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Abstract: The rheological properties of most liquid
in nature are between liquids and solids, including
both elastic changes and viscosity changes, that is so-
called “viscoelastic”. Dynamic oscillatory test was
used to quantitatively study the distinct viscoelastic
behaviors of debris flow slurry in the shear stress
conditions for the first time in this study. The debris
flow slurry samples were from Jiangjiagou Ravine,
Yunnan Province, China. The experimental results
were found that at the low and middle stages of
shearing, when the angular velocity w<72.46 s, the
loss modulus (G") was greater than the storage
modulus (G, i.e. G">G". At the late stage of shearing,
when the angular velocity w=72.46 s, the storage
modulus was greater than or equal to the loss
modulus, i.e. G'=G", tan § =1 (where phase-shift
angle §=G"/G"), and the debris flow slurry was in a
gel state. Therefore, the progress of this experimental
study further reveals the mechanism of
hyperconcentrated debris flows with a high velocity
on low-gradient ravines.
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Introduction

The rheological properties of most liquid in
nature are between liquids and solids, including
both elastic changes and viscosity changes, that is
so-called “viscoelastic”. Viscoelasticity is the
property of materials that exhibit both viscous and
elastic characteristics when undergoing
deformation. Viscous materials resist shear flow
and strain linearly with time when a stress is
applied. Elastic materials strain instantaneously
when stretched and just as quickly return to their
original state once the stress is removed.
Viscoelastic materials have elements of both of
these properties and, as such, exhibit time
dependent strain. Viscoelastic materials can be
modeled in order to determine their stress or strain
interactions as well as their temporal dependencies.
These models, which include the Maxwell model,
the Kelvin-Voigt model, and the Standard Linear
Solid Model, are used to predict a material's
response under different loading conditions.
Viscoelastic behavior has elastic and viscous
components modeled as linear combinations of
springs and dashpots, respectively (Huang et al.
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1983). While debris flow slurry has distinct
viscoelastic behaviors in the shear stress conditions.

The rheological properties of viscous debris
flow are the basis for studying the motion
mechanism of debris flow. The previous studies
mainly focused on the observation experiments of
the rheological model of viscous debris flow and
determining its parameters (Bagnold 1994; Jan et
al. 1997; Schatzmann et al. 2003; Shen et al. 1998;
Wang et al. 2000; Wang et al. 2004). The rippling
creep phenomena of viscous debris flow on deposit
fan and the bedding structure of accumulation
patterns were also noted, and the initial
understanding that hyperconcentrated debris flow
had the viscoelastic behaviors displayed by the
Weissenberg effect was made (Major 1994; Wang
et al. 2009). But the quantitative test and analysis
about the viscoelastic behaviors of different viscous
debris flows from triggering, thixotropy and
shearing movement were not developed both at
home and abroad for the restrictions of rheological
equipments.

The rheological dynamic oscillatory tests were
made to study the debris flow slurry from
Jiangjiagou Ravine with the further rheological
research at home and abroad, especially the recent
use of new strain oscillatory rheometer. These tests
quantitatively explored the viscoelastic properties
of slurry samples, including the characteristics of
storage modulus (G'), loss modulus (G") and
complex modulus (G*) with the changing of
angular velocity (frequency), and the correlation
between them. The experimental results were
found: at the low and middle stages of shearing,
when the angular velocity w<72.46 s, the loss
modulus was greater than the storage modulus, i.e.
G">G"; when w =2.15 s, the complex modulus (G¥)
showed the behavior of shear thinning; when w=
3.16 s, the complex modulus increased with the
increasing of angular velocity. The increasing rate
was the power law index of 1.041. At the late stage
of shearing, when the angular velocity w=72.46 s,
the storage modulus was greater than or equal to
the loss modulus, i.e. G'=G", tan § =1 (where
phase-shift angle § =G"/G"), and the debris flow
slurry was in a gel state. These findings and
analysis bring new progress to the study on
rheological behaviors of debris flow, further reveal
rheological behavior of slope loose mass from solid
to liquid and also explain that the
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hyperconcentrated viscous debris flow is like
cement concrete which is just made, and is like
solid mass with viscous, elastic and plastic
behaviors. Therefore, this experiment further
explains why hyperconcentrated viscous debris
flow (with the volume concentration of solid up to
80%) can rapidly move on low-gradient (3°-5°)
ravines with velocity in the range of 10-18 m-s.

1 Experimental Method

Viscoelastic behavior has elastic and viscous
components modeled as linear combinations of
springs and dashpots, respectively. In an
equivalent electrical circuit, stress is represented by
voltage and the derivative of strain (velocity) by
current. The elastic modulus of a spring is
analogous to a circuit's capacitance (it stores
energy) and the viscosity of a dashpot to a circuit's
resistance (it dissipates energy). Within the elastic
limit, the ratio of stress (1) and strain (e) is called
storage modulus; when over the elastic limit, the
ratio of stress (r) and strain (e) is called loss
modulus. Many fluids show distinctive viscoelastic
properties under shear stress conditions.

The increasingly popular test method is to give
an oscillatory stress to viscoelastic sample instead
of a constant stress which generates steady flow.
The time-related strain values are measured by
applying a constant shear rate or a constant shear
stress for each single measuring point (Equation
(1)) (Gebhard 1998). The oscillation experiment
method by rheometer is to put the sample in the
shear gap and give a certain strain, so there will be
impedance stress in the sample. Then the
relationship between oscillatory stress and strain
can be obtained. So the oscillatory stress test is
often referred as "dynamic test". This method is to
find the relationship between set angular velocity
(or frequency) and the resulting oscillating stress
or strain, and to provide the viscoelastic data
related to time response.

T =1, *sin(@ *1) (1)

The forced oscillatory tests of debris flow
slurry were made with MCR-301 rheometer
produced by Auton Paar. The rotary flat plate
system of this instrument was used, and the
interval between the two plates was 3 mm. The



samples were fine-grained soil of debris flows at
Jiangjiagou Ravine, with the particle size
distribution as shown in Figure 1, dmax=1 mm, and
the content of clay (<-8 ¢ ) was 38.6%. The
density of prepared debris flow slurry was 1.622
g-cm3 and the solid volume concentration was
0.3659. The parallel and repeated trials of
oscillatory dynamic tests of the same sample were
made, just the interval between the two plates was
2.7mm, and the results were consistent with the
former results. The angular velocity (frequency,
@ s7) of oscillatory test ranged from 0.1 to 100 (s1),
the experimental temperature was 20°C, and the
following viscoelastic parameters of debris flow
slurry were measured: loss modulus G", storage
modulus G' and complex viscosity 77”, in which 1"
was different from the viscosity general measured
in shear, but it is the oscillatory tests result.

All the experimental method and data
collection are made according to the instruction
book of MCR-301 rheometer produced by Auton
Paar.

Percentange ( % )

0 -2 -4 -b -8 -10

Particle diameter ()

Figure 1 Particle composition (¢ ) in debris flow
2 Results and Analysis

The analysis of viscoelastic behaviors of debris
flow slurry was made through using the method of
Gauss coordinate system (Gebhard 1998) and
Pythagoras's law (Haake information report 1991)
and combining with the characteristics of debris-
flow deformation and motion.

2.1 Gauss coordinate system showing G',
G", n" and [0

The method of Gauss coordinate system

J. Mt. Sci. (2012) 9: 501—-510

(Gebhard 1998) can be used to distinct the viscous
and elastic behaviors of the sample during dynamic
tests. In the Gauss coordinate system with real axis
and imaginary axis, the complex can be expressed
in vector form. Therefore complex modulus G* can
be defined as Equation (2) in Gauss coordinate
system, when notation of G' and G" as sine and
cosine functions (Equation (3) and Equation (4)),
Ty,Yo as the maximum of stress and strain
respectively, and das the phase-shift angle of the
response to stress and strain.

In Equation (2) (Gebhard 1998), storage
modulus G' expresses the stress energy stored
temporarily and can be regained later, while loss
modulus G" is irreversible loss of deformation
energy which has changed into shearing heat.

*=G+1G"= 1,(t)/ y5(0) (2)
G'=(7y/7,)cos0 3)
G"=(7y/7y)sind 4)

Ideal viscous behavior can be specified in
terms of ¢=90°, G'=0 or as G"= G*. Ideal elastic
behavior can be expressed as ¢=0°, G'=G* or as
G"=o0.

Therefore complex viscosity 7* can be
defined as Equation (5) to express the total
resistance forces of the sample in dynamic shearing
instead of G*(Gebhard 1998).

N =G* @ =1,/y,*@ (5)

The viscoelastic behavior expressed by
hyperbolas in Figure 2 is similar to that of collagen
(Gebhard 1998; Thmas et al. 2006). The
hyperbolas in Figure 2 show the elastic response
and viscous flow in certain degree when sinusoidal
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Figure 2 The relationship between loss modulus,
storage modulus and angular velocity of debris flow
slurry
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stress is given to debris flow slurry. When the
angular velocity is 0.1 s, loss modulus is 1.29 Pa
greater than storage modulus.

With the increasing of angular velocity, the
curve of log G" increases with the slope of tan
a=0.742, while the curve of log G' increases with
the slope of tan a=0.834. When the angular
velocity is 68.1 s, the values of G' and G" are
similar. Therefore, the increasing rate of elastic
response is greater than that of viscous response at
high shearing rate. When w=100 s or higher, the
elastic response is greater than viscous response.
At low angular velocity (@ <2.15 s1), complex
viscosity 77° shows the behavior of shear-thinning.
When @ =2.15 s, complex viscosity becomes the
smallest, i.e., the resistance force is the minimum.
After that point, complex viscosity quickly
increases at the rate of tan a>1 with the increasing
of angular velocity (3.16 s'=w=100 s1), i.e. the
slope of curve log77” is tan a=1.3.

This phenomenon is much like the model of
viscoelastic combination. According to the dynamic
experiment of Maxwell liquid, there are following
two cases (Gebhard 1998; Thmas et al. 2006).

Case (1): (A@)? <<<1,G'=GAD*..G =nw (6)
Case (2): (A@)* >>>1,G'=G..G =G /nw  (7)

According to the behavior of Maxwell model,
in case (1) where the frequency is low, the storage
modulus scales as the frequency squared, whereas
the loss modulus is proportional to the frequency.
In this regime, the viscous component is greater
than the elastic component since the model has
enough time to respond to a given strain (Gebhard
1998). In case (2) the frequency is high and the
dashpot does not have enough time to respond to
the given strain. In this regime, the elastic
component dominates and the substance behaves
like a spring. Therefore, the rheological behaviors
of debris flow slurry belong to the typical behaviors
of viscoelastic fluid. In a separate study, storage
modulus not only increases with the increasing of
concentration of debris flow slurry, but also is
affected by the content of coarse particles (sand).
The higher the proportion of coarse particles is, the
greater the storage modulus is.

2.2 The theorem of Pythagoras showing
the relation of G, G"", G* and tan &6

The viscoelastic behavior of each real material
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consists of a viscous and an elastic portion (Haake
information report 1991). This sum can be
illustrated by a vector diagram when G’ is plotted
on the x-axis and G" on the y-axis (Figure 3), and
also can be described by Equation (8). The length
of each vector represents the wvalue of the
corresponding parameter. G* is the vector sum, i.e.
the resultant of the two proportions G' and G",
therefore characterizing the complete viscoelastic
behavior which consists of both the elastic and the
viscous portion.
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Figure 3 The vector diagram showing from G', G"
and G*

The relation between G', G" and G* may be
illustrated when using the theorem of Pythagoras
(philosopher and mathematician in ancient Greek,
570 to 496 BC) concerning the relation between the
lengths of the sides of a rectangular triangle
(Equation (8)):

G*=4/(G')*+(G")* (8)

Based on this trigonometric relation, the loss
modulus is illustrated in Figure 2 as the side
opposite to 6 divided by the side adjacent to &,
which is defined as the tangent of the angle &
(Haake information report 1991):

tand =G'"/G' 9)

According to the equation in Figure 3, the
slope of G* and G" in this sample is 1.068, i.e., the
angle between viscous response and the complex
modulus (G*) is 46.9° (=45°). According to Table 1,
it is a very interesting phenomenon, indicating that
the coexistence of the viscous response and the
elastic response within the changing range of
angular velocity, namely when the
hyperconcentrated debris flow moves with a high
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Table 1 Rheological behavior from §, tan §, loss modulus and storage modulus (Haake Information Report 1991)

Ideal-viscous flow Viscoelasticliquid  Viscoelastic behavior Viscoelastic gel or solid Ideal-elastic deformation

6=90° 90°>6>45° 6=45°
tan 6— o tan 6>1 tan 6=1
G'—o G">G' G"=G'

45°>6>0° 6=0°
tan 6<1 tan 6—o0
G'<G' G"—o0

Note: Viscoelastic behavior refers to the viscoelastic behavior showing 50/50 of the viscous and elastic portion

speed overall, there are both solid-like behaviors
and the behaviors of viscous fluid.

Complex modulus (G*) represents the total
resistance forces against the applied strain. The
complex modulus and phase-shift angle & of real
viscoelastic materials vary with frequency (Haake
information report 1991), therefore, frequency
sweep should be made within the set range during
forced oscillatory tests, the value of G* and § with
the changing frequency should be measured, then
the spectrum line of G* and § can be got. The curve
of § with the changing frequency increases within
the range from 0° to 90°, which indicates that the
changes of viscose response and elastic response of
the sample in low and high frequency are different.
Figure 4 shows the relationship between phase-
shift angle and complex modulus of debris flow
flurry under angular frequency. At the low
frequency of angular velocity (0.1-0.316 s7),
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Figure 4 The relationship between phase-shift
angular and complex modulus under angular velocity

complex modulus changes at the rate with the
power law index of — 2.187 and rapid shears
thinning (Equation (10)). When the angular
velocity is bigger than 3.16 s, complex modulus
increases at the rate with the power-law index of

1.041 (Equation (11)), which indicates that the total
resistance force of debris flow slurry increases with
the increasing of angular velocity (frequency). The
changing behaviors of complex modulus are
basically consistent with the change of complex
viscosity showing in Figure 2.

G*=0.0275(@) "

(10)
when 7 <0.316s™"....R* =0.9792

G*=0.416(@)"*"
when 0.316s" < ¥ <100s™"....R* =0.9738

The results of debris-flow dynamic oscillatory
tests show that the curve of phase-shift angle &
changes within the range from 39.9° to 70°. When
the angular velocity changes within low frequency
range (0.1-3.16 s1), phase-shift angle increases at
the rate with the power-law index of 0.061, i.e.,
from 56.17° (w=0.1 s1) to 70.2° (w=3.16 s1). If §
=45°, viscoelastic behavior showing 50 to 50 ratio
of the viscous and elastic portions, the viscous
response gradually increases with the increasing of
angular velocity, rising from 62.4% to 78%, while
the elastic response decreases relatively (Equation
(12)).

However, when ©>3.16 s, the phase-shift
angle slightly decreases at the rate with the power-
law index of 0.061, i.e., from 70.11° (w=4.64 s) to
39.8° (w=100 s7). It indicates that the viscous
response of the sample gradually reduces, i.e., from
78% to 44%, while the elastic response slightly
increases relatively (Equation (13)).

8 = 66.682( )%

(12)
when y<3.16s7'..R?* =0.9445

5 =98.656( )17 (13)
when 3.16s' <y <100s™"...R? = 0.8477

Equation (9) is the ratio of loss modulus to
storage modulus, which shows the energy changing
characteristics of viscous deformation and elastic
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deformation of viscoelastic deformation behaviors.
Generally the change of tan § ranges between o and
o (Haake information report 1991), showing in
equation (14):

0<tand < oo....(sin ce.0® <5< 90°

(14)
or.df .in.rad.0< 6 <7/ 2)

The changing characteristics of §, G' and G" of
ideal-viscous and ideal-elastic behaviors have been
discussed above, and Table 1 can be further
illustrated as follows:

For the liquid state (sol state) holds:
tand>1 (since G">G")

For the gel state (solid state) holds:
tan 6<1 (since G"<G")

At the gel point holds:

tan 6=1 (since G"=G")

2.3 The characteristics of the ratio of loss
modulus to storage modulus:

The test results and analysis can further
confirm that natural gravelly soil (solid) on steep
slopes will suddenly become thixotropic
liquefaction (liquid) under extreme heavy rainfall.

i

tand

(I 1 1 L 1
0 20 40 60 80 100

Angular velocity (s™)

Figure 5 Changing ratio (tan 8) of G" to G' with
angle velocity

Gel state is the critical point.

2.3.1 The change characteristics of tan §

Figure 5 shows, with the increasing of angular
velocity, there is a turning point of the ratio value
(tan &) of loss modulus to storage modulus at the
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angular velocity of 3.16. At the early stage of low
angular velocity ( @ =3.16 s1), tan § increases
rapidly at the slope of 0.385 with the increasing of
angular velocity (Equation (15)).

When the angular velocity is higher (3.16< « =
100 s1), tan & gradually decreases with the
increasing of angular velocity, its slope is —0.02
(Equation (16)). The turning point of tan & is
consistent with that of phase-shift angle 6 showing
in Figure 4. While the last two points on the x-axis
in Figure 5 show: when «@=68.1 s, tan 6=1.13 — 1,
i.e. 6=54.01°; when @=100 s, tan6=0.89 <1, i.e.
6=39.8°<45°, G"<G', which indicates debris flow
slurry has shown the behavior of viscoelastic gel or
solid (Table 1).

tand = 0.385.0 +1.788

(15)
when 3.16 > 7>0.1.s7"...R* = 0.8145

tan 0 =—0.020@ +2.591

(16)
when 100> 7 >3.1657"...R* =0.914

2.3.2 The change characteristics of
modulus difference (AG)

Modulus difference (AG) is introduced based
on the above analysis to describe the quantitative
changes between loss and storage modulus and the
turning point from liquid into solid. As shown in
Figure 6.

q
o

6

Y= 5E-07w" —(].ﬁ(l]'[)(]l\\'; F0.005W +0.113 1w+
R’ =0.9931

b0

AG (Pa)

Hg— L i

Angular velocity (s

Figure 6 Modulus difference (AG) with angle
velocity

If AG = G"-G', then there is fourth order
relationship between the modulus difference and
angular velocity, and there are four phases of
change (Equation (17)).

AG =2e—-06m"* —0.00037°> +0.017>2

(17)
+0.0618@ +0.377....R?> =0.9904



We discuss the turning point from liquid into
solid as following;:

(1) The semi-logarithmic curve in Figure 6
shows there are 18 points, whose loss modulus is
greater than storage modulus, among the 19 points.
At the beginning of deformation (w,=0.1 s%),
viscous response is 1.29 Pa greater than elastic
response (Figure 1), viscous response accounts for
62.4%.

(2) However, when 0.1<w<0.464 s, AG
decreases at the rate with the slope of -1.41 when
angular velocity increases, i.e. shear-thinning. AG
decreases from 0.63 Pa (w.=0.147 s) to 0.165 Pa
(w5=0.464 s1), which shows the increasing rate of
viscous response is slightly less than that of elastic
response.

(3) When 0.681<w<46.4 s, modulus
difference (AG) significantly increases at the rate
with the slope of 1.52 (Equation (18)). During this
phase, the increasing rate of viscous response is
much higher than that of elastic response, i.e., AG
increases from 0.189 Pa (ws=0.681 s?) to 1.308 Pa
(w2 = 6.81 s1) then to 6.5 Pa (w;,=46.4 s1). At this
phase, the maximum modulus difference (AG, w;,)
is 34.4 times of the minimum modulus difference
(AG, we), viscous response increases from 73% to
78%.

(4) When 46.4< @ = 100 s, modulus
difference ( 4 G) indeed decreases at the rate with
the slope of -0.31 (Equation 19). If calculated with
the Equation (19), when AG=0, then @ is 72.46 s,
i.e. G"=G', which indicates the 50 to 50 ratio of
viscous response and elastic response. Therefore,
this value can be considered as the gel point when
debris flow slurry shows behavior of a viscoelastic
gel or solid (Table 1).

AG =0.1517@ +0.2556 R* =0.9706 (18)
AG =-0.309 +22.449..R* =9292 (19)

3 Relationship of Viscoelastic Modulus
with Liquefaction and Movement of
Debris Flow

For loose soil with many pores in debris flow
formation areas (Wang et al. 1999), its mutable
modulus is larger than that of the ordinary soil
because its permeability and drainage are greater
than those of ordinary soil. Therefore, it is difficult
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for the slow loading process to cause the excess
pore pressure in an actual sense for the soil.
However, an abrupt and powerful dynamic loading
(for example, earthquakes or strong turbulences)
or torrential rain will cause transient excess pore
pressure because of the difficulty in the timely
dissipation of the interspace water (Vieyamofe
1987; Zhang et al. 1981). Because of the dilating
clay particles in the interspace, the drainage in the
pore space is reduced. The torrential rain rapidly
gets into the pore space. So the water is
accumulated on the earth surface and the drainage
is slowed down. When there is the excess pore
pressure, the soil stress resistance is reduced
notably:

7, =C+o,tangp=C+(0,—P,)tang (20)

Soil stress strength decreases P.tan ¢ because
of excess pore pressure. When o, — P, soil stress
strength nearly reduces to zero. Therefore it is from
this action of the excess pore pressure on the
avalanche of debris soil that causes the occurrence
of debris flows. So storage modulus<loss modulus
at the beginning of debris flow occurrence, and
complex viscosity also shows quick shear-thinning.
As for the thixotropic rheological property which
exists in the debris flow slurry, Wang has studied
its sudden, strong destruction, initial phase at a low
speed, and the relation between thixotropic energy
and thixotropic stress, especially discussed the
mechanism of thixotropic initiation and surge flow
of viscous debris flow (Wang et al. 2004).

When the volume concentration of
hyperconcentrated viscous debris flow is more than
50%, the pore water could not freely transmit the
pressure, because the interspaces increase between
grains. When the pore outside of the particle is
open though, the particle can be acted by water or
air pressure. When the pore inside of the particle is
closed, in order to support the particle along the
vertical direction, it is necessary to increase the
excess pressure besides its balance with gravity of
the particle in water (Qian 1989). The closer the
packing of particles is, the greater excess pressure
is. The excess pressure can cause the viscous
cohesion between coarse and fine particles, which
makes the debris grain suspension. The experiment
showed grain weight supported by excess pore
pressure is 92.29% of the total weight, i.e., the
value of Pgs/Pyo is 92.29% (Pierson 1981; Qian
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1989; Vieyamofe 1987; Wang et al. 1999; Zhang et
al. 1981).

The flocculent structure of debris flow slurry
gradually develops a higher density (Zhang et al.
1981), and the higher the density is, the greater the
strength of its structure is. The rate of flow speed
has played an important role in structural levels in
the process of flowing. The structural levels of
suspended particles of debris flow will be different
in various places of shearing ground in order to
adapt to flow speed. The structural levels change
with time in various stages. The studies also show
that Pr (the energy value of soil water) will
approach zero, when the equivalent pore size
ds>0.3 mm. When ds;=0.002-0.03 mm, Pr is 2-3,
the suction of soil water is 1 x 104~2 x 105 Pa.
When d;<0.002mm, the suction of soil water is 2 x
105 ~ 15 x 105 Pa (or called excess pore pressure)
(Yao et al. 1986). Therefore, when the angular
frequency is at the middle or high speed in the
dynamic oscillatory tests, both loss modulus and
storage modulus increase with different degrees.

Iverson (1989) made experiments of dynamic
pore pressure fluctuation in rapidly shearing
granular materials. He found that the excess pore
pressure appears the dynamic balance for texture
to be destroyed (pore open) and for texture to
resume (pore close). The dynamic oscillation
experiments showed that (Figure 5), when the
angular velocity was 100s? in stable shearing
movement, the storage modulus of debris flow
slurry was 9.5 Pa greater than the loss modulus, i.e.
tan ¢ <1. The hyperconcentrated viscous debris
flow was in a gel state. The following experimental
studies combining with the dynamic oscillation
experiments of debris flow slurry can further
explain that debris flow slurry (its weight ratio is
only about 40% of debris flow) of high viscosity
(77 =0.177Pa.S) and high yield stress (7 =50.3Pa)
together with coarse particles whose diameter is
larger than 2mm (its weight ratio accounts for
about 50-66% of debris flow) can form
hyperconcentrated viscous debris flow (the solid
volume concentration is up to 70-80%) which is in
a solid state with "neutral suspension quality". All
grain including gravel without sorting appears to
move as a similar whole. According to Friedman's
sorting standard of fluid particle separation
(Shanbei Group of Chengdu Geological College,
1978), when 0,>2.6 &, the degree of sorting is the
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worst. The degree of sorting of sandy flood (o, is
0.99 ®) and diluent debris flow (o, is 1.41) are
worse, while the degree of sorting of viscous debris
flow (0, is 4.28-4.5 ¢ ) is very poor or no sorting at
all. Its sorting is similar with those of the samples
from its formation areas (0,=4.4 ¢ ) and deposition
areas (0,=4.05d). It is affected by the factors of
short transportation distance and fast deposit
speed of solid materials in viscous debris flow, but
the most important factor is the overall movement
of the fluid. Therefore, the sorting coefficient is
often used as an indicator reflecting the moving
process and deposit status of debris flow.
Cumulative probability curves of viscous
debris flows can express different moving ways of
solid particles in shearing flow ground. The
cumulative probability curves of sandy flood and
debris flow are double hops of concave and convex
peak respectively because of the shearing
difference between the fluid viscous force and the
turbulent dispersive stress. The different forms of
cumulative probability curves in Figure 7 show that
the curve of sandy flood (curve 1) is the concave
line, and the curve of diluent debris flow (curve 2)
is the convex line. They are clearly divided into
suspended moving section and push moving
section, therefore, the sorting is good. While the

24

304
40+

Cumulate percentage (%)
8

Grain diameter (¢)

Figure 7 Cumulative probability curves of viscous
debris flows. 1.Sandy flood; 2. Diluent debris flow; 3.
Transition debris flow; 4. Low concentrated viscous
debris flow; 5. Medium concentrated viscous debris
flow; 6. Hyperconcentrated viscous debris flow; 7.
Sample from formation area; 8. Sample from
deposition area.



curves of viscous debris flows (curves 4-6) are
smooth convex curves, or called the double-jump
upward angle convex curve. The distribution of
particle size ranges widely. There are suspending
segment and moving segment, but not very obvious,
so the cumulative probability curve of viscous
debris flow is called smooth curve of the overall
movement. Therefore, there is very bad sorting or
no sorting at all. The curve 4, 5, 6 in Figure 7
respectively represent the cumulative probability
curve of low, medium and high concentrated
viscous debris flow collected at Jiangjiagou Ravine,
and their solid volumes are 0.6876, 0.7406 and
0.801 respectively. These findings further explain
why hyperconcentrated viscous debris flow (with
the volume concentration of solid up to 80%) can
rapidly move on low-gradient (3-5°) ravines with
velocity at 10-18 m-s. Figure 8 is a photo of the
surge of debris flow taken on July 1, 2008. The
picture shows that debris flow was in a very thick
state like solid. The solid volume concentration of
this debris flow is 0.7588, the velocity is 7.8 m-s,
and the discharge is 764.4 m3-s.

Figure 8 Photo of the surge of high-concentrated
viscous debris flow taken on July 1, 2008 at
Jiangjiagou Ravine, Yunnan, China

We can conclude from the above analysis
about the storage modulus and loss modulus of
debris flow that hyperconcentrated debris flow is
like cement concrete which is just made, and is like
solid mass with viscous, elastic and plastic
behaviors (Shijbannofe 1982). Therefore, it further
reveals the rheological behaviors of slope loose
mass from solid to liquid. Debris flow, as a
hyperconcentrated solid water air mixture, has
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become one of major natural disasters in mountain
areas for its abrupt occurrence, great force and
great destructive power. The experimental study on
the viscoelastic stress-strain behaviors of debris
flow slurry will contribute to a further study on the
internal mechanism of the rheological properties of
debris flow, and have great significance in
developing practical forecasting system based on
warning value of rainfall, designing the velocity
parameters of debris flow controlling engineering
effectively, protecting the safety of lives and
property in mountain areas and the sustainable
socio-economic development and so on.

4 Conclusion and Discussion

(1) The rheological dynamic oscillatory tests
about the debris flow slurry from Jiangjiagou
Ravine reveals that the viscoelastic properties of
slurry samples includes storage modulus and loss
modulus, and they change with the changing of
angular velocity (frequency).

(2) The analysis of rheological dynamic
oscillatory tests about the debris flow slurry by
using Gauss coordinate system shows that the
rheological behaviors of debris flow slurry belong
to the typical behaviors of viscoelastic fluid. In a
separate study, storage modulus not only increases
with the increasing of concentration of debris flow
slurry, but also is affected by the content of coarse
particles (sand). The higher the proportion of
coarse particles is, the greater the storage modulus
is. Therefore, this experiment further explains why
hyperconcentrated viscous debris flow (with the
volume concentration of solid up to 80%, coarse
particles whose diameter is larger than 2mm
account for about 50-66% of debris flow) can
rapidly move on low-gradient (3-5°) ravines with
velocity at 10-18 m-s.

(3) The analysis of G', G", G* and tan § by
using the Theorem of Pythagoras shows the
coexistence of the viscous response and the elastic
response within the changing range of angular
velocity, namely when the hyperconcentrated
debris flow moves with a high speed overall, there
are both solid-like behaviors and the behaviors of
viscous fluid. Therefore, this experiment reveals
the hyperconcentrated viscous debris flow is like
cement concrete which is just made, and is like
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solid mass with viscous,
behaviors.

(4) The analysis of tan§ further confirms that
natural gravelly soil (solid) on steep slopes will
suddenly become thixotropic liquefaction (liquid)
under extreme heavy rainfall. Gel state is the
critical point.

(5) The quantitative test and analysis about the
viscoelastic behaviors of different viscous debris
flows from triggering, thixotropy and shearing
movement were not developed both at home and
abroad for the restrictions of rheological

elastic and plastic
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