7" International Conference on Debris-Flow Hazards Mitigation

Effect of rheological properties on debris-flow intensity and
deposition in large scale flume experiment
Ba-Quang-Vinh Nguyen?, Ji-Sung Lee?, Yun-Tae Kim#,
Seung-Rae Lee®, Tae-Hyuk Kwon®

2 Dept. of Ocean Engineering, Pukyong National Univ., Busan, Republic of Korea
® Dept. of Civil and Environmental Engineering, KAIST, Daejeon, Republic of Korea

Abstract

Debris flows are one of the most serious hazards in the mountainous areas. To assess and mitigate the debris-flow hazard, debris-
flow intensities and deposition on fans must be estimated. Rheological properties including yield stress and viscosity are major
parameters to describe and predict behaviors of debris flow. In the present study, the effect of rheological properties on debris-flow
intensities and deposition on fans of natural clay was investigated using large scale flume experiments. The experimental device
employed in the tests consists of a tilting flume with an inclination 17°, on which a steel tank with a removable gate was installed.
A final horizontal plane works as the deposition area. Natural soil samples of different water contents were tested. Rheological
properties of soil mixtures were obtained from vane-rheometer tests. Non-linear regression analysis was used to assess the effect
of yield stress and viscosity on debris-flow velocity, runout distance, deposited area and deposited volume. We found that the
relationship between surface velocity profile and horizontal distance was complicated and could be expressed by sixth order
polynomial function. Mean velocity, runout distance, deposited area decreased following a power law with an increase in yield
stress and viscosity. Empirical equations were proposed to estimate these properties. The results of laboratory tests compared
reasonably well with the results from numerical analysis. The results indicated that yield stress and viscosity play a significant role
in the behavior of debris flow.
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1. Introduction

A debris flow is a moving mass of loose mud, sand, soil, rock, water and air that travels down a slope under the
influence of gravity. High velocities and deposition on debris-flow fan are a hazard to residential areas. On July 27,
2011, a large catastrophic debris flow occurred in Seoul in Korea, this debris flow event caused the deaths of 49 people
and affected 125,000 people. Therefore, the evaluation of debris-flow intensities and their deposition on fans are a key
requirement to reduce the risk from debris flow. The debris-flow intensities can be expressed through velocity and
runout distance. The deposition on fan can be represented by deposited area and deposited volume. Until now, many
researchers have focused on the estimation and assessment of velocity, runout distance and volume of debris flow.
The velocity and runout distance of a debris flow can be assessed via two methods including: theoretical methods
(Hungr et al. 1984, Cannon and Savage 1988, Van Gassen and Cruden 1989, Takahashi 1991, Hungr 1995, VanDine
1996, lverson 1997, Rickenmann 2005, Armanini et al. 2009) established mass and momentum conservation equations
using the depth-integrated method based on the continuum theory; empirical methods estimated debris-flow
properties using regression analysis based on data from field observatory or flume experiment (Hungr et al. 1984,
Johnson 1984, Tkeya 1989, Corominas 1996, Rickenmann 1999, Chen and Jan 2000, Marchi and D’ Agostino 2004).
The key steps in theoritical methods are the selection of parameters that can be difficult to accurately estimate, such
as rheological properties, flow depth, flow velocity along the channel, etc...; while the formulas obtained from
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empirical methods are limited to specific regions or flow conditions. In addition, the above studies have not considered
clearly the effect of soil properties: grain size, clay fraction, water content, solid volumetric concentration, yield stress
and viscosity on debris-flow behavior. From this point, this paper assess the effect of rheological properties on velocity,
runout distance and deposition on fan of debris flow using the series of large scale flume experiment with natural clay
at different water contents. Rheological properties of natural clay including yield stress and viscosity were obtained
by large scale vane rheometer test. We compared results of flume tests with analysis using the BING numerical model.
The results indicate that rheological properties like yield stress and viscosity play an important role in debris-flow
behavior.

2. Materials and Methods

The laboratory tests were carried out using natural clay were collected from Miryang and Hwangnyeong mountains
in Korea. Both soils in Miryang and Hwangnyeong mountains were classified as well graded sand-clay (SW-SC) with
particle size distribution curve is shown in Fig. 1. In the laboratory tests, water content of material sample ranges from
48.9% to 83.2% in flume experiments and from 36% to 59% in vane rheometer tests as presented in Table 1. A series
of large scale vane rheometer test and flume experiments were carried out to assess the effect of debris-flow
rheological properties on velocity, runout distance and deposition on fan. A woody flume with a cross section is a
isosceles trapezoid, with 4 m long and was adjusted to a slope angle of 17° for this set of experiments (Fig. 2). Then,
the results of laboratory tests were compared with the results from simulations using Bing model. BING is a one-
dimensional model for simulating the flow of debris flows. The governing equations are integral forms obtained from
the slender flow approximations typical in the application of Boundary Layer Theory. Slope angle is assumed to be
sufficiently small to allow the approximations siné= tand= S and cosé= 1; here S is bed slope. The general
formulation used in BING is described in Imran et al. (2001). It is based on the formulation for a Bingham slurry.
The numerical formulation is the Lagrangian scheme.
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Fig. 1. Particle size distribution curve of soil sample
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Table 1. List of the experiments of flume test and vane rheometer test

Flume experiment Vane rheometer test
Soil

No.  Water content (w, %) No. Water content (w, %)

1 48.9 1 36.4

2 49.1 2 37.2
Miryang 3 56.8 3 40.9

4 68.5 4 44.6

5 49.0

1 51.5 1 44.7

2 63.8 2 46.8
Hwang- 3 67.3 3 49.8
nyeong 4 75.4 4 54.6

5 79.1 5 59.3

6 83.2

3. Results and Discussion
3.1. Rheological properties

Fig. 3 presents a series of flow curves of the experimental results for Miryang soil (Fig. 3a) and Hwangnyeong soil
(Fig. 3b) at different water content. All soil mixtures have a non-Newtonian fluid behavior. Experimental results
showed that shear stress increased as shear rate increased at given water content. The test results are consistent with
the results reported by Scotto Di Santolo et al. (2010), Jeong (2010), Kang (2016) and Nguyen et al (2018). Fig. 4a
expresses the influence of water content on the yield stress (7, Pa) for Miryang soil and Hwangnyeong soil. As water
content increases an exponential decrease in the yield stress is observed. This relationship is in line with the
experimental results of Kang (2016) and Nguyen et al. (2018). Fig. 4b shows the relationship between plastic viscosity
and water content of soil materials in Miryang and Hwangnyeong mountains. An increase in water content is
accompanied by an exponential decrease in the plastic viscosity (7, Pa.s) of all the tested soil mixtures, which is in
line with the results obtained in a study of Ghezzehei and Dani (2001), Parsons et al. (2001), Kang (2016) and Nguyen
et al. (2018). From these results, the yield stress and viscosity of soil mixtures used in the flume experiments were
calculated from Fig. 4.

Fig. 2. (a) The large scale vane rheometer (Kang and Kim, 2016); (b) The large scale flume experimental device
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Fig. 3. Fitting rheological models obtained from experimental results at the different values of water content (a) Miryang natural clay; (b)
Hwangnyeong natural clay
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Fig. 4. Relationship between rheological properties and water content (a) Yield stress; (b) Viscosity
3.2. The effect of rheological properties on debris-flow properties

Fig. 5 shows front velocity profile of debris flow verus distance from the gate with different water content for
Miryang soil (Fig. 5a) and Hwangnyeong soil (Fig. 5b). The sixth order polynomial function is a regression line of
the front velocity profile with R%>0.7. The front velocity can be described through three phases including: Phase 1,
front velocity increases linearly with time and the rate of increase slightly depends on the rheological properties; Phase
2, the velocity increases to reach peak value. This value increase when water content increases. Location to reach peak
front velocity also depends on water content. This result indicates that the peak velocity was very sensitive to the
change of rheological properties of debris-flow material; Phase 3, front velocity decreases from peak then it increases
again to reach another high value. Finally, it decreases to zero at the end of deposition area. The results of flume
experiment were also compared with velocity profile obtained from BING simulation (Fig. 6). There were differences
in the shape of experimental front velocity profiles from those of the BING model. In the Bing model, the velocity
profile can be divided to two phase: firstly, velocity increases linearly to archive a peak value; secondly, the velocity
decreases from peak value to zero at the end of deposition area. However, the effect of rheological properties on front
velocity was clearly observed with the rate of increase of front velocity and the peak velocity increases with a decrease
in values of the rheological properties-namely, viscosity and yield stress. These results indicate that front velocity of
debris flow behaved in a complex manner with time and was very sensitive to the change of rheological properties.
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Fig. 5. Regression curve of front velocity profile of debris flow verus distance from gate at different water content (a) Miryang natural clay; (b)
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Fig. 6. Front velocity profile of debris flow verus distance from gate at different water content obtained from BING simulation (a) Miryang
natural clay; (b) Hwangnyeong natural clay
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Fig. 7. Correlation between experiments and numerical simulation (a) Maximum velocity; (b) Runout distance

Fig. 7 presents the correlation of results between flume experiments and numerical simulation. Fig. 7a shows
maximum velocity correlation between experiments and simulation with correlation coefficient is 0.827. Fig. 7b shows
runout distance correlation between experiments and simulation with correlation coefficient is 0.937. There are
underestimations in simulation results compared with experiment results. It could be explain as follows: in flume
experiment, there is the change in viscosity of debris-flow material due to deposition on the flume during flow process,
while in numerical simulation, Bing model could not consider this phenomenon.

Fig. 8 expresses the relationship between yield stress, viscosity and maximum front velocity (Vmax, M/S) on the
flume in a 3D-coordinate system. An increase in yield stress and viscosity is accompanied by an exponential decrease
in the maximum front velocity, which is in line with the results obtained in a study of llstad et al. (2004) and Breien
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et al. (2007). These studies had not presented directly the relationship between average front velocity of debris flow
and rheological properties but, they assessed the effect of clay fraction in debris-flow material on front velocity of
debris flow using laboratory flume experiments. In general, the velocities of debris flow are decreasing with increasing
in clay content of soil sample. Fig. 8 also shows the comparison between the results from laboratory experiments and
the results from BING simulation. The results from numerical simulation also expresses the effect of yield stress and
viscosity on front velocity following an exponential fit.
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Fig. 8. Relationship between front velocity and yield stress, viscosity based on laboratory experiments and BING simulations

The relationship between runout distance (R, cm) and yield stress and viscosity is reported in Fig. 9. It can be
observed that runout distance exponentially decreases with an increase in yield stress and viscosity. This result is
consistent with the conclusion obtained in a study of D’ Agostino et al. (2010) that reported the effect of solid volume
concentration of debris-flow material on travel angle of debris flow. Hurlimann et al. (2015) also presented the
relationship between runout distance and water content of soil mixture based on flume experiments. In general, runout
distance increases when water content increases. Fig. 9 also shows the comparison between the results from laboratory
experiments and the results from BING simulation. The results from numerical simulation also express the effect of
yield stress and viscosity on runout distance following an exponential relationship.
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Fig. 9. Relationship between runout distance and yield stress, viscosity based on laboratory experiments and BING simulations
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Fig. 10 expresses the relationship between yield stress, viscosity and deposited area (A, m?) in a 3D-coordinate
system. An increase in yield stress and viscosity is accompanied by an exponential decrease in deposited area and
deposited volume, which is in line with the results obtained in the studies of llstad et al. (2004) and Hurlimann et al.
(2015). llstad et al. (2004) reported the influence of clay content of the material on deposition thickness of debris
flows, such that the deposit thickness increases as clay fraction decreases. Hurlimann et al. (2015) also presented the
relationship between deposited area and water content of the soil mixture. In general, deposited area increases when

water content increases.
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Fig. 10. Relationship between deposited area and yield stress, viscosity obtained from laboratory experiments

Average front velocity, runout distance and deposited area of debris flow can be calculated from best fit equation
from Fig. 8, 9 and 10; as follows:

Umax = 3.840e700077y=00231 R2 — 0,808 ®
R = 296.9¢70:0301y=0104n p2 = 0,903 (2)
A = 2.260e"00277y=0.1031 R2 = ( 861 3)

It is noted that front velocity, runout distance and deposited area are more sensitive to the change of viscosity
than the change of yield stress.

4. Conclusions

Several series of large size vane rheometer tests and large scale flume experiments were carried out in order to
evaluate the effect of both yield stress and viscosity on the debris-flow intensities and deposition on fan. The following
conclusions were drawn from the experimental test results: The front velocity profile could be described through three
phases: Phase 1, front velocity increased linearly with time and the rate of increase was slightly dependent on
rheological properties; Phase 2, the velocity increased to reach peak value at the middle of debris flow. This value
increased when yield stress and viscosity decreased. The location of the peak front velocity also depend on the yield
stress and viscosity; Phase 3, front velocity decreases from peak then it increases again to reach another high value.
Finally, it decreases to zero at the end of deposition area. An increase in yield stress and viscosity was accompanied
by an exponential decrease in the maximum and maximum front velocity. The maximum front velocity on the flume
were more sensitive to the change of viscosity than the change of yield stress. Runout distance exponentially decreased
with an increase in yield stress and viscosity and was more sensitive to the change of viscosity than the change of
yield stress. Deposited area exponentially decreased with an increase in yield stress and viscosity, and was more
sensitive to the change of viscosity than the change of yield stress.
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