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Abstract

Velocity of debris flow is one of the most important characteristics for the
protective construction design. Since debris flows are rare events, and obser-
vations are conducted only on stations in Russia, Ukraine, Italy, Switzerland,
USA, China, Japan and New Zealand, the velocity is calculated rather than
measured. Nowadays, a large number of videos with passing debris flows have
appeared on the Internet. Scientists can use such video materials to obtain
qualitative and quantitative characteristics of the debris flow. Therefore, the
aim of our research is an attempt to measure the debris flow velocity using
video materials and compare the obtained results with the calculated values
using various methods. The debris flow that came down in Firgen, Austria on
August 4, 2012 was chosen as the object of our study. The video was carried
out from several angles, so it was possible to select a section of the channel,
through which we could measure the debris flows waves velocity. In addition,
we calculated the velocities of waves by formulas adopted in the regulatory
documents and compared with the measured by video values. During the
video analysis, debris flow velocities at different sites were observed: mini-
mum—7.2 m/s and maximum—10 m/s. The calculated values varied from 4.5
m/s to 11.4 m/s. Moreover, we applied model of the transport-shear process
of debris flow formation developed by Yu. B. Vinogradov. When we were
comparing the obtained debris flow discharges with results from Austrian
colleagues, we found out that the values were similar to each other. However,
internal scatter in the model changed from 151 to 190 m’/s, while in the re-
port of Austrian colleagues the discharges were from 80 to 250 m*/s.
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1. Introduction

One of the most important issues that appears during the study and modeling of
debris flow processes (in both scientific research and surveying) is the question
of the debris flow velocity. In our research, the debris flow velocity is the wave
ridge velocity. This value is the necessary characteristic in the design of protec-
tive structures.

Data from direct measurement of debris flow velocity obtained during its
movement are insufficient [1]. Direct measurement of debris flows characteris-
tics is associated with many difficulties; the main one is determined by the rarity
of this hazard.

Applying video materials to define dynamic characteristics of the flow has
proved to be a reliable method for obtaining field data of this dangerous event.
Debris flow velocity was defined from the video in the north of Italy [2] [3] [4].
Video cameras for determining the dynamic characteristics of mudflows were
also used in China [5]. In Russia, such studies were also carried out, for example,
employees of the Far Eastern Geological Institute of the Far East Branch of the
Russian Academy of Sciences on a tributary of the Khomutovka River installed a
photo trap, where anthropogenic mudflows were observed.

Values of flow velocity obtained in the field studies, which were conducted af-
ter the event, were giving unreliable results, since the methods were based most-
ly on mathematical models with empirical coefficients.

The possible solution to this problem is to use a large number of field obser-
vations of the flows and to measure their velocity during movement.

However, nowadays many video materials have appeared on the Internet,
which capture various flows passing. These materials can be used to calculate
qualitative and quantitative characteristics of the debris flows, such as the struc-
ture rheological type, the flow pattern, the form of the debris flow waves and
their velocity in different parts of the channel.

Flow velocity assessment by a video as a method for studying this phenome-
non has a number of limitations. Firstly, debris flows often occur in uninhabited
or underpopulated areas; there is no possibility to register debris flow waves
from the early start until the end. Secondly, during the development of the phe-
nomenon, precipitation of high intensity often occurs, which prevents the event
recording. Thirdly, the shooting angle and lighting conditions are the factors
that affect the quality of the footage and, therefore, the measurement accuracy.
The last but not the least, limitation is the geographic position, which is neces-
sary for finding the course distance and morphometric characteristics using sa-
tellite images. If there are the objects in the frame that can be used for
geo-referencing, we can estimate discharge by determining the cross-sectional
area of the stream. Under all conditions, it is possible to obtain the maximum
debris flow velocity with a sufficient degree of reliability.

The aim of our research was to make an attempt of measuring the debris flow

velocity based on the video materials and compare them with the calculated val-
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ues using various methods.

2. Overview of Study Area

Eastern Alps are characterized by special geographical, geological and hydrolog-
ical conditions that define debris flow possibility of formation and the frequency
with large volumes.

Precipitation intensity reaches world peaks of 600 - 670 mm during two and
half an hour. Along northern and eastern ridge maximum values of daily preci-
pitation are 200 - 250 mm [6].

The amount of loose material fan after catastrophic debris flows reaches up
from hundreds of thousands to a million m* [6] (Figure 1). Since the population
density in Alps is very high, catastrophic flows are equivalent to national disas-
ters [7]. The first announcement about debris flows in Austria dates to 600,
when the flow descended from the Lanbach Gorge to the Inna Valley near the
village of Schwaz.

On 4 August 2012 debris flow occurred along the Firshnitzbach stream. As a
result, the town of Firgen suffered, infrastructure and residential buildings were
damaged. The flow was filmed on video cameras from several angles by local
residents and authorities, which allowed us to determine some of the qualitative
and quantitative characteristics of the debris flow.

The Firshnitzbach stream (Figure 2) is the left-bank tributary of the Isel River
in the municipality of Firgen. The catchment area is 4.1 km?, the length of the
Firshnitzbah stream is 5.5 km; the elevation difference from the source to the
mouth is 1955 m [10].

The study watershed is located on the territory of Pennine Alps. The phylli-
ticshales, which have a high content of clay particles that can bind water in the
subsoil (in our opinion, a necessary condition for the formation of viscous
stream), as well as the presence of loose material and scree material in the upper
part of the catchment, can form potential mudflow mass in this region. Lime-mica
schists, metabasites, and ultrabasic rocks [10], which saturate the flow with large

detrital rocks, represent the bedding rock.

m Earthquakes
® Storms
@ Floods
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Figure 1. Disasters and Loss Events in the Alps, 1980-2005 [8] [9].
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Figure 2. The scheme of basin Firschnitzbach River.

About a quarter of the study area is occupied by coniferous forest, 27% in-
cludes meadow pasture land and alpine meadows, 38% is non-sodded loose ma-
terial. The remaining 10% is the building systems [10].

Several debris flow protection structures are situated in the Firshnitzbach
stream watershed (Figure 3). Check dam is in 1830 m from the mouth and de-
signed to storage 25,000 m’ of loose material. Below the damn, debris flow check
canal is located, which is designed for debris flow with the discharge of 60 m’/s
[10].

Heavy downpour with an intensity of 2 mm/min preceded the studied debris
flow. Duration of the first downpour was thirty minutes. On August 4, 2012, at
15:25 local time, residents of Firgen observed the first wave of debris flow 15
minutes after the rain had started. In just 40 minutes, twelve waves were rec-

orded. By the time of first wave formation, 30 mm of precipitation managed to
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Figure 3. The longitudinal profile of the Firschnitzbach stream.

fell. The second stage included 27 debris flow waves within 50 minutes with the
same rain intensity for 45 minutes. By the time the second stage of the debris
flow began, the dam was overflowing, and the stream went over the dam crest.
In total, for the period of two series of debris flow waves, according to the data of
Hjublja Y. et al, 70,000 m® of material was carried out [10].

Dynamic characteristics of the flow were higher than designed value of Firgen
protection structures. The check dam was filled with deposits after the first series
of waves. Debris flow check canal was not able to omit maximum flow dis-
charges; therefore the debris flow overflowed the banks of the channel and

spread out on the sidewalks.

3. Methodology

The video was provided by Josef Fibiger (Consultant in erosion, Torrent and
Avalanche Control & Forestry; IUFRO Research Group 8.03 Natural Disasters,
Salzburg, Austria) at the 4th international conference “Debris flows: disasters,
risk, forecast, protection” (Irkutsk-Arshan, September 6-10, 2016). The survey
was carried out by local residents and authorities from different points of the
city, where the debris flow moved along a concreted stepped mudflow check
canal.

Authors with the help of the ArcGIS program and map controlling made the
longitudinal profile of the Firschnitzbach stream.

We have chosen the frames, where it was possible to determine the place in
the satellite image where the flow took place. It is necessary to define distance
and duration of debris flow movement in order to determine the flow velocity
based on video materials.

To begin with, we controlled Firgen debris flow check canal in software pack-
age called ArcGIS. Map control was carried out on the channel control points in

the satellite image (bridge, parking, stage on the corner) (Figure 4).
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Figure 4. The scheme of the debris flow passage’s sections: 1—step on the turn; 2—step
in ridge of the parking; 3—bridge.

We chose three sections, where the movement of the debris flow wave ridge
was clearly visible on the video.

The first one, on which the maximum number of waves was recorded from
parking (2) to the bridge (3). The second section starts from the step at the
channel turn (1) to the bridge (3). The third section: from the turn (1) to the
parking (2) (Figure 4).

The flow depth was defined by control of scale compared with various objects.
For example, man, car, etc. were used. In the ArcGIS program, the necessary
measurements of the channel length and width were conducted for further cal-
culations (Table 1).

The velocity determination was carried out as follows. In the software package
Shortcut time of debris flow wave ridge movement was recorded at the control
points, which corresponded to the steps in the channel. The velocity was calcu-
lated as the distance divided by the time.

In this research, velocities of passing debris flow in Firgen were calculated by
various methods. We applied formulas of I. I. Herheulidze, V. V. Golubcov, M.
F. Sribnyj and Kkhann, Academy of the State Fire Service Emergencies Ministry
of Russia [11]. Guide of debris flow stations and hydrographic parties recom-

mends using the following equation:
v, =4.831" (sina)"”

where A—average flow depth, m; a—average angle of slope of the mudflow bed,
nondimensional. Formula was proposed by Kherkheulidze [12].
In addition, M. F. Sribnyj formula [13] is often used, which in expanded form

will be written as:

6.5RV* 1
ycym—}/m +1
7/m _}/C

where R—area border ratio m, /—slope of the mudflow bed, nondimensional,

7,, —sediment density, kg/m’, y, —average debris flow density, kg/m”.
Accepting the assumption that volumes of debris flow’s solid and liquid com-

ponents are equal, the M. F. Sribnyj Formula changes to:
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Table 1. The main parameters of the channel.

Section

Width of the Depth of the Length of the Slope, Number

Address, m from the channel, m channel, m  stage, m degrees of waves

Number
Firshnitzbach stream mouth

1 920 - 850 5.8 3.0 14.3 10.6 10
2 985 - 850 5.8 3.0 14.3 10.2 3
3 985 - 920 5.8 3.0 14.3 9.8 3

v, =425RV* 1
Also, to determine the debris flow velocity the Kkhann Formula is used [13]:

v, =8.05h"%{%

where A—the average flow depth, m; /—slope of the mudflow bed, nondimen-
sional.

According to the educational and methodological manual issued by the
Academy of the State Fire Service of the Ministry of Emergency Situations of
Russia [11], the velocity of debris flow movement can be determined by the

formula:

1
v, =11.40"° [U sin a3J

where U'is the relative fall diameter of loose materials involved in the flow (for
operational calculations it is assumed to be 0.7 ... 1.0);
Also, V. V. Golubcov [12] proposed formulas for calculating mud and debris

flows:

v, =3.75h"%""

4. Results

Wave ridge velocities varied from 7.4 to 10 m/s within the video shooting. Ac-
cording to the results, it is obvious that the velocity relates to the flow depth. For
instance, velocity of wave Ne 3 with depth of 3.4 m was 10 m/s, while for wave Ne
2 with depth of 2 m this value was 7.4 m/s. Three waves (Ne 4, 5, 7) were defined
on three sections. Velocities of this waves differed from 0.3 m/s to 0.8 m/s, which
indicates the variability of the debris flow movement.

Employees of the Austrian Institute of Mountain Hazards determined the flow
velocity using video materials in the channel section (530 m from the mouth of
the Firshnitzbach stream), the values range from 4 to 10 m/s [10]. To estimate
the debris flow velocity, the Austrian colleagues used the same video materials
that were applied in this research.

The calculations results at the three sections using various methods described
in the chapter “materials and methods” are provided in Table 2 and Figure 5.

The calculation results of the debris flow velocity based on various methods
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Table 2. Velocity of debris flow, calculated according to different methods.

Data Velocity, m/s
Address, m from . Academy of the State Fire Velocity of
. i Ne of . Herheulidze . . L K
the Firshnitzbach Depth, m Slope, L1 Service of the Ministry of ~ Golubcov V. V.Sribnyj M. F. Kkhann  the ridge
wave L
stream mouth Emergency Situations of Russia (by video)
1 2.7 10.6 5.2 10.2 4.6 5.4 8.7 8.1
2 2.7 10.6 5.2 10.2 4.6 5.4 8.7 7.2
3 3.4 10.6 5.9 11.4 5.2 6.3 9.9 10.0
4 2.5 10.6 5.0 9.8 4.5 5.2 8.3 8.1
5 2.9 10.6 54 10.5 4.8 5.7 9.0 8.8
920 - 850 m
6 3.0 10.6 5.5 10.7 4.9 5.8 9.2 9.3
7 3.2 10.6 5.7 11.1 5.0 6.1 9.6 9.8
8 3.4 10.6 5.9 114 5.2 6.3 9.9 9.6
9 2.5 10.6 5.0 9.8 4.5 5.2 8.3 8.5
10 2.0 10.6 4.5 8.7 4.0 4.4 7.3 7.4
4 2.5 10.2 5.0 9.7 4.4 5.1 8.2 7.9
985 - 850 m 5 2.9 10.2 5.4 10.4 4.8 5.6 8.9 8.4
7 3.2 10.2 5.6 10.9 5.0 6.0 9.5 9.5
4 2.5 9.8 4.9 9.5 4.4 5.0 8.1 7.7
985 - 920 m 5 2.9 9.8 5.3 10.2 4.7 5.6 8.8 8.0
7 3.2 9.8 5.6 10.8 5.0 6.0 9.3 9.2
12
—@— Wave ridge velocity (from
the video)
10 y

\/ —@—Sribnyj M. F.
8

—— Golubtcov V. V.

‘_'/\/'——'/\\ —8— Academy of the State Fire
4 Service Emergencies

Ministry of Russia

Velocity, m /s

2 —@— Herheulidze I.I.

0 Kkhann
1 2 3 4 5 6 7 8 9 10

Debris flow wave number

Figure 5. The velocity of the debris flow.

are rather different. All formulas used are derived empirically and mainly in-
clude such characteristics as flow depth and channel slope. All the coefficients in

the formulas were based on field materials in different regions of the former
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USSR.

For example, Herheulidze I.I. and Golubcov V.V. deduced their formulas for
calculating the movement velocity of the debris flow, based on the materials,
which were obtained during their survey of the debris processes in Georgia and
Kazakhstan, respectively.

The formula proposed by the Academy of State fire service of the Ministry of
Emergency Situations of Russia provided the highest values of debris flow veloc-
ity (8.7 m/s - 11.4 m/s). Using this formula for the determination of the protec-
tive structures’ parameters will be impractical from the economic point of view.

Moreover, formulas developed by I. I. Kherkheulidze, V. V. Golubtsova and
M. F. Sribnyj provided low values of debris flow velocity compared with those
determined from the video, the amplitude is 2.5 m/s - 4.8 m/s. Applying these
formulas underestimate the velocity of debris flow that can lead to the destruc-
tion of protection structures and to the flooding of the territories.

The figure above shows that velocities according to Kkhann formula are simi-
lar to results from the video material. However, because there is no available in-
formation on the theoretical description of this formula and principles on which
the Kkhann formula is based, it is impossible to verify the assumptions about the
reliability degree of the results.

In addition, empirical coefficients for the mentioned earlier formulas were
developed in laboratories. Besides, these formulas are based only on two values:
the channel slope and the flow depth. In our opinion, such methods do not in-
clude flow dynamic. Moreover, there is no standard method to estimate debris
flows velocity for more correct designing of the defense structures.

Finally, for comparison the methods, experimental and specific observations
of mudflows are necessary. Unfortunately, there are only a few materials around
the world. The debris flow velocity by automatic sensors is determined at the
debris flow stations [2] [3] [4] [5]. At the moment, to determine the quantitative
characteristics of flows, Russian researchers often apply the formulas of I. I
Herheulidze and V.V. Golubcov [12] [14]. In fact, all empirical formulas provide

an approximate description of the debris flow wave velocity.

5. Mathematical Modeling

To calculate the characteristics of the debris flow we applied the model of the
transport-shift process, developed in Russia by Professor Yu. Vinogradov [15].
High-density debris flows occur as a result of the development of the trans-
port-shift processes, which are the most frequent and dangerous ones. The mod-
el is based on the equations of the instability coefficient of the potential debris
flow array, the flow elementary potential power and the mobility index of the
debris flow mass. The model verification was carried out using measured data on
experimental (in natural conditions) debris flows [1]. Artificial debris flow expe-
riments were conducted in 1972-1976 years in the Chemolgan River, organized

by the Kazakh research hydro-meteorological Institute.
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When constructing the model, the following concepts and provisions were
used:

1) The instability coefficient of the PDFB as the reciprocal value of the
well-known soil mechanics and engineering Geology coefficient of loose-fragmental
debris mass slope stability. In this case the coefficient is determined for PDFB as:
tg_a
gy

K=

2) Elementary potential flow capacity (ability to produce work per unit of

track per time unity W/m = kg x m/s>).
U= gx[prO +(<xp, +p)><G}><sina
3) The index of mudflow mass mobility

0
R=24+(-0
G é’ nn

here Q/G is the ratio of water and solid rock substance runoffs in a mud-stone
flow moving over the thalweg of a debris flow hotbed. {(—relative humidity of
PDFB (the ratio of volumetric moisture content by volume fraction of solids in a
potential debris flow body of a debris flow hotbed); 8,,—the same ratio but at
the limit of a mixture of water and rock fludity (in the first approximation is
taken equal to 0.133). The formation and movement of debris flow is meant to
stop when R < 0. In the mountains, you often can see “stalled debris flows”, es-
pecially on extensive screes, where the amount of water involved in such devel-
opments is almost always limited. Let us assume the following situation: the flow
rate increment of the solid material involved in an incipient mudflow, as it
moves through the riverbed of debris flow hotbed, is directly proportional to the

three arguments:

dldGZA><K><U><R=AX;g—anXSinaX[QpO+(é'><p0+p)><G:|><(g+§—t9nnj
gy

where A—is the coefficient of proportionality (m-s*/kg); /—distance over a thal-
weg; a—the angle of inclination of a debris flow hotbed bedplate containing the
PDFB; ¢—the angle of internal friction of damp rock (static) composing the
PDFB; Q—water flow runoff into the debris flow hotbed (m?/s); G—solid sub-
stance (rocks) runoff in a debris flow (m®/s). After the necessary integration the

following result is obtained [1]:

l :[pro xXExp, +p><ln(Q><p0)+(4’><p0 +p)><G><Q><,00 +(é’><p0 +p)
%Gy =0%{ =0, xnQ+({ =0, )xGxQ+(¢£ -0, )< G, ]
xarctg(pxgxsmax[pro x(£=6,,)+0x(¢xp, +,0)+10]

The coefficient of proportionality was obtained by artificial experiment of de-
bris flows. According to the experiment results, the coefficient of proportionality
is in the range of A = (3 + 5) x 107° m-s*/kg [1].

The basic calculation equation is solved not relatively to the sought function
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G, but to the argument / which causes some inconvenience. However, the equa-
tion primary solution is a basic computational procedure. As a result, we have a
dependency G on the track length of the forming debris flow during its progress
through the thalweg of debris flow hotbed. The final step is to calculate the two
most important parameters. The discharge of debris flow in the process of its
movement in the debris flow original site:
0. =0+(1+&)xG

The debris flow density in the process of its movement in the debris flow
original site:
(po XQ+(9nn X Py +/-7))XG

(0+(1+6,,))xg

The thalweg was divided into 5 sections of equal length approximately 1.1 ki-

P =

lometers (Figure 6). Distance from the beginning of the thalweg to the mouth of
the stream is 5.5 kilometers. The discharge of debris flow and density of debris
flow was calculated at each section. The calculation results are shown in Table 3.

The largest discharge of debris flow is 190 m?/s, the smallest is 151 m*/s and
the density of debris flow mass ranges from 1995 to 1955 kg/m’.

The debris flow discharges were calculated using the results of velocity mea-
surements from video recording in the channel (Figure 6). Final results are pre-
sented in Table 4.

When we compared the obtained debris flow discharges with results of the
Austrian colleagues, we found that the values are similar to each other. However,
Austrian colleagues have a large scatter of debris flow discharges from 80 to 250

m’/s. Unfortunately, there is no information of how the flow discharges were

Table 3. Results of modeling.

Thalweg

Adress, km from Slope, degree "1'“he sedimel;t The 'discharge30f Del.)ris flow .
No. the Firshnitzbach discharge, m*/s debris flow, m*/s  density, kg/m

stream mouth

1 5.5-4.4 25.2 77.0 190 1995
2 4.4-33 234 76.5 188 1994
3 33-22 21.6 76.0 187 1993
4 22-11 11.7 68.0 169 1975
5 1.1-0 8.0 60.5 151 1955

Table 4. Comparative results.

Methods The discharge of debris flow, m*/s
Results of modeling 151 -190
Results of calculation by video 85-196
Results from the Austrian report 80 - 250
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Figure 6. The longitudinal profile of the Firschnitzbach stream with 5 sections.

estimated in the Austrian colleagues report. The internal scatter in the model is
from 151 to 190 m?/s.

Using model of Yu. B. Vinogradov, the following characteristics of the flow
such as internal angle of friction, the density of the rock, etc. were taken into ac-
count. In this research maximum debris flow discharge and its density was cal-
culated in various sections of the course. The difference between the modeled
discharge and estimated by video materials on the particular section of the
channel was 45 m*/s. The model of the transport-shift process was verified in
Kazakhstan for the Chemolgan watershed [1]. Besides, the characteristics of de-
bris flows for the Transbaikalian region are being calculated. Since this model
consists of flow dynamics mathematical equations, that were previously verified,
we can conclude, that the model gives satisfactory results.

The method for determining the characteristics of the dangerous events from
video materials is perhaps more accurate than empirical methods, since the pa-
rameters are defined during the movement of the debris flow. When determin-
ing the hydraulic-morphometric characteristics of the channel, the parameters

may be refined.

6. Conclusions

Video material describing debris flow of 4.08.2012 in Firshnitzbach stream al-
lowed to:
e Measure the flow velocity, which in different areas of the channel varied from
7.2 m/s to 10.0 m/s;

o Clearly define 10 debris flow waves.

Analysis of available formulas for determining debris flows velocity estab-
lished that maximum values were obtained by the Academy of the State Fire Ser-
vice of the Emergencies Ministry of Russia. Besides, comparison with values de-

fined from video showed the difference from 0.2 to 3.0 m/s. Calculation by V. V.
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Golubcov, I. I. Herheulidze and M. F. Sribnyj methods provided lower values
than the measured one by video material. What is more, those formulas men-
tioned above produced the similar results.

The closest results were obtained by Kkhann Formula. Nevertheless, this me-
thod is based on numerical coefficient and two characteristics such as channel
slope and flow depth as the formulas mentioned above.

To sum up, results provided by various methods can both reduce the values of
the debris flow velocity (formulas V. V. Golubcov, I. I. Herheulidze and M. F.
Sribnyj) and overestimate them (formula of the Academy of the State Fire Ser-
vice of the Emergencies Ministry of Russia). In case of underestimated values,
there is a risk of the defense construction destruction; in other case there are
unjustified economic expenditures for the organization of mitigation.

Measurement of debris flow velocity, using video materials from the Internet,
is allowing to obtaining mass and statistically significant materials about the
values of velocity and flow pattern that are necessary for creations of physical
and mathematical models.

As for the model of the transport-shear process, it takes into account debris
flow formation processes and such characteristics as the internal angle of friction
of the rock, the degree of watering of the soil, the density of the rock, etc. The
model at this stage is not fully constructed. Further research and creation of a

computer program are required.
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