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Abstract:
Former studies show that the coarse particle plays a very important role in the determination of the yield stress of fluid-solid
mixtures such as debris flows. The characteristics of the coarse particle in these mixtures include particle size, gradation, shape,
and type of material. To assess the influence of these coarse particles on the yield stress the concept of equivalent volumetric
solid concentration C is introduced. The equivalent concentration can be derived from the volumetric solid concentration by
considering the particle size, gradation, shape, and type of material. Laboratory experiments to determine the yield stress of
various mixtures were conducted to calibrate the coefficients of these coarse particle characteristics. A yield stress phenomenological expression is proposed using the refined volumetric solid concentration (equivalent concentration), which could
be calibrated by the experiments in this study. The validation of this phenomenological expression with data from literature
shows good agreements, especially for higher volumetric concentrations of the sediments.
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INTRODUCTION

Suspensions of solid particles are frequently encountered in manufacturing processes and in natural flows.
The yield stress is an important parameter to describe
the flow characteristics of these industrial mixtures
and of natural flows, such as debris flows, which cause
fatalities, property damages, and landscape changes
each year. Some progress has been made in the determination of the yield stress of fluid-solid mixtures such
as debris flows in recent years. For instance, the yield
stress of debris flows with coarse particles can be acquired indirectly with yield stress formula using parameters such as density, thickness and gradient of the
debris flows on an accumulation fan.
According to Ancey and Jorrot [1] and Yu et al. [2]
the yield stress is related to the solid volumetric concentration, coarse particle characteristics, and the type and
percentage of clay. The volumetric concentration has a
larger influence than the type of clay minerals. Especially the coarse particle characteristics, such as the size and
the size distribution, the shape, and the type of material

of the particles have a significant effect on the yield
stress [2]. Also other stressed the importance of coarse
particles for the yield stress of fluid-solid mixtures. Fei
and Zhu [3] measured the yield stress of mixtures from
a sample of debris flows (eliminating the grains larger
than 0.15, 0.5, 1, and 2 mm) with a viscometer. They
showed that the yield stress increased with a decreasing
diameter of the particles in the test mixtures with the
same volumetric concentration. Wan et al. [4] obtained
some results from viscometer experiments on slurries
with a high concentration. They showed that the yield
stress of a slurry is determined by the content of fine
particles: the more fine particles in a sediment, the larger the yield stress. Tang [5] concluded that the yield
stress increases with the increasing solid concentration,
but decreases with increasing diameter of the particles.
Zhang [6] studied the influence of solid concentration
and particle size distribution on the rheological characteristics of mixtures. He pointed out that for large concentrations the interaction forces between particles increase with increasing uniformity of the particle size distribution.
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iments of Ancey and Jorrot [1] and this study were larger
than 0.25 mm. So the intermediate particle size lies in
the range of 0.005 – 0.25mm. This study did not consider the influence of the intermediate particle size on the
yield stress. This may explain the errors in our validation
using the data of Coussot et al. [29] with an intermediate particle size fraction of 20 % and the Huoshao Gully
[32] with an intermediate particle size fraction of more
than 35 %. The influence of the intermediate particle
size fraction on the yield stress cannot be ignored in
these debris flows. The data of Marr et al. [31] gives also
relatively large errors in our validation, for volumetric
concentration C0 > 0.47. Here again the influence of the
intermediate particle size fraction may have played a
role because most of the particles have a size less than
0.25 mm in the experiments of Marr et al. [31]. Therefore
the effect of the intermediate particle size fraction on
the yield stress should be researched in future work.
The application of the method of Yu et al. [2] to prototype debris flows gave problems in the Xiaogou Gully
[33] and the Dagan Gully [34]. Debris flows were triggered by heavy rainfall in these two gullies on July 17,
2010. The debris flow deposits were quite different:
muddy clay rich deposits in the Dagan Gully while the
deposits in the Xiaogou Gully contained more silty sand
and less clay. The yield stresses were about 5400 Pa and
1700 Pa, respectively. The estimated volumetric concentrations C0 of the debris in the flows were 0.841 and
0.818in the Dagan and Xiaogou Gully, respectively [2].
The calculated equivalent clay mineral percentage of
the flow in the Xiaogou Gully was P = 0.15, which is too
large for this gully because the debris flow deposit contains only a small amount of clay [2]. The refined coefficient a is assumed to be the same as the coefficient of
[29] and of the Huoshao Gully is 1.02 (Table 2) [32]. The
equivalent clay mineral percentages of P = 0.075 and
P = 0.034 for the debris flows of the Dagan Gully and Xiaogou Gully are now back calculated with Equation 9
for yield stresses of 5400 Pa and 1700 Pa, respectively.
These calculated P percentages of the debris flows in
the Xiaogou Gully and Dagan Gully may approximate
the field percentages because the debris flow deposits
contains only a small amount of clay in Xiaogou Gully,
and a relatively larger amount of clay in Dagan Gully.
The prediction of the yield stress with Equation 9 it is
better than with the equation of Yu et al. [2].
The maximum diameter of solid particles of debris
flows in our experiments was 20 mm, which is 2 orders
of magnitude smaller than the dimension of large
blocks often found in prototype debris flows (e.g. order
of magnitude around 1 m). The effect of large particles
on the yield stress has not been considered in the research presented in this paper, but the problem will be
tackled in future work.
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CONCLUSIONS

Through experimental research on the yield stress of
fluid-solid mixtures such as debris flows, in relation to
the characteristics of coarse particle such as the size,
gradation, shape, and type of material, the following
conclusions can be made:
n The coarse particles influence the yield stress through
the effective volumetric solid concentration. The effective solid concentration can be refined by the
coarse particle characteristics such as the size and
shape of the particles, the size distribution, and the
type of material. Therefore we introduced the concept
of the equivalent volumetric solid concentration C.
n The refinement coefficient for the gradation obtained by calibration using the experiments with
sand is C1 = 0.18.
n The refinement coefficient for the size expressed as
the volume average diameter obtained by calibration using the experiments with sand is C2 = -0.01
(with the refinement coefficient C1 = 0.18).
n The refinement coefficient for the shape obtained by
calibration using the experiments with glass and
POM is C3 = -0.4 (with the refinement coefficient
C1 = 0.18, and C2 = -0.01).
n The values for the material refinement coefficient n
are obtained by calibration using the experiments
with glass, PVC, and POM (with the refined coefficient C1 = 0.18, C2 = -0.01, and C3 = -0.4). The values
for the coefficient n of sand, glass, PVC, POM, and
POM with 5 % of glass fiber are 1, 1, 0.93, 0.9, and 0.95,
respectively.
n The validation of the revised formula for predicting
the yield stress, including the effect of coarse particles, with data from the literature shows a good
agreement with the measured yield stress, especially for higher volumetric concentrations of the sediments.
Further tests including particles of an intermediate size
should be carried out to check its effect on the yield
stress. Another point which also deserves further investigation is the unique role of the chemical conditions of
the surface for each material type which also have a significant effect on the yield stress. More attention
should be paid in the future to the mechanisms related
to the chemical conditions.
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