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Mathematical modeling of physical and mechanical processes in the
debris flow source area

M.I. Zimin', M.M. Zimin!, N.V. Kondratyeva?

!Ontario Ltd., Toronto, Canada, zimin7@yandex.ru, maxim.zimin@yahoo.com

’High-Mountain Geophysical Institute, Nalchik, Russia, kondratyeva_nat@mail.ru

Abstract. Mathematical modeling of physical and mechanical processes in the debris flow
source area is considered. Material is thought of as medium of inhomogeneous structure
medium, which properties vary with time. Two levels are separated. Macrolevel is used
for analyzing ground massif as a whole, and there is microlevel where elementary
macrovolumes forming the source area are investigated. Heat transfer equation, diffusion
equation, and equation of non-homogeneous compression of the beam are solved at the
macrolevel. Processes of phase change, evaporation-condensation, mechanical failure, and
deformation are calculated at the microlevel. Typical size of basic macrovolumes is much
greater than molecular-kinetic sizes, and it is much less than the distance where
macroscopic parameters, such as Young's modulus, heat-conduction coefficient, density
of material, considerably change. Results of simulation can be utilized for building
prediction formulae for debris flow forecast.

Key words: analysis, mathematical modeling, forecast, debris flow source area, debris
flow, inhomogeneous structure medium, physical and mechanical process
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AHHOTAIIUA. PaccmarpuBaercs MaTeMaTHYECKOE MOJICITHPOBaHHE ¢uznko-
MECXAHUYCCKUX HpOHeCCOB B CCJICBBIX Od4arax. MaTepI/Ian HpeHCTaBHHeTCH KakK
CTPYKTYPHO-HEOJHOPOJIHASL Cpella C W3MEHSIONMMHCS BO BpPEMEHU CBONCTBaMHU.
Brligeniensl MakpoypoBeHb JIJISl pacdéra MaccHMBa MOPOJ KaK €IWHOTO HEOAHOPOIHOTO
Tena, ¥ MHKPOYPOBEHb, Ha KOTOPOM aHAIM3UPYIOTCS 3JEMEHTapHBIE MaKpOOOBEMBI,
dbopMupyromye 30HY 3apoKIaeHHs ceneidl. Ha MakpoypoBHE pemraroTcs ypaBHEHUS
nuddy3nn, TEIIONPOBOIHOCTH W HEOTHOPOTHOTO CXaTWsi, a Ha MHKPOYpPOBHE
PACCUUTHIBAIOTCA ~ Mpomecchl  (a3oBOro  Mepexoia,  HCIapeHUsA-KOHICHCAIIUH,
MEXaHUYECKOro JIe()OPMHUPOBAHUS U Pa3pyIICHUS. XapaKTEPHBIA pa3Mep AIeMeHTapHBIX
MakpooOBEMOB MHOTO OOJBIIE MOJICKYJIIPHO-KUHETUYECKAX pPa3MEpoB, HO MHOIO
MEHbLIE pAcCTOSHUN, Ha KOTOPBIX CYIIECTBEHHO MEHSIOTCS MAaKpOCKOIHYECKHE
mapaMeTpbl, TaKue Kak Moayidb FOHra, ko3(h(GUIHEHT TEeIIonpPOBOJHOCTH H IIOTHOCTD
BemiecTBa. Pe3ynbTaThl HMMUTANMA MOTYT OBITh HWCIIONB30BaHBl JUISL  CO3/IaHUS
MPOTHOCTUYECKHUX 3aBUCUMOCTEHN ISl PE/ICKa3aHUsl CeIeh.

Kniouesvie cnosa: ananus, mamemamuyeckoe MoOeIuposanue, nPpocHos, cenedoll ouae,
ceilb, CMPYKMYpHO-HEe0OHOPOOHAs cpedd, husUKO-MexaHuyecKuil npoyecc
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Introduction

Some of the most dangerous slope processes taking place in the mountains and foothills
are debris flows [4nakhaev et al., 2012]. In most cases, these natural phenomena result in
enough negative effect on natural landscapes, obstructions and destructions in human
settlements, harm of utility facilities, and loss of life [Anakhaev et al., 2012]. Therefore,
developing methodologies of their forecast presences some features of interest.

Various physical and mechanical processes happen in the debris flow source area. For
example, water supplying for glacial debris flow is provided by melting of glacier [Fleishman,
1978], so phase change takes place. Besides, fluid movement occurs in ground massif. Material
temperature may variate too, having, for instance, a large impact on thaw of buried ice. And,
without question, no slope process arises if there is no mechanical failure. Moreover, these
things do not exist in isolation but have a significant influence on each other.

As a matter of fact, formation of friable fragmental rock in origination sites, movement
of debris flow, accumulation of its deposits would be considered not as a hydrological or
gravitational process, but as a phenomenon of a more complex nature [Kazakov, 2015].
Nonlinear structures with chaotic behavior containing an unlimited number of elements, which
are debris flow geosystems, can be described as self-organizing objects in which self-
organization of ordered components occurs sequentially [Kazakov, 2015, Kyul et al., 2012].

The following approach is used for a comprehensive analysis of origin and movement of
debris flows. Material is thought of as medium of inhomogeneous structure medium, which
properties vary with time. Two levels are separated. Macrolevel is used for analyzing ground
massif as a whole, and there is microlevel where elementary macrovolumes forming the source
area are investigated. Heat transfer equation, diffusion equation, and equation of non-
homogeneous compression of the beam are solved at the macrolevel. Phase change,
evaporation-condensation, mechanical failure, and deformation are calculated at the microlevel.
All processes influence each other. Typical size of basic macrovolumes is much greater than
molecular-kinetic sizes, and it is much less than the distance where macroscopic parameters
considerably change [Sokolkin et al., 1954].

Properties of material and, accordingly, coefficients of differential equations describing
the debris flow source as a whole are calculated on the base of parameters of elementary
macrovolumes. At the same time, solutions of these equations affect elementary macrovolumes.

Independently such an approach is poorly suited for debris flow forecasting in real time,
because risk of obtaining inadequate results in solving non-linear problems takes place in each
case, and computer costs may be unreasonable. But it provides to get training set of acceptable
size suitable for building prediction formulae.

Design diagram of the debris flow source area and solution of time-dependent problem

It is supposed that debris flow source area consists of spherical particles of rock and ice
connected with cylinder bonds, water, and wet air. As time passes, these elements may destroy
or change.

System of heat transfer equation, diffusion equation, and equation of non-homogeneous
compression of the beam is solved at the macrolevel. Step-by-step method is utilized.

It is known that both large and small step sizes have drawbacks in terms of accuracy. A
large step size may introduce significant truncation errors and reduce accuracy, using a small
step size may lead to serious round-off errors [Rzhanitsin, 1982]. Therefore, optimization of
this step is a part of analysis. It is performed in the following way.

The problem is solved, utilizing various steps. In the course of computing, number of
changes of sign of first order derivative of solution and response results to decreasing of step
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are recorded. After that, dependences of these parameters on step are built, and their minimums
are calculated. The method of ordered risk minimization [ Vapnik, 2006] is used.

It is difficult to check of results of calculation, utilizing full-scale experiment, because
works in the debris flow source area are complicated and may be unsafe. However, effects
detected with the help of mathematical modeling may be confirmed by published data, and it is
possible to estimate accuracy of debris flow forecast according to prediction formulae
developed by the means of training set obtained by simulation of physical and mechanical
processes in ground massif.

For instance, analysis shows chance of occurring of infrasound torsion vibrations in the
debris flow source area before descent. A certain extent, it gets in line with results of solution
of momentum theory of elasticity problem for seismic centre [Belonosov, 1998]. Infrasonics
may well initiate abnormal behavior of a wide variety of animals and run to great distances
[Khorbenko, 1986]. Such activity before debris flow was demonstrated by grass snakes
[Ershov, 1979], domestic animals, and poultry [Marikovskiy, 1984].

Other example is estimation of slope inclination of zone of debris flow deposition.
Computed value amounts to 1.9°, which is close to known quantity of 2° [Fleishman, 1978].

The third example is development of prediction formulae, using training set calculated
with help of mathematical modeling, for Gerkhozhan tract (Kabardino-Balkarian Republic,
Russia).

According to [Zimin et al., 2001] volume of loose materials is more than 10® m’,
thickness of moraine equals to 40—50 m, buried ice depth amounts to 4-30 m, volume of buried
ice comes out at 3.8-10” m°.

This debris flow origination zone has the following granulometric texture by volume
[Zimin et al., 2001]:

1) ratchel having particle sizes of more than 20 mm (45-64%);

2) gritrock consisting of particle with sizes from 2 to 20 mm (10-15%);

3) sand being made up of particles with sizes from 0.05 to 2 mm (15-25%);

4) silt consisting of particle with sizes from 0.002 to 0.05 mm (4-5%);

5) clay particles having sizes of less than 0.002 mm (7-10%).

Developed mathematical support simulated activity of group of experts. Thus, prediction
formulae knowingly have semantic charge, which increases effectiveness of operation.

The following factors are initially calculated:

2 arctan(0.00012t3]9)iftyo = 0

, (1)
—Zarctan[ 0.00012(—t;0)*”®Jif t1o < 0

Pt10 =

where puo is factor taking into account influence of average temperature for the last 10 days on
possibility of debris flow descent, tio is average temperature for the last 10 days, °C;

(pe10ifPrio < %arctan(B.Z - 10710¢3.7y

2
— s 2.1 —1043.7\;
Dt 4 — arctan(3 0" t>")if , )
| Pero> %arctan(3.2 -10710¢3.7)
where py is factor making allowance for influence of sum of average daily temperatures after

average daily temperature to exceed zero on possibility of debris flow descent, t is sum of
average daily temperatures after average daily temperature to exceed zero, °C;

0if (t1p < 0°Candts < 0°C)andqg < 52mm

pq = ’(3)
%arctan( 0.000686q%*%)if (t;o = 0°Corts = 0°C)orq = 52mm
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where pq is factor adverting influence of daily precipitation amount on possibility of debris
flow descent, t; is average daily temperature, q is daily precipitation amount, mm;

0if (t1p < 0°Candt; < 0°C)andq < 52mm

Pog = 4)

%arctan( 0.032 - 0)if (t19 = 0°Corts = 0°C)orq = 52mm

where poq is factor allowing influence of average precipitation intensity for the last 3 h on
possibility of debris flow descent, o is average precipitation intensity for the last 3 h, mm/h;
0if (t19 < 0°Candts < 0°C)

Pm = Q)

%arctan( 0.00012g%2)if (t19 = 0°Cortg = 0°C)

where pm is factor considering influence of monthly sum of precipitation on possibility of debris
flow descent, qm is monthly sum of precipitation, mm;
0if (t;9 < 0°Candts < 0°C)andq < 52mm
Pe =1, ,(6)
;arctan( 0,000103153)if (t;o = 0°Cort, = 0°C)orq = 52mm

where p. is factor allowing influence of earthquake on possibility of debris flow descent, I is
earthquake intensity on the MSK-81 scale.

%arctan(0.06d)if(pq < 0.79andp; < 0.79andp,, < 0.79)

Pbio = B (7)
%arctan( 0.85d)if (pq = 0.790rp, = 0.790rp,, = 0.79)

where puio 1 factor adverting influence of degree of expressiveness of biological precursors on
possibility of debris flow descent, d is degree of expressiveness of biological precursors
(Table 1).

Table 1. Description of degrees of expressiveness of biological precursors

Distinguishing features of abnormal behavior of animals d

Abnormal behavior of individual specimens (no more than 5 of each species or any specimen of
only 1 species).

Abnormal behavior of 2 or 3 species, wherein no less 6 specimens of these species demonstrate

such conduct. 2
Abnormal behavior of more than 3 species, wherein no less 6 specimens of these species 3
demonstrate such conduct.
If abnormal condition of people is observed, d is increased by 1.
After that, the following parameters are computed.
Py = p;—O.ZZqu—O.OHDe—0.04pbi0—O.16pt—0.07pt10—0.06pm, ®)

where pq” is factor adverting influence of daily precipitation amount on possibility of debris
flow descent with respect to values of pog, Pe, Pm, Phios Pt> Pt10;

1-0.13p¢—0.05p—0.06Pp;0—0.16pg—0.04P¢19—0.07Dyy
*
Poq = poq > (9)
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where pog” is factor allowing influence of average precipitation intensity for the last 3 h on
possibility of debris flow descent with consideration to values of pq, Pe, Pm, Pbio, Pt, Pt10;

. 1-0.07p¢=0.01pq—0.19Ppir—0.02pg—0.02p410—0.04Ppm,

pe = pe B (10)

where p.’ — is factor allowing influence of eventual earthquake on possibility of debris flow
descent with reference to values of pg, Pi, Pm, Pvio> Pt, Pt10;

1-0.12p5—0.15p,;,—0.03Ppio—0.09D5 g —0.04po—0.08DP¢10
* _ q m io oq e
Pt = D¢ R (11)

where p¢" is factor making allowance for influence of sum of average daily temperatures after
average daily temperature to exceed zero on possibility of debris flow descent with regard to
values of pq, Pe,; Pm, Phios Pogs Pt10;

« _ 1-0.21p—0.07pg—0.04p;, —0.03p;—0.08p¢—0.02p¢10
Ppio = pbio p (12)

where puio” is factor making allowance for influence of biological precursors on possibility of
debris flow descent in terms of values of pq, Pe, Pm,> Pt> Pi> Pt10;

1-0.11p;—0.1ppg—0.12p—0.04pp;io—0.07p¢—0.01p¢1 9
* q oq e io

where pm" — is factor considering influence of monthly sum of precipitation on possibility of
debris flow descent with an eye toward values of pg, Pe, Pi, Pbio> Pt, Pe10;

1-0.1p3—0.04py3—0.02p—0.09ppir,—0.11p+—0.03p.
* _ q oq e io m
pth - pm ) (14)

where peo” is factor taking into account influence of average temperature for the last 10 days
on possibility of debris flow descent in the face of values of pq, Pe, Pog> Pbio> Pt, Pm-
Degree of membership of conditions to debris flow descent situation is calculated as

s = [0.79 + 0.21%arctan( 1.22d + O.9q)] X[1 =1 =ppi) (1—pe) (1 —pgg)- (1=
—Pm) XX (1 =pg) - (1 = pe) - (1 = Pr1o)ls (15)

where ps is degree of membership of conditions in debris flow descent situation.
Hereon, code of debris flow risk is figured out:

( 0forps<0.17
1for0.17 <p; <0.6
j=14 2for06<p; <09, (16)
3 for0.9 < ps <0.95
4 for p; = 0.95

where j is code of debris flow risk.

Ifj>0and d =3, jis increased by 1.

Debris flow forecasts depending on j are shown in Table 2.

This mathematical support is tested with the aid of data about debris flows happened in
the past. In particular, forecast of such slope processes in Tyrnyauz area is performed using
information from July 15, 2000 to July 27, 2000. Data of meteorological station of “Terskol”
are applied. Seismic load is not taken into account; biological precursors were observed in
Nalchik. Results of analysis are shown at Table 3. Code of debris flow risk confirmed by field
observations is denoted by jr.
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Table 2. Debris flow forecast depending on j

Forecast for the next 24 h
No debris flow risk.
Debris flows of volume up to 10* m® may occur.

Debris flows of volume from 10* to 103 m® are expected.

Debris flows of volume from 103 to 10° m? are expected.

Debris flows of volume from 10° to 107 m? are expected

nl Al W[ ==

Debris flows of volume more than 107 m? are expected

Table 3. Results of analysis of debris flow risk in July 2000.

Date ts, °C tio, °C t, °C g, mm o, mm/h q m, mm d ] Jr
15.07 | 16.9 14.1 771.1 0 0 0 0 2 0
16.07 | 18.1 14.5 789.2 0 0 0 0 2 0
17.07 | 20.4 15.1 809.6 5 1 5 1 3 0
18.07 | 17.8 15.9 837.4 0 0 5 1 3 3
19.07 | 16.0 16.3 853.4 0 0 5 1 3 3
20.07 | 17.4 17.0 870.8 0 0 5 3 3 0
21.07 | 20.0 17.3 890.8 0 0 5 1 4 4
22.07 | 18.1 17.6 908.9 0 0 5 1 3 0
23.07 |20.2 18.1 929.1 0 0 5 1 3 0
24.07 | 17.8 18.2 946.9 0 0 5 1 3 3
25.07 | 17.2 18.2 964.1 0 0 5 1 3 0
26.07 | 16.3 18.0 980.4 5 1 10 0 3 3
27.07 | 17.0 17.7 997.4 0 0 10 0 3 0

According to information of Table 3, unforetold debris flows are absent. Comparably
low correctness of prognoses can be explained by requirement of high level of safety. As known
[Jonkman et al, 2003], acceptable probability of death one person for one year is 10,

Conclusions

Mathematical modeling of physical and mechanical processes in the debris flow source
area can be useful tool to increase accuracy of debris flow forecast. Efficacy of analysis is
validated experimentally. Results of the calculation can be utilized for development of
prediction formulae.
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