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THE THEORY OF EXISTENCE OF DEBRIS-FLOW MIXTURE AS A
KEY COMPONENT IN COMPUTING DEBRIS-FLOW
CHARACTERISTICS

Dr. B.S. Stepanov

It was established that the dependence between density of debris-
flow mixture end minimum’slope of the channel, such that the debris-flow
mixture can move without stopping and disintegrating, is ambiguous. The
theoretical and experimental researches made it possible to develop the
basic model of debris-flow process which allows to compute the basic
debris-flow characteristics (volume, discharge, density) all the way from
the start to its stopping on the debris cone or in the mudflow-storages
reservoir. Key component of this model is the theory of existence of de-
bris-flow mixture by means of which the course of debris-flow process is
determined (that is, if a debris flow moves it can be enriched by solid
component or partially disintegrated).

During the last decades in Kazakhstan the principal direction of defence
against debris flows was the construction of mudflow check-dams. The defence
of potentially endangered areas requires reliable methods to assess behaviour of
debris flows. However, only very crude methods are available at the present
time. The theory of existence of debris-flow mixture can considerably improve
quality of computation of debris-flow characteristics.

Debris flow modeling

For defence against debris flows the information on frequency, volume,
discharge of debris flows, and density of debris-flow mixtures is required. If
disastrous debris flows are of infrequent occurrence, the data on characteristics
of debris flows can be obtained by means of modeling.

The model for computing the debris-flow characteristics includes the
following blocks: critical conditions of debris-flow formation; entrainment of
loose rocks enclosing a channel; granulometric composition of solid component
of debris-flow mixture; viscosity; plasticity; density; velocity of debris flow;
energy required for keeping of solid component in suspension; energy which
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can be expended by a flow for keeping of solid component in suspension; depo-
sition of solid component; stopping of debris-flow mixture.

Initial information for computing the debris-flow characteristics are:
morphometric characteristics of starting zones and debris flow path; granu-
lometric composition of loose rocks, their density, porosity, and humidity; data on
stability of loose rocks to erosion; dependence of Bingham yield stress of suspen-
sion (mixture of water and particles which sizes do not exceed 1 mm) on concen-
tration of solid component; water discharge in the main channel and its tributaries.

As a result of computing data on volume, discharge, velocity of debris
flow, density of debris-flow mixture, its viscosity and Bingham yield stress,
granulometric composition of solid component of debris-flow mixture can be
obtained at any site on the debris flow path.

Key components of the model are the blocks which allow to evaluate con-
dition of debris-flow mixture. This means to define the trend of debris flow devel-
opment because the density of debris-flow mixture can increase or decrease,

The simplest example of determination of debris-flow characteristics is
the case when the resistance to the movement of the debris flow depends upon
the plastic property of the debris-flow mixture and the Coulomb friction, De-
bris-flow mixtures the movement of which s conditioned by overcoming the
Coulomb friction come to a halt on the slopes exceeding 15-20°, The mixtures
where a solid component is kept in quasi-suspension due to plastic property can
shift on relatively slight slopes. To set them in motion it is sufficient to fulfill
the inequality

T
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where H = flow depth; 7, = Bingham yield stress; p, = density of debris-flow
mixture; a = channel slope angle; and g = gravitational acceleration.

The movement of debris-flow mixture in which the solid component
shifts in suspension due to the stream energy is of theoretical and practical in-
terest. In the course of a debris flow movement two processes can take place.
Involving in a debris-flow formation loose rocks, enclosing a channel and a
deposition of a solid component of a debris-flow mixture. These processes de-
pend on morphometric characteristics of a channel, discharge, and volume of
debris flow, density of debris-flow mixture, granulometric and mineralogical
compositions of its solid component, rheological properties of the mixture. As
a result the discharge, and volume of the debris flow can increase or decrease.
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The progress of a debris flow is determined by the ratio between power required
for keeping a solid component of a debris-flow mixture in suspension and
power which the debris flow can expend for keeping a solid component 'in sus-
pension. Keeping a solid component in suspension is achieved due to mixing up
of a mixture caused by communication of a debris flow with the channel ele-
ments and also at the expense of energy of the turbulent mixing. Plastic prop-
erty of a debris-flow mixture and Archimedean force can play an important role
in keeping a solid component in suspension.

The conducted researches have proved that the dependence between
limiting values of density of debris-flow mixtures and a channel slope can have
an ambiguous nature [6, 7, 8]. It is caused by dependence between density of
debris-flow mixture and a minimum gradient under which the mixture can shift
without stopping and disintegrating which has a segment of a negative incline.
A negative incline on this segment is the reason of a predominance of positive
feedbacks over negative feedbacks. Positive feedbacks are conditioned by an
increase of energy which can be expended by a flow for maintaining a solid
component in suspension as the density of a debris-flow mixture is increasing.
Negative feedbacks are conditioned by an increase of viscosity and plasticity of
a debris-flow mixture having negative impact on mixing up is increasing.

Features of debris-flow formation

A wide range of water discharge, various humidity of soil, their
mineralogical and granulometric compositions, morphometric characteristics of
debris flow origin sites, etc. lead to various mechanisms of debris-flow
formation. The features of debris-flow formation show themselves in change of
the dependence between density of debris-flow mixture and the minimum
gradient of the channel (called the Z-function) where debris flow during its
movement does not stop (or does not disintegrate) and also the dependence
between the maximum possible value of density and a gradient of the channel
(called the =-function).

A family of the Z-functions is shown in Figure 1. A family of the E-
functions corresponding to the family of the Z-functions is shown in Figure 2. It can
be seen that the angular coefficient of tangents to the Z-functions is positive at the
small flow depth (Fig. 1, curves H,, £, H;, H,). This is due to intensive increase of
viscoplastic resistance to movement of micro-flows caused by an increase of con-
centration of fine particles in a debris-flow mixture. The particles which maximum
sizes only moderately exceed flow depth can take part in the micro-flows. The criti-
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cal flow depth (H,,) (at H > H,, the Z-function becomes ambiguous) is a complex
function of density of a debris-flow mixture, mineralogical and granulometric com-
positions of its solid component, roughness of the channel. For typical soils of the
Tien Shan a value of H,, lies within the range of 0.3-1.5 m. If the flow depth is
small (Fig. 1, curves H,, H H; H,), even at small values of volumetric concentra-
tion of solid particles (0.1-0.3) viscosity and Bingham yield stress of two-phase
mixtures reach values which exclude a possibility of considerable enrichment of
micro-flows by solid component on slopes of 10-20°. As flow depth increases,
rocks containing relatively coarse particles can be involved in the movement. It
leads to sharp decrease (100-1000 times) of Bingham yield stress and viscosity of
debris-flow mixtures at the same density of a debris-flow mixture. Increase of flow
depth and relative decrease of effective viscosity are favourable for development of
the turbulent mixing up. The result further increase of density of a debris-flow
mixture is made possible, Under such conditions the Z-function becomes then am-
biguous (Fig. 1, curves H;, H,, Hy).
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Figure 1. A family of the Z-functions  Figure 2. A family of the S-functions

Let us consider in detail physical processes which determine a nature of
a change of the Z-functions. In the course of movement of two-phase flows the
shift of a solid component can be connected with energy expenditure for over-
coming the Coulomb friction, a viscoplastic resistance, momentum transfer
from particles to particles and from particles to the channel, suspension of solid
particles. At the same density of a debris-flow mixture energy expenditure for
performance of one or another work depends largely on mineralogical and
granulometric compositions of solid component of a debris-flow mixture. So, if
the solid component is represented with a clay, we can neglect energy expendi-
ture of a flow for overcoming the Coulomb friction and suspension, because the
velocity of settling such particles is small.
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A limiting density of a debris-flow mixture formed as a result of the in-
teraction of a flow with dust-clay fractions depends on erosive capacity of a
flow. The value of a limiting density is much less than the value of density at
which movement of a debris-flow mixture stops due to increase of its Bingham
yield stress. Debris-flow mixture formed on the steep slope can shift further on
a significantly slighter slope keeping its physico-mechanical features, provided
concentration of a solid component of a debris-flow mixture does not exceed the
values determined by the =-function. '

However, small dispersion of sizes of particles inherent to soil contain-
ing only dust-clay fractions, is not typical for the majority of the Tien Shan de-
bris-flow dangerous regions. Soil having a large dispersion of sizes of particles
(from colloidal particles to boulders) is typical for the Tien Shan. The participa-
tion of soils containing sand-pebble fractions in a debris-flow formation gives
rise to a significant energy expenditure for suspension of solid particles. The
value of the energy expenditure depends not only on concentration of a solid
component of a flow, but also on the relative contents of fractions.

If composition of a solid component is polydisperse, the energy expen-
diture for suspension are described by the functions which are designated by 2
in Figure 3. The availability of the extremum in the above mentioned functions
leads at certain conditions to a qualitative change in behaviour of the Z-
functions. They become ambiguous. The relative positions of the curves, which
describe the above mentioned energy expenditure as a function of density of a
debris-flow mixture can be various, depending on mirieralogical and granu-
lometric compositions of soil. The following cases can take place:

a) soil consisting mainly of dust-clay fractions;

b) the granulometric composition of soil is characterized by the large dis-
persion of sizes of particles (Fig. 3)

¢) the dispersion of sizes of particles is so large that energy viscoplastic re-
sistance to movement appears when energy consumption for suspen-
sion becomes negligible,

The change of the relative positions of curves 1 and 2, as well as ordi-
nates of extremums of curves 2 is the reason of a substantial change of the form
of curves 3. So, if curve 3 is monotone in Figure 3a, the same curve 3 has an
inflection point in Figure 3b, and in Figure 3¢ curve 3 which describes the en-
ergy expenditure for suspension of a solid component and overcoming visco-
plastic resistance has two extremums (maximum and minimum).
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The comparison of the above mentioned functions (Fig. 3) with the
functions which describe the energy abilities of flows (Fig. 4) allows to take the
Z-functions, The Z-function corresponding to curve 3 (Fig, 3b) is shown in Fig-
ure 5b; as can be seen the Z-function in Figure 5b has an inflection point unlike
the Z-function shown in Figure 5a; and the Z-function shown in F tgure 5S¢ dif-
fers from Figure 5a even more. The most important feature of the Z-function
shown in Figure 3¢ is the ambiguous relationship between slope and density of
debris-flow mixture. A break in the E-function (Fig. 2) is a consequence of am-

biguity of the Z-function.
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Figure 3. The graphs of functions which describe the energy expenditure for
viscoplastic deformation (1), suspension of solid component of debris-flow
mixture (2), the total energy expenditure (3). a - predominance of dust-clay
Jractions, b - predominance of sand-clay and sandy fractions, ¢ - predominance
of sand-rubble and boulder fractions.
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Figure 4. Curves which describe the energy consumption for suspension of a
solid component depending on the density of a debris-flow mixture under
various channel slopes (i) (0 <0<i3<iy; Is<is<iz<iy; lo<iy<iy, Hy<H,<H;).
The decrease of energy is caused by increase of viscosity and plasticity of a
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debris-flow mixture.
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Figure 5. Equilibrium state curves which are received by the decision of the
equations set which graphs are shown in Figures 3-4.

Use of equilibrium state curve for computation of debris-flow

characteristics

The basic propositions of the theory are as follows: the state of a systetn
«channel/debris flow origin site - debris-flow» is characterized by point (om,
a) located on the phase plane. The vector passing through this point indicates
to a trend of a debris-flow process (Fig. 6). Theoretically there are two variants
of an equilibrium state curve:

when the Z-function is unambiguous (Fig. 6a);

when the Z-function is ambiguous (Fig. 6b).

In Figure 6 area I is an area of enrichment of debris-flow mixture by
solid material. Area JI is an area of partial disintegration of a debris-flow mix-
ture. If the system is characterized by point M [ocated on the phase plane (area
D) (Fig. 6b), then during the enrichment of a debris-flow mixture by solid mate-
rial (at t — o) its density will be increase up to p. If the system is characterized
by point N (area I), then the development of a debris-flow process will lead to
the encichment of a debris-flow mixture up to p;. If the system is characterized
by point K (area JI), then a debris-flow mixture will disintegrate. This leads to
decrease of density of a debris-flow mixture up to p;. Equilibrium state, which
is characterized by point P, is unstable (Fig. 6b). The slightest casual deviations
of density from p; to one or another side lead either to further increase of den-

sity up to p% or decrease upto p”%.
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Figure 6. Equilibrium state Curves located on the phase plane: a -
unambiguous, b - ambiguous; I - area of enrichment of debris-flow mixture by
solid material, II - area of disintegration of debris-flow mixture.

1t is known that the Z-function (S-function) is a generalization for de-
bris-flow processes. Each point of the Z-function (E-function) represents an
equilibrium state of the sysiem «channel /debris flow origin site - debris flow»,
that is, an asymptotic of the evolutionary equation dp/dl = F(p, a). The as-
ymptotic of the evolutionary equation, in its turn, depends on flow depth,
granulometric and mineralogical compositions of solid component.

Let us consider the change of the state of a system «channel/debris flow
origin site - debris flow» on the phase plane and its influence on the course of
debris-flow process, Let the condition of a debris-flow mixture is characterized
by point F (e, p) located on the phase plane (Fig. 7). Since, as it follows from
the theory, the debris-flow mixture can exist evenata gradient of a; <a, the
excess energy of the flow can be expended on involving additional portions of
loose rocks into debris-flow process. Let density of a debris-flow mixture in-
crease up to g, (point E), but for existence of a debris flow with density p; it 1s
enough a gradient of a3 (@5 < ay), etc. as long as the density of the debris flow
increase up to o

Applying the above mentioned reasonings about the debris-flow process in
those cases when the initial value of density of debris-flow mixture falls in the area
OBa.; it may be concluded that line OB represents the Z-function for the gradi-
ents of & < a2 The E-function corresponding to the area OBox is unambiguous
and continuous. Further infinitesimal increase of a channel gradient leads to a finite
change of the density of a debris-flow mixture, that is, the =-function undergoes a
break at @ = @;;. The reason of the break in the E-function arises from the change

of a behaviour of the Z-function at Pz <P <Lert-
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Figure 7. To defining evolution of debris flows (phases of debris-flow process).
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The fact that the Z-function has a segment BC with a negative incline is
of scientific and practical interest. The section dp,/da < 0, under consideration
shows that increase of density of a debris-flow mixture in the interval (p., -
p.r) makes for its further increase up to values of density corresponding to line
CD. Most simply the above mentioned can be shown graphically. Let a state of
debris-flow process be characterized by coordinates (a5, p5). Comparing condi-
tions of debris-flow process with a position of line BC (Fig.7b), we come to the
conclusion that the energy of a debris flow exceeds minimally required energy
corresponding to point (&, ps) for maintaining density of debris-flow mixture
ps. In the presence of loose rocks in the channel so much of excess energy of a
flow, which depends on the value da = a; - @, will be expended on increase of
density of debris-flow mixture, for example up to p-.

But at this stage the excess energy of a debris flow comesponding to da =as -
o, increases. And at these conditions it will inevitably lead to further increase of den-
sity of debris-flow mixture, etc. as long as the density increases up to o,

Exactly the converse the debris-flow process develops in those cases
when its state is characterized by coordinates of points lying in the area OBC
(Fig. 7c). Let a state of a debris-flow process be characterized by coordinates
(e, p;). Comparing coordinates of a mudflow process with the position of lines
OB and BC, we come to the conclusion that for existing the mixture with density
p; without disintegration it is necessary that the debris flow move at a gradient of
a’. As the energy of flow moving at a gradient of a; is not enough for main-
taining density oy, the partial disintegration of debris-flow mixture will happen
which is accompanied by a decrease of its density, for example up to gz but for
the debris-flow mixture with density p; to move without disintegration, it is nec-
essary (as it follows from Fig. 7¢) that the mudflow move at a gradient of a,. As
can be seen the deficit of energy still further has increased, resulting in a further
decrease of density of debris-flow mixture, etc. until the density decrease up to p;
which is a stable condition of a debris-flow mixture at the angle of a;.

If the Z-function is represented as shown in Figure 6a, then debris flows
with high density can exist only at significant gradients. If the Z-function is rep-
resented as shown in Figure 6b-7, then debris flows with high density can exist
on relatively slight gradients. In the last case the E-function has the form which
is shown in Figure 8; it can be seen that the relationship between limiting den-
sity of a debris-flow mixture and a rate of a gradient is described by an ambigu-
ous function,

140




P, [kg/nr’]

|
|
|
I
I
|
[
1
1
|

Oy O [degrec]

Figure 8. Graph of the S-function corresponding to the ambiguous Z-function
(the curve of stable conditions).

Conclusions

The researches have proved that the relationship between limiting
values of density of debris-flow mixtures and channel gradient can have an
ambiguous character. The theory of existence of debris-flow mixture allows to
predict a trend of debris-flow processes in complicated cases, that is, when
mixing debris flows with water flows take place, movement of debris flows at
slight gradients, and during filling of mudflow-storages reservoirs.

The propositions of the theory of existence of debris-flow mixture are
well agreed with the data of full-scale observations obtained during the artificial
formation of debris flows at the Chemolgan test site during 1972-1991 [2, 3, 4,
9, 14], the data on the debris flows of 1963, 1973, 1977 in the Zailiysky Alatau
[12], the debris flow of 1982 in the Dzhungarsky Alatau, the debris flow of
1988 in the Zhamankum desert [1].

Figure 9 shows the results of experiments made on linear and circular
flumes [6]. The density of a debris-flow mixture depends on angle of inclina-
tion of a linear flume ambiguously. In nature the debris-flow mixture with den-
sity of 2300-2400 kg/m’ will not form on slight slopes, but if it forms on rela-
tively steep slope (11° and more), the debris-flow mixture can move without
stopping and disintegrating on slope of 0.5-3°. Debris-flow mixture with density
of 2300-2400 kg/m’ formed in 1921 in the Malaya Almatinka River basin
moved without stopping and disintegrating on slope of 3-5° for a distance of
more than 15 km [11]. The. debris-flow formed mainfy on slope of 15-17°, De-
bris-flow mixture with density of 2300-2350 kg/m® formed in the Sarkand River
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basin in 1982 moved without stopping and disintegrating on slope of 1-5° fora
distance of more than 25 km [10]. The formation of the debris-flow mainly oc-
curred on slope of 10-11°, The debris-flow mixture with density of 2350-
2400 kg/m® formed in the Issyk River basin in 1963 moved without stopping
and disintegrating on slope of 5.5° for a distance of more than 7 km [13], and
it formed mainly on slope of 18-20°. During the artificial formation of debris
flows at the Chemolgan test site in 1975 the debris-flow mixture with density
of 2300-2400 kg/m"‘, which formed on slope of 16-17°, moved without stop-
ping and disintegrating on slope of 3-5° (Fig. 9) [2. 5].
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Figure 9. The results of experimental researches of equilibrium state curves:
I-initial value of density; 2- finite value of density; 3-disintegration of mixture;
4-enrichment of mixture; 5-data which obtained on the circular flume; natural

data: 6-the Malaya Almatinka River basin, 1921, 7-the Sarkand River basin,

1982; 8-the Issyk River basin, 1963; 9-the Chemolgan test site, 1973.

The developed mathematical model of existence of debris-flow mixture
adequately describes natura] process and it is used in the basic model for com-
putation of the basic debris-flow characteristics
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TEOPHS CYIIECTBOBAHVSI CEJEBOM CMECH — KIFOYEBOH
IEMEHT PACYETA XAPAKTEPHCTHK CEJEN

HokTop reorp. HayK B.C. Ctenasos

Broino yemanogneno, mo 3asucuMochib Mesicdy NAOMHOCHbI0 ce-
REBOT cMect d MUHNMATLHLIM YKIOKOM DYCAG, NpU KOMOPOM cenesan
CMech Mosicem nepemeyamses 6e3 0CmManosKu u pacnadd, HeoOHo3RaY-
na. Teopemuveckue 4 3IKCHEDUMEHMAAbHYIE UCCREOOSANUA NO3GONUAY
paspabomanty 6a308y10 M0OERL CENes020 NPOHECCA, NOICONRIOWYIO pac-
Cuumbleamb OCHOSHBIE Xapaxmepucmuxu cead (00vem, pacxod, niom-
HOCMIb) HQ 6CeM BYmu €20 OBUICEHUR GRAGMb 00 OCMAHOBKY HA KOHYCE
guiHoCa unY 8 ceaexpanwmiwe. Knovesbin 3neMennom Smoit modenu sg-
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AACMCST MEOPUR CYIYECIBOBAHUS CENEBHIX CMECEH, C NOMOWYBIO KOMOPOU
onpedensemca xo0 ceneeozo npoyecca (m.e. cnocobenr iy ceresoii nOMOK
no mepe Ogusicenus ofozawamscst meepdod cocmasirioujeil uan npo-
uz0iidem vacmuynelii pacnad cenegoi cmect),

CEJI KOCHACBIHBIH BOJIYbI TEOFHACHI - CEJIEPAIH
CHITATTAMAJIAPBIH ECENTEYJAIH HEI'I3ET DJTEMEHTT

I'eorp. FEIMEIMI. AOKTOPH B.C. Cremanos

Cen Kocnacuinuly mbtesi3duizbl MeH ©3eH  APDHACLIHNGIY  Cen
KOCRACHIH MOKMAYCh3 Jicare GenMell azuizbin OMbIpamble MUHUMAAOb!
eyiciniy o3apa Gailnauvicuinuty Biprenxi emecmizi anwixmandol. Teopun-
ABIK, HCBHE IKCRepuMenmmi 3epmmeyiep Cen npoyeciniy cendiy wicoi-
POIHOBE KOHYCHINOA HeMece Cen KoRMacuinda moxmayeina dettinzi byxin
KO32aR6IC JCoAbIHOa2bL Hezizzl cunammanmanapoty (KeAeMin, WiblebiHbiH,
muIZ6I306I36IN) ecenmeyee MYMKIHOIK Gepemin neziszi yneicin owcacayea
sicon awimet. Byn yreiniy nezizzi anemenmi — cen Kocnanapstubiy 6oayst
meopuscel. Onbty Kemezimen cer npoyeciniy oicypyl(fanu cen azuicbiMbiy
63 HCOMLIHOA Kanimbl KOCLIHOBLIAPMEN Daiob! KeMmece CeR KOCRACHINbIY
acapmuiagil Deninyi MyMmkindixmepi) ansixmansint omuipace!.
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