and compressional wave velocities of the two materials
(1,17]:

P, =p,C,v/IN(l+p,C,/pU), (6)

where C,, is the velocity of a compressional wave in
water, v is the relative velocity of the two materials at
the time of impact, p,, is the density of the water, p, is
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the density of the solid target, and U, is the velocity of
a compressional wave in the solid. Equation (6) was
derived in detail by Springer [17]. For low impact
velocities, such as those associated with natural rainfall
on a stationary target, the velocity C,, of the induced
compressional wave in the water is equal to the velocity
of sound in water. In the case of a rigid solid, p,U, >
p..C, and P, reduces to the classical “water hammer”
pressure, P: [1]

Py = p,C,v. ™

Numerical computations and laboratory experi-
ments of waterdrops or jets on essentially rigid surfaces
(i.e., where p,U, > p,C,) have shown that the impact
pressures were of the same order of magnitude as that
computed from (7) [9, 10, 15, 16].

Soils are not homogeneous, and with impact of
a liquid onto a soil two compressional waves are gener-
ated, a frame wave and a fluid wave [3]. The frame
wave is associated primarily with the soil skeleton, and
the fluid wave is associated primarily with the pore
fluid, although coupled motion of the two phases may
exist for both waves. Both the frame and fluid waves
must be considered for a complete description of the
one-dimensional water-to-soil impact problem.

The derivation of the equations for the one-dimen-
sional impact pressure of water onto a soil surface can
be made by considering the stress differences across the
compressional waves that propagate into the water and
soil. Upon impact, three compressional waves are gen-
erated: one in the impacting water, the frame wave in
the soil skeleton, and the fluid wave in the soil pores in
the soil. The equations for the pressure differences
across the compressional waves may be derived from
jump conditions of continuum mechanics [5]:

Pw = chw(V"uw)’ (8)
P, = p,U,u,, )

where P,, is the pressure difference across the compres-
sional wave in the impacting water, P, is the pressure
difference across the fluid wave, Py is the pressure dif- -
ference across the frame wave, p, is the density of the
material displaced by the fluid wave, p;is the density of
the material displaced by the frame wave, U, is the
velocity of the fluid wave, Uy is the velocity of the frame
wave, u,, is the material velocity of the water, u, is the
material velocity of the pore fluid, u, is the material
velocity of the soil skeleton, and v is the velocity of the
impacting water immediately before impact (Fig. 3).
The material displacement across the interface
between soil and water must be continuous; hence,

(11

where u is equal to the velocity of the interface. Fur-
thermore, the forces across the interface must be the

u, = U, = Uy = u,
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same. Thus, if B, is the fraction of the soil in which the
frame wave is propagated and B, is the fraction of the
soil in which the fluid wave is propagated, then

P, = B;P;+B,P, (12)

After eliminating u,,, u,, u;, P,, and P,, and solving
for Py, the resultant equation is

Pf = pwcw/[Bf+Bp(ppUp/prf)

Equation (13) is analogous to (6), wherein the non-
homogeneity of the soil and the subsequent develop-
ment of multiple compressional waves are considered.

P is the pressure of impact generated at the soil sur-
face primarily on the soil frame or skeleton. An analo-
gous equation may be similarly derived for the pres-
sures which are generated primarily in the soil pores
and are associated with the fluid wave:

Pp = pwcw/[Bp+Bf(prf/ppUp)
+(PuCulp,U,) ]

The deformation of strength of a soil mass may be
analyzed either as a function of the total stress on the
soil skeleton or as a function of the effective stress,
which is the total stress on the soil skeleton minus the
pore water pressure. In the case of water-to-soil impact,
P, is the total stress on the soil skeleton, and P, is the
pore water pressure. Thus, for soil mechanical analy-
ses, it is useful to define the vertical effective stress for
the case of water-to-soil impact P, as :

P,=P;-P, (15)

Application of (13)—(15) to soils indicates several
relationships between soil characteristics and impact
forces. Pore water pressure is much greater under rain-
drop impact for high saturation levels, and calculations
indicate that negative effective stresses (liquifaction
conditions) are likely for nearly saturated soil condi-
tions. This would indicate a very unstable surface con-
dition and high susceptibility to tensile failure from the
lateral jetting that takes place during splash. The calcu-
lations also indicate that higher soil density and higher
soil matric suction effect higher total stress under
impact at the soil surface.

Nearing et al. [12] made measurements of the ver-
tical pressures of impact of a waterdrop on a soil sur-
face. They designed a 1-mm-diameter piezoelectric
crystal with a frequency of 10 Mhz and dynamically
calibrated it. This sand-sized transducer was placed on
soil surfaces and impacted by 5.6-mm-diameter drops
falling from a height of 14 m. Measurements were
made of the impact pressures as a function of radial dis-
tance from the center of the drop (Fig. 4). Peak pres-
sures were found in a concentric ring around the impact

(13)

(14)

center. This result is similar to those from impact mea- -

surements on rigid surfaces [1]. Peak pressures were
much less than those calculated from impact on rigid
No. 5
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Fig. 4. Peak pressures of impact of a waterdrop on a soil sur-
face as a function of radial distance from the drop center,
The soil is an Ida silt loam with a bulk density of 1200 kg/mr’
and a soil water matrix potential of -2.5 kPa.

surfaces, as is predicted from the theory discussed
above. Also consistent with the theory is that higher
total stresses were measured for higher soil bulk densi-
ties and greater levels of soil matric suction. Maximum
vertical total stresses measured with this technique
were on the order of 400 kPa. Water hammer pressure
would be 14.000 kPa for the waterdrops used in the
experimental study.

After impact, a bulge forms around the impact area
[2, 8], and lateral jetting of water occurs. The lower the
strength of the soil, the greater the bulge that develops
and the higher the angle of splash. It is a combination
of the high pore water pressures, the formation of the
bulge, and the high velocity of lateral jetting that
detaches soil particles under splash. Once detached, the
soil particles may move a meter or more in all direc-
tions around the impact point.
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MEXAHMKA OTPBIBA ‘IACTI/I_II IIOYBEI KAIIISIMHA TOXA
' 1 CKIOHOBBIMHA IIOTOKAMH S
©1997r. M. A.Hepusr

Munucmepcmso ceabckozo xo3siicmea CIUIA.
HayuonanbHas Hay4HO-UccAed06amenbcKan sa6opamopus sposuu no4s, Hrouara

IMocrynuia B pepakuuio 23.06.95r.

Tpouecc OTpbIBa MOYBEHHBIX YaCTHI, CKIOHOBBIMM [IOTOKAMH PACCMaTPUBAETCS KaK CIECTBHE coyera-
HUSi NYAbCALMOHHOTO XapaKTePpa KacaTeJbHbIX HANPAKEHHH, OKa3blBaEMbIX Ha JHO TYPOYJEHTHBIMH 110~
TOKaMH, 1 HOPMAJILHOTO Paclpene/eHus CHIl CLETUIEHHs MEX/AY YaCTHLaMu ouBbl. M3 970r0 Ciiepyet He-
JMHEHHOCTD ¥ HEOZHO3HAYHOCTD CBA3EN MEXK/Y CKOPOCTBIO OTPbIBA YaCTHLL H TAKMMHU napameTpamH, KaKk
YKJIOH NIOBEPXHOCTH i [y6HHa 10TOKa. OTphIB YaCTHUL, IOYBbI NPH NaJAEHAN AOKAEBLIX KaNeib paccMar-
pHBAETCA KaK CE[ICTBHE YAAPHBIX BOJIH, BO3HUKAIOUIMX B CKEJIETE NOYBbI U BO[IE NOPOBOrO NPOCTPAHCTRA.
Y napHsle BONHbI 06Pa3yIOT KpaTep B MOYBE, @ 3aTeM, BCIECTBHE YMEHbLUICHU AaB/IEHHA OT LCHTP K NI~
pudepun KpaTepa, NPOMCXOHT GOKOBOI BLIGPOC BOAIBI H YaCTHU MOYBBL. - '

BBEJIEHVE

Dpo3us MOYBLI BHI3BIBAETCS CHIAMH Pa3NUYHOTO’

NPOUCXOXKACHHA! ‘OflHa Y3 HHUX CBA3aHAa C yHRapaMH

HOXJIEBBIX Kallelp, Apyrasi -c ABHKCHHEM CKJIOHO- . --

BbIX [IOTOKOB. Y JapHO€ BO3AEHCTBHE Kaneb BEJIHKO.
MrHOBEHHOE  YapHOe JaBlieHHe Ha MOYBY Kamnenb
05l JOCTHIAET NOPSAKA COTEH Kuylonackaned. 1o
BBLICOKOE [IaBJIEHHE B TIPOLiEcCe B3aUMOAEHCTBHSA Kall-
JIH C IOBEPXHOCTHIO IOYBBI TPAHC(HOPMAPYETCS B BbI-
COKOCKOPOCTHBIE JIaTepallbHble CTPYH BOAbI, KOTO-
pble BLIOPACHIBAIOT NOYBEHHbIE YaCTHibI B BO3AYX.
Y napHbie HanpsiXKEeHMsA OT Kanelb IPOHAKAIOT Ha He-
3HAYMTEIBHYIO TyGHHY, I0ITOMY NOXMAEBbIE KAIlIK
CHIOCOGHBI BbI3LIBATh IPO3HIO JIAIIL OYEHb TOHKOIO
IIOBEPXHOCTHOTO CIIOst MOYBBI. T

CrexaHue BOMBI 10 CKJIOHY TaKXKe MOXKET BbI3BaTh
apo3uio. Cuiibl, HEOOXORUMBIE ANl TPAHCIOPTA “ac-
THI] TOYB BHH3 IO CKJIOHY, 3HAYUTEJIbHO MEHBIIE TEX,
KOTOpBIE HEGOXOUMBI ISl KX OTPbIBA OT MOYBEHHOH
macchl. [T09TOMy fiaxe TOHKasl [leJIeHa BObI CKJIOHO-
BOI'O CTOKa CTOCOOHA TPaHCIOPTHPOBaTh HAHOCHI Ha

' KOpPOTKHE pacCTOAHNA BHI3 IIO CKJIOHY. O;maxo ray-

6¥HA IOTOKOB BOJBI Ha CKJIOHAX HUKOITa He ObIBaeT
paBHOMepHOi. OGBIMHO NOBEPXHOCTHBIA CTOK KOH-
LEHTPHUpYETCs B MEJIKHX pyciax, [fie rryGuHa noTo-
KOB GOJIblIE, YEM B 11€JIOM Ha CKJIOHE.

DT MeIKMe pycia 0603HaYaIOTCs TEPMHHOM

CaE

“pyyeir”. Pyybn BBICTYNaAIOT B Ka4€CTBE OCHOBHOTO .

areHTa, OCYLIECTBIIONIEro TPAHCIIOPT YacTHll, CO-
PBaHHBIX B MEXPY4YEHKOBOM IIPOCTPAHCTBE. Korna
KacaTelbHbIE HANPSIKEHUS Ha IHE PYy4bsl CTAHOBATCH
OCTaTOYHO 6OJIBIIMMHE ¥ HAYHHAIOT NPEBBIIATD CH-
bl CLEIUICHHS B NIOYBE, IPOUCXONUT OTPLIB YaCTHI|
[OYBbI MOTOKOM. PyueiikoBas 3p03usi MOXKET BbI3bl-
BaTh Bpe3aHHe pycesl HauGoJiee PasBUTLIX PyUEHKOB
H COOTBETCTBEHHO 3HAUHMTEJbHYIO CKIOHOBYIO 9pO-

3u10. Korpa MMBEHDb BBI3bIBAET CHILHYIO 9PO3HIO Ha
CKJIOHE, €€ OCHOBHasl YacTb OOBIYHO MPHXONATCA HA
py4eikoBbIil CMBIB. H1 HAlNPOTHB, eCH pyYeHKOBast
9pO3Husl He Pa3BHUBAETCH, CMbIB OOBIYHO He GbIBacT
GonsumM. B cBA3H €O CpaBHATSIBHO GONBINOH Iy~
6HMHOM MMOTOKOB B py4YedKaxX yHapbl JOXJEBBIX Ka-
nesib He PAcCMATPHUBAIOTCS KAK CYIIECTBEHHDII (ak-

TOp pyueiikoBO# 3po3ud. I[loBepxXHOCTH CKIIOHA

MEXy pyueilKaMu Ha3bIBAETCS MEXPYYECHKOBBIM
IPOCTPaHCTBOM. : :

Takum 06pa3oM, 3po3ust B KOHUENTYaJIbHOM OT- -

. HOLICHHMH HENATCA HA HBAa THIA — PYYEHKOBYIO H

MEXpYy4eHKoByr0. MexpyueikoBasi 9po3usi pas3BH-
BAeTCA Ha 4YaCTH CKJIOHA, 3aHATON MEJNKOBONHBIMH
IJIaCTOBBIMHM MOTOKAMH. ¥ Iapbl JOXKMAEBLIX KaNleJb —
OCHOBHasi NpPUYMHA OTPhIBA NMOYBEHHBIX YaCTHL E
MEXPY4EeHKOBOM IIPOCTPAHCTBE. TPaHCHOPT YacTHU
B MEeXpY4eHKOBOM IPOCTPAHCTBE OCYIIECTBISETCA
MEJIKOBOIHBIMH IIOTOKAaMHM, CIIOCOOHBIMH  NEPEHO-
CHTh HAHOCHI Ha CPaBHHTENHLHO KOPOTKHE paccTos-
HHS B pyueiiku ¢ Gosee riyGokuMu notokamu. Ta-
KHM 006pa30M MeXpydelKoBble IPOCTPAHCTBA IIHTa-
IOT PYUeHKH HaHOCaAMH.

'OTPBIB YACTHI] TIOUBEI

ITpr3HaHO, YTO MPOLECC OTpLIBa YACTHIL HOTOKOM
He SBNSIETCA NPOCTOil (pyBKUHEH KacaTelbHOro Ha-
NPSKEHHs WM MOIHOCTH MOTOKA. Grass (I'pacc) [7]
foKa3all, YTO 3aKOHOMEPHOCTH Hayaja JABHXCHHA
MEJKOro MecKa B MOTOKE MOTYT ObITh OOBACHEHBI
YaCTHYHBIM NIEPEKPBITHEM INIOTHOCTU pacnpenene- |
HHSl MTCHOBEHHBIX JOHHBIX KacaTeNbHBIX HalpsKe-
HU ¥ COTPOTHBIEHHS OTHENbHBIX IECYUHOK CPBIBY

" cO JHA MOTOKA, KOTOPBIA HMEET BEPOATHOCTHBIM Xa-

pakTep [4].
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BeposTHOCTHAS TIOTHOCTh

v
KacarenbHOE HANPSXKEHUE
WJIN CHJIA OTPBIBA

Puc. 1. TlepexpuiTie JABYX (YHKUMi BEPOSTHOCTHOM
NOTHOCTH: | —MIHOBEHHBIX KacaTeNbHbIX HaNpsXKEHMi
Ha JHe TIOTOKA; 2 — JIOKAJILHOTO CONPOTHBJIEHHS IOYBEH-
HBIX YaCTHI| OTPBIBY.

 CKOpOCTE OTpBIBA yacrnu, r/M2/c

10% . 22
10!
100
’ “e3
s . a4
—1 1 ! 1 1 —
10 0 05 10 15 20 25

Kacarenbaoe nanpsokenne, [1a

Puc. 2. ViaMepenHas 1 pacyeTHas CKOPOCTH OTPLIBA Yac-
Tun nogssl Ionpguer (arperaTsl pasMepoM 1-2 MM) Kak
(yHKUHMA CpefiHell BENMUMHBI KAcaTelIbHOTO HampsKe-
HHS Ha He IToToKa. I — YKIOH AHa 1%; 2 — rnyGuHa noTo-
ka 1 cM; 3 — uamepennoe; 4 — pacueTHOe. ' :

Vicxopmsi M3 KOHIENTYalbHbIX NOJIOXEHHHA MeXa-
HuKkH oTphIBa wacthy, Nearing (Hepunr) [11] mpen-
JIOXWJ BEPOSTHOCTHYIO MOJIENb OTPBIBA MOYBEHHBIX
YaCTHL B BUAE :

e = FPM, . (D

rge F — 9acTtoTa TypOyJNEeHTHBIX NMyJIbCAlAl BO BpeE-
MEHY | IPOCTPaHCTBe, 1/c M2%; P~ BEpOSTHOCT MY JIb-

cali KacaTeNbHOro HanpsLKeHN, l'IpCBbII]IaIOHII/IX‘

MECTHOE CONPOTHUBIIEHHE OTPLIBA YaCTHIIbI A BBI3BI-
BAIOLIMX Pa3phIB cBsi3el, Kr/cM?; M — cpepmsit Macca
TIOYBBI, IPHXOMSIIENCT Ha ENAHAIHOE COOBITHE OTPbI-
Ba YaCTHIBI, KT} € — YAebHast (Ha ENUHALY OBEPXHOC-
TH TIOYBbI) MHTEHCHBHOCTL OTPhIBA YaCTHIL, Kr/M?/c.
Yacrora mynscaumid (F) pacCyuThIBACTCA ISl ONHO-
POJIHOTO IIOTOKA HA POBHOM CKJIOHE C HCIIOJIb30BAHHU-
€M OITy6IAKOBAHHBIX 3aBUCAMOCTEH. PacueTsl mpocT-
PAHCTBEHHBIX JACTOT MyJIbCALi B34THI W3 pabOThHI

HEPUHT

1
b
]

o
t

Raudkivi, Tan [12], a BpeMeHHas 4acTOTA (f;) OTPHIBOB
p3aTa no Gordon [6]. IlepeMHOXEHME MPOCTPAHCT-
BEHHOI ¥ BPEMEHHOH 4acTOT AaeT (PyHKUMOHANBLHYIO
sapucamocTb mist F B popmyne (1) B sune

F = 4x10°cg(hD)**/c, )

rae C — xoadpduuuent lle3u; ¢ — TonmuHa norpa-
HAYHOTO TYpOyNEeHTHOrO cios; [ — ykiow; h — rnyon-
Ha CKJIOHOBOTO MOTOKa.

VpaBuenne (2) nokasbiBaeT (PyHRaMEHTANLHBIE
pa3nuYns MEXAY TYPOYIEHTHOCTHIO B MENIKHX CKJIO-
HOBBIX B GoJyiee ITyGOKOBOAHBIX PEYHBIX MOTOKaX.
Wcxona U3 BBLIEH3NOXKEHHOrO, ST MENKOBOJHBIX
[IOTOKOB MbI IPHHSUIA ROMYIIEHKE, ITO TONIIIMHA I10-
IPaHAYHOrO CNIos (C) paBHa rNyOHHE CKIOHOBOrO II0-
toka (h) H, CIEAOBATENBHO, YACTOTAa TYPOYNIEHTHBIX
nynbcanmii (F) MOXET ObITh ANNPOKCUMHAPOBAHA KaK

F = K,Ch"*1"?, 3)

rae K, — nuHedHbl K03(pPUUHMEHT B 3aBACHMOCTH

Mmexny hu 1, a c 3aMeHeHa Ha h.

Eciu KacaTelIbHOE HaNpsDKEHAe B MOMEHT TypOy-

JIEHTHOT'O MMITYJIbCa B CHJIAa CONPOTHBIICHI OTPBIBY

YACTHIbI MOYBBI B TOUKE TYpPOYJEHTHOTO UMIYJIbCA
OIACHIBAIOTCS BEPOSITHOCTHBIMH (DYHKUHMSIMH, TO HX
HaJIOXKEHHE JacT BEPOSTHOCTh COOBITHS OTPBIBA Ya-
ctranp! noussl (puc. 1). [nsg cryyaes HOpMaJIbHOrO
WIA JIOTHOPMAJILHOTO paclpefeNenus o6nacTb me-
PEKPBITHS, HIH BEPOSTHOCT OTPHIBA, MOXET OBITH
JIECKO BBIYMCIEHA. [Nt ciydas HOPMalbHOIO pac-
IIpeNeeHuns] BEPOSITHOCTD OTpbIBa (P) paBHa

P = 12— 9T -t/ =50, @

I7ie ¢ — MHTerpanbHas (GYHKIHS BEPOSTHOCTH BapH-
AHTBI ‘HOpMaJIbHOFO pacnpenenemm; T- cpenHee 3Ha-
YyeHne BapHaHTHI, KOTOpAsl B HAILIEM ClIyJae — COmpo-
THUBJIEHUAE OTPBIBY YacCTHIl; ’Cb — BEJIMYHAHA KacaTElb-
HOTO HaHpH)KCHI/Iﬂ,. BbI3BIBAIOILIETO CPBIB ‘IaCTPIIIBI;
s(T), s(T) — craHgapTHbIE OTKIOHEHHs COTPOTHBIIE-
HHA OprIBy YaCcTHI{ ITOYBHI X KaCaTCJIbHOIO Hanps-

© XEHud.

VYpasHenne (1) #ast OTpbIBA JacCTHI[ MEJIKOBOA-
HbIM CKJIOHOBBLIM ITIOTOKOM C YYETOM H3JIOXKEHHOrO
BBIINIE MOXeET OBITH IEPENHUCAHO B BHNIE

e = KCPh'"*I’?, NG
roe K — xoad¢unuenT, BRIovaromui K u3 ypasHe-
must (3); M = n3 ypasuenus (1); P — dyaxuus T, 1,
s(T) u s(T), NpepCTaBIeHHas 3aBUCHMOCTBIO (4).

BeposTHOCTHAs: MOJieTIb, PACCMAaTPHBAEcMasi B Ha-
cTosmed craThe, ObUIAa HCIBITAHA HA THApAaBIAYEC-
koM Jjotke [11]. CkopocTh OTpBIBa H3MEPANACH Ha
He6GonBIIOM 06pa3ue cBs3HOM mouBbl. Ceprst ONbI-
TOB OXBaThIBANa 3HAYUTENbHBIH MHTEpBAN IJyCHH
[IOTOKA ¥ YKJIOHOB. B KayecTBe mpuMepa NPHBEICHbI
pe3ynbTaThl Ha pHC. 2. Mojiens ROCTaTOYHO TOYHO

MOYBOBEIEHUE * Ne 5 1997
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COOTBETCTBYET SKCIEPHMEHTATLHBIM Pe3ylIbTaTaM
O HECKOJILKEM HanpasiieHusM. PacueTs! 1o Mofeny
I0Ka3bIBAIOT, YTO, BO-IIEPBbIX, 3aBHCEMOCTb MEXIY

HHTEHCHBHOCTBIO OTPhIBA YaCTHI] M KacaTeJIbHBIM Ha-.

NIpSDKEHHEM KBa3H3KCIIOHEHIHANbHAS.  JTO obycnoB-
JIEHO. B OCHOBHOM HHTErPalbHOH BEPOSATHOCTHOM
¢yHKIMEH, OIMHECHIBAEMON 3aBHCUMOCTBIO (4). Bo-BTO-
PBIX, CKOPOCTb OTpbIBa 6oJiee YyBCTBUTENIBHA K H3Me-
HEHHMIO YKJIOHA, YeM Iiy6uHs! (ypasuenue (5)). Mc-
NONb3yeMble B HACTOSIEE BPEMsI 3aBUCHMOCTH UL
pacyeTa OTpbIBa' OOBIYHO HPENCTaBISIIOT, coboit
(YHKIHIO KaCaTeIbHOIO HAIPSIKEHUsT MM MOIIHOC-
TH IOTOKa. DTH pe3yJbTaThl MOKa3bIBAIOT, YTO OT-

" Iy
DbIB YaCTHI] He OMKChIBAeTCA hyHKIEEH KaKOM-1u60
ONHO# TepeMeHHOH, TaK KaK M KacaTeJbHOE, Hanps-

KeHpe, ¥ MOILHOCTh IIOTOKAa ONMHAKOBO YYBCTBHU-
TelIbHBI K TTyOUHE H YKJIOHY. o
BeposiTHOCTHast MOJIENb OOBSICHSET TaKXKe Oe-
BHIHOE HECOOTBETCTBHUE B Pa3IMYMSIX MEXAY NOPS-
KOM BEIHYHH CHJ CLEIUIEHHs ITOYBEHHBIX YaCTHI U
KacaTeldbHBIX HAOpsoKeHHA Ha AHe moToka. Cuiibl
clieneHus OGbIYHO M3MEPSIIOTCS B KMJIONAcKansx, a
KacaTeJbHblE HaIpsDKeHus — B nackaisax. CornacHo
rccnenosanmsiM, [11], kacaTepHbie HANPSKCHU Ha
J{HE OTOKA U3MEHAIOTCSA OT 0.5 mo 2.0 Ila, B TO Bpe-
Ms KaK HampsoKeHHe OoTphiBa Konebnetcs or 1.0 go
2.0 xI1a, T.e. pasnryre gocruraeT nopspka 1000 pas.
IIpenyoxeHHast MOJieNlb IIOMOTaeT MOHATDH, KaKHM
06pa30M MpOSIBISIETCS IPO3Hs HPH CTOJNE GOMBIIOM
Pa3IMYEd MEXKAY CHIIaMH CUEIUICHHS M KacaTebHbl-
MH HanpsDKEHHSIME Ha JIOXKe MOTOKa. acTh OTBETa

3aKJIOYAETCsl B TOM, YTO JIOKANbHbIE KacaTelbHbIe:
HanpsUKeHWs], CBSI3aHHbIe C TYPOYIEeHTHBIMU MyIbCa-.
MMM, 3HAYMTENBLHO BbINIE, YeM-CPEJHAE KacaTelb-.

HbIC HaNpsLKEHHs. IIpyraﬂ 4acTh OTBETA COCTOHUT B
TOM, YTO CKOPOCTH OTPBIBA YaCTHL IIOYBBI ONIpENEC-
JAI0T HE CpeaHuE 3HAYCHUA KacaTeJbHbIX HaIlpsXKe-

HHUH ¥ CHEIUICHHA IIOYBBl, 3 COOTBETCTBEHHO KOHCY-

Hble ¥ HavyaJIbHble 001aCTH KPUBBIX Pacipefic/ICHU.
OTpBbIB YacTHULBLI IPOMCXONAT HE NIPH 110604 TYpOy-
JIEHTHOH NyJNbCallAH, a JHIIb B TeX COy4asx, KOrfa
KacaTelbHble HANPSIKEHH NPEBOCXOMAT CHJIBI Cliel-

NeHns], KOTOpbIe COCTABISIOT Malyio 4acTh (P) 06-

IL[ero YKCia TypOyIeHTHBIX MyJibcayi, C KOTOPBIMU
CBA3aHa IyJIbCALMS KacaTeIbHbIX HANPAKEHHAH.

YIIAPHI JOXIEBOM KATLIH

I rOMOreHHOT'O TBEPAIOTO TeJla laBJICHHe, OKa-
3pIBaeMoe’ yapoM xupkoctd (P,), ectb GyHKUmA
IVIOTHOCTH ¥ CKOPOCTH YAapHO# BOJIHBI B [IBYX Cpe-
nax [1, 15] ' '

P, = prwV/(1 + PWCW/P,U;), . )

.

rae C,, — CKOpOCTh YAapHOH BOJHBI B BOJIE; V — OTHO-
w

CHTENILHAsl CKOPOCTh [IBYX COYHapsIOLIMXCSA CPER B

MOMEHT KOHTaKTa,; pP,, — INOTHOCTb BOABI; P, — NI0T-

TIOYBOBEOEHHME N5 1997

HOCTB TBepHOro Tena; U, — CKOpOCThb yIapHO! BOJIHbI
B TBEPJOM TeJIe. ) o '

Vpasuenue (6) ReTanbHo paspaborano Ilnpun-
repoM (Springer) [15]. [I7st HA3KOCKOPOCTHBIX COyHia-
peHHil, K YHCIY KOTOPBIX OTHOCHTCH. CTOJIKHOBEHHUE
KaIllIK OXIs ¢ HENOABHXHONA MHIIEHBIO, CKOPOCTb
ynapHO!M BOJHBI B BOJIE PaBHA CKOPOCTH 3BYKa B BO-
pme. B cyuae TBeppoi cruromHoi cpepsr p,U, > p,C,,
mapnende (P,) NpuHAMAET 3HaYEHHUs, PaBHbIE [aBe-
HUIO THApaBIHdecKoro ynapa (Py) [1]

Pix = pwcwv' | (7)

YucrneHHOe MOLENMPOBaHUE U 1a60paTOPHbIE IKC-
NEPUMEHTHI’ C KAIUIIME H CTPYsIMH, Majalol#My Ha
CYILLIECTBEHHO TBEPHAYIO IIOBEPXHOCTS (T.€. BBINOMH:-
nocs yenosee p,U, > p,,C, ), IOKa3aH, YTO AaBICHLS
yAapHBIX BOJH ObII0O GAM3KO K 3HAYECHMSIM, BBIYHMC-

' JleHHBIM TIO 3aBucuMocTH (7) [9, 10, 15,:16].

IouBa — cpefja HErOMOTEHHas, IOSTOMY TPH YA~
pe XHAKOCTH O [IOYBY BO3HUKAIOT (BE YRapHbIE BOI-
HbI — BOJIHA B CKEJIETHOU YaCTH IIOYBbI ¥ B €€ XKHUIKOH
dase (3). Bonna B TBeppoil ¢ase cBA3aHA NPEUMY-
IIECTBEHHO CO CKEJIETOM IOYBBI, a BOJIHA B XUAKOH
¢ase ~ ¢ Braroi B nopax MoYBbI, HO BMECTE C TEM

AMEET MECTO JIBIKEHHE TBEPHOH U XHUIKOH (a3, BbI-

3paHHOe 0ob6euMH BoJHaMH. I103TOMY NpH U3YYCHUH
npo6ieMbl BKJIafa AOXKAEBAIX Xalelb B IPO3UIO HAKo
YYHTBIBATh YAPHbIE BOJHBI B CKENETE IIOYBBI H B €€
XHUIKo# ase, KOrAa OHa IMOKPBITA NEJIEHON BOMIBL.

YpaBHeHHsI [ OJHOMEPHOH YNApHO¥ BOJHBEI,
BBI3BAHHOM MafeHHEeM KaIUld Ha IOBEPXHOCTh NOY-
BbI, MOTYT ObITh HONYYEHB] IyTEM y4YeTa PasHOCTH
NiaBJIEHHH BIIOMb YIAPHOH BOIHBL, KOTOpPast POXONUT
Jepes MOPOBYIO, TBEPAYIO H XHAKYIO (ha3bl MOUBEI.
OT ygapa BO3HAKAIOT TPH YAAPHBIX BOJHBI: OfIHA B BO- .
Jie, TOKPBIBAIOIEH OBEPXHOCTD MOYBBI, Apyras — B
CKelleTe MOYBBI ¥ TPEThS — B BOAE MOPOBOrO NpOCT-
paHCTBa. YpaBHEHHE Pa3HOCTH [IaBeHuUil B yRapHOH
BOJIHE MOXET GBITh IONyYEHO B3 COCTOSIHMSA IPbIXKa,

" OIHCAHHOTO B MEXaHUKE CINIOMIHBIX cpen [S]

wa = pwcw(v_‘uw)’ (8)
Pp=p,Uptyy O

e P, — pa3HOCTDb AaBJICHUH B yIaPHOH BONHE, BO3HHU-
Karole#l B BOJie IO BAMAHNEM yAapa Kary; P, — pas-
HOCTB JaBJICHMIA B BOJHE B IIOPOBOM XKMAKOCTH; Pr—

‘Pa3HOCTDb naBne}mﬁ B BOJIHE B_CKCJICTHOﬁ YacCTH o4~

BBI; P, — IUIOTHOCTh MaTepuala, NepeMeIaemMoro
BOJIHOH B IOPOBOH XKUIKOCTH; Py— INIOTHOCTb MaTe-
puaa, nepeMemaeMoro BOJHOM B CKeJIETHOM acTH
[IO4BbI; Up — CKOpOCTB BOJIHBI B XKuAKoCTH; Uy~ CKO-
POCTB BOJHBI B CKENIETE NIOYBDI; U, — CKOPOCTB Nlepe-
MEINEeHHs BEIECTBA IIOY BO3ACHCTBHEM YHAApHOX
BOJIHBI B BOJIC Ha IOBEPXHOCTH MOYBBI; U, H Us— CKO-
POCTh IIepeMelleH sl BEIECTBA COOTBETCTBEHHO B
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Puc. 3. YnapHsie BOJIHEI, 06pa3yrolecs B 10YBE H B BO-
Jie B pe3yNhTaTe BEPTUKANLHOTO Yapa BOJIbI 110 NOBEPX-
HOCTH NMOYBBI. ‘

_ TIOPOBOI BNIATe M CKEJIETE MOYBbI; V — CKOPOCTH ABH-

KEHHUsS| KAIUTH MM CTPYH HENOCPENCTBEHHO nepen
CTONIKHOBEHHEM C MULIEHBIO (pHC. 3). -

‘B COOTBETCTBHH C 3aKOHOM HEPA3PbIBHOCTH KOJH-
YeCTBO MaTEpHana, IPOHOCUMOTO YEPE3 IOBEPXHOCTh
pasnena BOJa—TI04YBa, MOXKET OBITh 3aMACaHO KaK

(1D

I7le u — CKOpOCTh Ha PAHMIE NMOBEPXHOCTH pasfielia
cpen. KpoMe Toro, cuiel Ha IOBEPXHOCTH pasfiena
ROJKHBI OBITH ONMHAKOBBIMHY. Taxk, ecinu Bf 4acThb
NOYBbI, B KOTOPYIO NPOHHMKAET BOJIHA IIO TBEPAOH
¢hasze mouBEI, B 5 — YacTb IIOYBEI, B KOTOPYIO IPOHH-
'KaeT BONHA 110 nopoaon KHIKOCTH, TO

w = BfPf+BpPp

u, = u, = U; = U,

(1)

IMocne 3amensl u,, U,, U, P, a P, COOTBETCTBYIO-
UMM BbIPaXKEHUSAMHE (cf)opmynm (8)—(10)) U pemiast
ypaBHEBHE (12) OTHOCHUTENBHO" Pf, ToJIy4aeM

f = prw/[Bf + B (ppUp/prf) +
+(puCy /Pfo)]
Py o6ycnonneHHoe ynapom NaBIEeHHE TIpEeUMyIIeCT-

BEHHO Ha CKEJIETHOMN IIOBEPXHOCTH IIO‘-IBI:I

YpaBHe}me (13) aHANIOTHYHO ypaBHeHmo (6), Ho B
OTJIMYHE OT NOCJIENHErO YUHTHIBAET HEONHOPOTHOCTD
CpeNisl M COOTBETCTBYIOIEE pasHooGpasne YRapHBIX
BOJIH.

(13)

";.

'HEPYHT

TaxuM ke 06pa3oM aHAIOrHYHOE YPaBHEHHE MO-
KeT ObITh BLIBEIEHO IJIS IaBNEHNUS!, BOSHUKAIOMIETO
Ha TOBEPXHOCTH TOYBEHHBIX NOP M CBS3aHHOLO C
yIapHOH BOJHOM B XXUAKOCTH. OHO NUMEET BHJ

= prw/[B + Bj(prf/ppUp) +
+(PuC /p,,U,,)]

Cpma ne(popMamm NOYBEHHOH MACCHI MOXET
ObITh OLICHEHa KakK (YHKLHS NOJHOrO [aBlIEHHUs Ha
TIOYBEHHBIA CKEJIET UK KaK (PyHKIUA 3¢ eKTUBHO-
IO JaBJICHHsS, PABHOIO Pa3HOCTH MeEXAY IIOJHBIM
OAaBIIEHNEM W [aBJIECHHEM nopOBoﬁ Birard. B ciayyae
COynapeHus BObI C IOYBOH FPy— MONHOE AaB/eHne Ha
TIOYBEHHBIA CKENET U P, — NaBJIeHue B IIOPOBOH BNa-
re. TakuM 06pasom, IIJIH MEXaHMKH Npoluecca 1nones-
HO OTpeieTUTh BEPTHKANbHOE 3¢ HeKTHBHOE Rase-
Hue (P,) nns cnydas coymapeHus Bonu C TOYBOH.
OHo BBIpa3uTCA KaxK -

P, = P,-P, as)

IMpunoxenne ypasrenuit (13)—(15) x n0thaM 00-
Hapy>XHBaeT HECKONLKO 3aBHCHMOCTEH MEXMy MOY-
BEHHBIMH XapaKTEpUCTHKAMH 1 CHIIOH yRapa. [asie-
HUe TOpOBOH Biary, 00yCIOBIEHHOE yaapaMH JOX-
HEBBIX Kalejb, 3HAYATENBHO BBIIIE NPH BBICOKOM
HACBIIEHHOCTH NMOYBLI BOmOH. PacueTh! nmokaspiBa-
IOT, YTO OTpHuaTenbHoe 3(peKTHBHOE JaBIeHHE,
SBJISIONIEECS YCIOBHEM Pa3XXIDKEHHs IOYBBI, BEPO-
SITHO, JIEXHT B O0NACTH BIAXHOCTH NOYBbI, GIU3KOM
K Hacmmeﬂmo 3TO MOXET CIYXAThL OGBSICHEHNEM
OYeHb Heycronqnnoro COCTOSIHHSI TOBEPXHOCTH H
BLICOKOPI TIONATIUBOCTH K- OTPBIBY, 4aCTHIL NOYBBI
BOJNOi; BbIOpachIBa€MO¥ B CTOPOHBI OT MeCTa nape-
HHS KAIUTH, YTO UMEET MECTO NpPH pa3OpbI3ruBaHUM
BOJIbI c MOBEPXHOCTH IOYBbI. Pac4yeThl TaKKe 1moxa-
3BIBAIOT, YTO YEeM BBIIIE IIOTHOCTDb MOYBBI U BbIIIE
COpOLMOHHO-KANMIIAPHOE [aBJIEHHE, TEM BbILIE
MOJIHOE NaBJICHNE, BO3HUKAIOLIEE NIPH YAape XKUIKO-
CTH IO TOBEPXHOCTH TIOYBBI.

‘Nearing et al. [11] usmepsinn BepTHKaHLHOC nas-
JIEHHE yAapa KalUld O NIOBEPXHOCTD IIOYBBI IIPH NTOMO-
IH CTIeNUANbHO pa3spaGOTaHHOrO ¥ OTKATHOPOBAHHO-
TO BE303IEKTPHYECKOrO NATIHKA IMAMETPOM 1MmMnm
yacroToit 10 MI'. OTOT maT4yMK, pasMeEPOM C MECYUH-
Ky, ObLI IIOMEIIEH Ha MOBEPXHOCTh NOYBhI U NMOABEP-
rancsi yaapaM fOXJEBbIX Kalellb AHaMeTpoM 5.6 MM,
MafaBIIMX C BBICOTHI 14 M. VI3aMepeHuns: mpon3BonMIz
TakuM OO6pa3oM, 9YTOGBl MONYYATH 3aBHCHMOCTH
MEXNY YIapHBIM JaBJIEHHEM B PACCTOSHHEM OT LieH-
Tpa nafeHus Kanau (puc. 4). ITux naBnenus 6bL1 3a-
(puKCHPOBaH B KOJNBLE C HEHTPOM B TOYKE NAfCHHUS
Kamn. JTOT, pe3yJbTaT MOJOGEH pacrpeneIeHuIo
[aBJICHUSA [IPY COYAAPEHAY KUTKOCTH M.TBEPAOTO Te-
na [1]. MakcuManbHble 3Ha4YeHUs ObIJIN CYIIECTBEH-
HO HIDXE PAaCCUMTAHHBIX 1O HOPMYIE It TBEPAOTO
TeNa, Kak 3TO BBITEKAET U3 U3JIOXKEHHOH BLIIIE TEO-
pun. Takxe B COOTBETCTBHH C Teopuei 60mnee BbICO-
KO€ JaBjIeHHe ObIJIO NOJIYYEHO IS IOYB C BHICOKOH

(14)

MMOYBOBEJEHHUE Ne5 . 1997
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MaxcumansHoe gaBleHue, KIla
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Puc. 4. MakcrManbHble JaBleHHs yiapa Kaneib BOAbI o

- [IOBEPXHOCTH TO4BbI KaK (BYHKLHsS PACCTOSHHSA OT UEHT-
pa nagenus kamnu. IToupa — nbuneBatsii CYyriIMHOK Hpa
nnotHocThio 1200 Kr/M> M KanmuniApHOCOPGUMOHHBIM
notenunanom 2.5 xITa.

INIOTHOCTBKO M BBICOKHM COpﬁuPIOHHO-KaIII/I.TIJISIp- )

HbIM NaBleHMeM. MaKCHMalbHbIE 3HAYEHUSI BEPTH-
KaNBbHOTO [aBEeHHs, U3MEPEHHbIE 3THM METOAOM,
JocTHrany BeauvuHbl-mopsaka 400 klla. [lasnenue
TUIPaBIAYECKOro yAapa NOMKHO GbLIO COCTABIATD
14000 xIla gna Kameib, HCNOJbL30BaHHBIX B JKCIIE-
PHMEHTE. ‘ : -

INocrne yaapa ROXAEBOH KAarUulM BOKPYr LEHTpa
nanesus oOpasyercs BbIMyKnocTs [2, 8], a 3areM
NPOKMCXOAUT J1aTepalbHbli BLIOpOC BOAbI. eM Hinke
CUeIIEHHe MO4BbI, TeM OOJblle BBIMYKIOCTb HU
Gonblue yroia Bbiopoca Kanesb. OTpbIB NOYBEHHBIX
YacTHI IPH MafIeHUH Kanejb eCTh Pe3yJlbTaT COBO-
KYIHOTO BIIMSIHHS BHICOKOTO JaBJIEHHS BOJIBI B I10Y-
BEHHBIX MOpax, 06pa30BaHMA BBINYKJIOCTH U BbICO-
KO} CKOPOCTH JIaATEPaJIbHOrO BLIGpOCa BOABL.
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The Mécl'lanics‘of Soil Detachment by Raindrops and Runoff

M. A. Nearing

* Soil erosion encompasses detachment, transport, and deposition of soil particles by the erosive forces of rain-
drops and surface flow of water. Average shear stresses of flowing water are on the order of Pa. They are much
" less than the shear strength of soils, which even for the case of tensile failure are on the order of kPa. This dis-
crepancy is explained in terms of the coherent structure of turbulent flow, whereby transient shear stresses on
the bed are much greater than the average flow shear stresses. A microscale probabilistic model, £ = FPM, is
constructed, which describes the probability P that the instantaneous shear stresses of turbulent flow, which oc-
- cur at a spatial and temporal frequency, F, exceed the local resistant strength of the soil particles and cause a
mass M to be detached. Raindrops impart dynamic, transitory stresses to the soil that are on the order of hun-
dreds of kPa. The pressures generated upon impact of a raindrop are dependent upon the velocity of the drop
and the velocities of the compressional waves that move through the two-phase soil material. Uneven pressures
under the drop impact cause a crater to be formed, and lateral jetting of water across the bulge of the crater caus-

es the soil to be detached. . ' '
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