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Laboratory experiments were performed to investigate the effect of mud slurry on the flow resistance of cohe-
sionless particles in debris flow. For one thing, natural angles of repose were measured for the gravel materials
resting in air, in water, and in mud slurry separately. For another, rheological tests were taken using a vane rhe-
ometer tomeasure the torque-time response of sand particleswithinmud slurries of varying solid concentrations
both at low and high rotational speeds. The stable torque obtained at the low rotational rate, which represents
flow resistance primarily caused by particle contact friction, was nondimensionalized to compare the internal
friction coefficient in each case. Furthermore, flow resistance of sand particles within one of the mud slurries
was measured over a wide range of rotational speeds to compare with that in the dry system. It was found
that themud slurry has no significant effects on the frictional coefficient of cohesionless coarse particles. Howev-
er, the mud slurry tends to decrease flow resistance of the particles, with the effect being more significant at
higher rotational speeds or for more concentrated slurries. This derives from excess pore fluid pressure, which
is easier to maintain at higher shear rates or within more cohesive slurries.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Debris flow is a natural phenomenon with the flow behavior be-
tween those of hyper-concentration flow and landslide. The solid frac-
tion in debris flow has a wide size distribution varying from clay
particles to boulders. It is not uncommon to regard debris flow as
pseudo-homogeneous and describe its behavior with rheological
models. This method encounters difficulties in explaining some com-
plex phenomena with debris flow, such as particle size segregation
[1]. As a result, two-phase fluid models have been increasingly
employed in dynamic simulation of debris flow [2–4]. In such models,
the fluid phase is comprised of water and fine particles homogeneously
dispersed inwater, while coarser particles constitute the solid phase [5].
Both Binghammodel and Herschel-Bulkleymodel arewidely utilized to
characterize rheological properties of the fluid phase [6]. A number of
studies have focused on this issue and reveal that the rheological pa-
rameters are influenced by such factors as particle size distribution,
solid volume concentration, and mineral composition [7–8]. Particles
that comprise the solid phase of debris flow are cohesionless. Their
flow characteristics are similar to that of granular flow, in which field
paramount progress has been achieved in recent years, including the
rheological expression in flow resistance of monodisperse particles
[9–10] and particle size segregation in polydisperse granular avalanches
ain Hazards and Earth Surface
hina.
[11–12]. For debris flow, clay particles are included in the fluid phase.
Flume experiments suggest that the existence of a certain fraction of
clay minerals contributes to maintaining excess pore water pressure
in debris flow and thus enhances itsmobility [13–14]. Consequently, in-
fluences exerted by the fluid phase on flow resistance of the solid phase
should be taken into account.

Some researchers have conducted studies regarding effects of inter-
stitial fluid on granular flow. Experiments on granularmatter in Newto-
nian fluids in a rotating drum reveal that velocities of the particles
decrease with increasing fluid viscosity, while the angle of repose with
a liquid interstitial fluid is larger than that for the dry system [15–16].
Using a pressure-imposed shear cell, Boyer et al. [17] study the rheology
of cohesionless particles dispersed in a fluid with the same density as
the particle and establish relationships of the frictional coefficient and
the solid volume concentration with a dimensionless viscous number.
Fluids employed in these studies were Newtonian. In contrast, the
fluid phase in debris flow is mud slurry which exhibits yield stress and
probably produce different impacts on flow behaviors of granular mat-
ter. In this respect, experiments conducted by Ancey [18] provide some
valuable results. Making use of vane rheometry, Ancey [18] investigates
the bulk behavior of concentrated suspensions of coarse and fine (col-
loidal) particles in water and finds that the bulk behavior varies both
with the concentration of fine particles and the shear velocity.

The present researchmainly refers to themethodusedbyAncey [18]
and studies effects ofmud slurry on the flow resistance of granularmat-
ter. Instead of paying attention to flow behaviors of the suspensions, we
focus on comparing the flow resistance of cohesionless particles inmud
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Fig. 1. Measurement positions with the thread method.
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slurries of different concentrations. In this paper, Section 2 introduces
experimental materials and procedure, while Section 3 analyzes the re-
sults following which is the conclusion part.

2. Experimental procedures

2.1. Experiment on the angle of repose

For cohesionless particles, the angle of internal friction approximate-
ly equals the natural angle of repose [19]. As a consequence, effects of
mud slurry on the internal frictional angle of granular matter could be
preliminarily examined by comparing the natural angles of reposemea-
sured in air, in water, and in the mud slurry, respectively.

2.1.1. Materials
To prepare the slurry, we used the fine fraction (b1 mm) in the de-

brisflow sediment sampled from Jiangjia Gully, YunnanProvince, China.
According to the measurement by a Mastersizer 2000 laser particle size
analyzer, themedian particle size of thematerial is 0.022mm,with clay
minerals (b0.005 mm) accounting for 24.8%. The particle density is
2752 kg/m3. Dongchuan Debris Flow Observation and Research Station,
Chinese Academy of Sciences has carried out observation at Jiangjia
Gully for N50 years. Measurement data show that in viscous debris
flows, the densities of which are N2000 kg/m3 [20], the solid volume
concentration in slurry suspensions comprised of fine particles
(b1 mm) and water changes from 0.248 to 0.443, with an average of
0.349. Based on the average concentration, we prepared themud slurry
with a bulk density of 1611 kg/m3. All the fine particles could maintain
suspended for a long time in the slurry. Gravels of 10–20 mm in size
were used as coarse particles in this experiment. The particle density
is approximately 2750 kg/m3. These gravels could settle immediately
in the slurry.
Fig. 2. Sketch map of th
2.1.2. Experimental setup and procedure
The experiment was performed in a horizontal glass tank, which is

100 cm long, 30 cm wide and 70 cm deep. Considering the
nontransparent feature of the slurry, we used the following procedure
to get the natural repose angle of gravels in the slurry: (1) prepare the
slurry and pour it into the tank, then mix the slurry thoroughly by
hand; (2) pour the gravels into the slurry gradually along the central
line of the tank surface (Fig. 1), thus a sediment deposit is formed;
(3) use a fine thread (0.25 mm in diameter) tied to a steel bead
(20 mm in diameter) on one end to measure the distance between
the deposit surface and the tank surface at specific positions, which
are 1/3 or 2/3 of the width to the long side wall of the tank with an in-
terval of 5 cm, as illustrated in Fig. 1; (4) plot themeasurement data ver-
sus the distance between the measurement position and the short side
wall of the tank, and then fit data pointswith a straight line, thus achiev-
ing the angle of repose.Whenmeasuring the angles of repose in air and
in water, the same procedure was followed except step (1). For conve-
nience, this method for determining the angle of repose is called thread
method.

To check accuracywith the threadmethod, the triangle method was
also employed when determining the angles of repose in air and in
water. In this method, a triangle was depicted on the wall following
the deposit surface [19], as shown in Fig. 2. Therefore, for coarse parti-
cles depositing in air or in water, we got four angle values with each
method in one test. For these cases, the test was repeated once. For
gravels depositing in the slurry, therewere no repeated tests. Neverthe-
less, in this case additional measurements were performed at positions
that were 1/6, 1/2, or 5/6 of the width to the long side wall of the tank,
thus generating ten angle values in total.

2.2. Rheological experiment

2.2.1. Materials
Mud slurries in the rheological experimentwere preparedwithfiner

particles (b0.075mm in diameter) than that used in the experiment on
the natural angle of repose. These materials were also collected from
Jiangjia Gully. The particle density is 2752 kg/m3 and the median parti-
cle size is 9.5 μm. Six different slurries weremadewith the solid volume
concentration Cvf ranging from 0.048 to 0.292, as listed in Table 1. Rhe-
ological testswere performed on these slurrieswith the roughened con-
centric cylinder system of an Anton Paar Physica MCR301 rheometer
(radius of the rotor: 15.22 mm, length of the rotor: 45.60 mm, radius
of the cup: 21.00 mm, roughness: 0.5 mm). The curve of shear stress
versus shear strain was used to derive yield stress [21]. Repeated tests
e triangle method.



Table 1
Characteristics of materials employed in the rheological experiment.

Sample number Cvf ρf (kg/m3) τyf (Pa) Cvc Cvt N

1 0.000 0 0.00 0.506 0.506 –
2 0.000 997 0.00 0.506 0.506 –
3 0.048 1082 0.08 0.506 0.530 32.0
4 0.097 1166 0.09 0.506 0.554 28.5
5 0.145 1252 0.35 0.506 0.578 6.6
6 0.194 1337 0.70 0.506 0.602 3.1
7 0.243 1423 2.22 0.506 0.626 0.9
8 0.292 1509 5.33 0.474 0.627 0.3

Cvf is solid volume concentration in themud slurry, ρf is bulk density of themud slurry, τyf
is yield stress of the mud slurry, Cvc is the volume concentration of coarse particles in the
wholemixture, Cvt is the total solid concentration, andN is a dimensionless number as de-
fined by Eq. (1).

Table 2
Natural angle of repose of gravels in different media in degree.

Test
number

Test
method

In air In water In mud slurry

Average
Standard
deviation Average

Standard
deviation Average

Standard
deviation

1 Thread 41.95 1.77 42.15 1.53 42.66 2.77
Triangle 40.33 0.56 43.08 2.28

2 Thread 40.47 1.08 41.28 2.78
Triangle 41.46 0.61 43.09 1.27
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showed an acceptable repeatability (b20%). Table 1 illustrates the aver-
age yield stress of each slurry.

Silica sandswith the size of 0.5–1mmwere employed as coarse par-
ticles in the rheological experiment. The particle density is 2646 kg/m3.
A preliminary test showed that the volume concentration of the sand
particles shaken by hand for 1 min after random loose packing was ap-
proximately 0.506. As a result, the volume concentration of coarse par-
ticles Cvc was set at 0.506 in the rheological experiment. However, when
themost concentrated slurry (Cvf = 0.292) acted as the interstitial fluid,
it wasdifficult to saturate sandparticleswith the slurry, thus Cvcwasde-
creased to 0.474 in this case. Moreover, flow resistance of sand particles
in air and in water were also measured for comparison, which were
listed as sample 1 and sample 2 in Table 1.

2.2.2. Experimental setup and procedure
The vane geometry of the Physica MCR301 rheometer was used for

rheological tests. It consists of a four-bladed vane and a profiledmeasur-
ing cup (Fig. 3). Length of the vane is 16 mm. Radius of the vane is
11.01 mm. Radius of the cup is 21 mm.

The experiment included the following steps: (1) make the slurry
and mix it thoroughly by hand; (2) put a measured amount of sand
and slurry into the cup, then stir the mixture; (3) lower the vane to
themeasuring positionwhere the vane is just immersed in themixture;
(4) keep themixture undisturbed for 2min to release the stress induced
in step (3); (5) keep the vane rotating at a constant rate, and record the
torque acting on the vane with an sampling frequency of 1–50 Hz until
the torque remains stable; (6) lift the vane andmix the sample, then re-
peat steps (3)–(5) at another rotational rate. A circulating water bath
was used to maintain the sample temperature at 20 ± 1 °C. Two rota-
tional velocities, 0.05 rpm and 50 rpm, were examined to represent
Fig. 3. Sketch map of the vane geometry.
quasi-static state and high shear state, respectively. These tests were re-
peated once. Furthermore, more rotational speeds, spanning 0.05 rpm
to 100 rpm, were investigated for sample 1, sample 7 and the slurry in
sample 7 to study the influence of slurry on flow resistance at different
shear rates.
3. Experimental results and discussions

3.1. The natural angle of repose

Table 2 lists the experimental results on the natural angle of repose
of gravels. Angles obtained with the thread method are equivalent to
that acquiredwith the trianglemethod. The difference iswithin 2°, indi-
cating the availability of the threadmethod. The angle of repose in mud
slurry is slightly greater than that in air and in water. Taking the mea-
surement error into consideration, these angles could be regarded as
equivalent, which means the mud slurry generates little influence on
the natural angle of repose of gravels.
3.2. Rheological tests

3.2.1. The torque-time response

3.2.1.1. n = 0.05 rpm. In the quasi-static case, the torque T acting on the
vane varieswith time t in three patterns. For samples 1–3, T decreases in
the initial 3–5 min and then remains stabilized, as shown in Fig. 4. For
samples 4–5, T decreases to a minimum at the first stage, and then it
rises to a stable zone. The stable value is about 7%–13% higher than
the minimum. For samples 6–8, T climbs up to a peak value in the first
1–2min, then it decreases to a valley value and increases again to a sta-
ble region, as illustrated in Fig. 5. The stable value is at least 90% in ex-
cess of the valley value.

To analyze the data, the dimensionless number N defined by Ancey
[18] to represent the relative importance of buoyant weight to yield
Fig. 4. Variation of torque T with time t for sample 1 at the rotational rate of 0.05 rpm.



Fig. 5. Variation of torque T with time t for sample 7 at the rotational rate of 0.05 rpm. Fig. 6. Variation of torque T with time t for sample 1 at the rotational rate of 50 rpm.

Fig. 7. Variation of torque T with time t for sample 7 at the rotational rate of 50 rpm.
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strength was used as follows:

N ¼
2Cvc ρp−ρ f

� �
gR

3τyf
ð1Þ

where ρp is particle density, ρf is bulk density of the slurry, g is gravita-
tional acceleration, R is particle radius, and τyf is yield strength of the
slurry. Ancey [18] gives the following findings: whenN≫1, the bulk be-
havior of the mixture is frictional at low shear rates and viscous at high
shear rates; when N→1, the bulk behavior is time-dependent with
viscoplastic properties in the short period and frictional properties in
the long period;whenN b 1, themixture exhibits viscoplastic behaviors.

The value of N is computed for each sample with Eq. (1) and is listed
in Table 1. For samples 2–5, N≫1, the yield strength is small and coarse
particles settle quickly in the fluid, thus interparticle friction plays a
dominant role in the quasi-static state just as the situation in the dry
system (sample 1). After the sample is set in motion, the initial particle
network is destroyed. It requires some time for particles in the shear
zone to rearrange. Therefore, the torque drops in the first few minutes.
Themodest increase in torque during the later period for samples 4–5 is
probably induced by partial settling of thefineparticles in the slurry. For
samples 6–7, N→1, the settling velocity of sand particles is quite small
due to the relative high yield strength of the slurry. In the short term,
coarse particles are suspended in the slurry, and the bulk behavior is
viscoplastic. In this case, the torque initially increases with increasing
shear strain and then decreases to a minimum after yielding, forming
a peak in the torque profile in Fig. 5. This feature exhibited by some
viscoplastic materials can be employed to determine the corresponding
yield stress [22]. In the long term, with the settling of sand particles, ex-
cess pore fluid pressure gradually dissipates and thus the frictional force
increases, generating the rise stage in the torque profile in Fig. 5. For
sample 8, N≪1, the cohesive force of the slurry is large enough to
keep coarse particles suspended and the mixture is expected to exhibit
viscoplastic properties with the torque decreasing to a stable value after
yielding. In fact, the torque exerted by sample 8 on the vane varies with
time in the same pattern as that exerted by samples 6–7 in our experi-
ment although it requires more time to reach the stable zone. This can
be explained by the phenomenon that a thin layer of water formed dur-
ing the test time, suggesting that the sample experienced structural set-
tling and the excess pore fluid pressure had dissipated. Therefore, the
frictional force also dominates in sample 8 at the end of the test.

3.2.1.2. n=50 rpm.At the high shear state, the torque acting on the vane
evolves with time in two patterns. For samples 1–6, T descends in the
first 20 s, and then slowly ascends to a stabilized stage, as shown in
Fig. 6. The time required to reach the stable area is 80–90 min for
samples 1–4 and 30–40 min for samples 5–6. For samples 7–8, T only
experiences a descending stage and then remains stable, as illustrated
in Fig. 7. The decreasing stage lasts for 5–10 min for sample 7 and 60–
70 min for sample 8.

The initial decrease in torque is attributed to the same reason as that
in the quasi-static case, i.e., destruction of the particle network. Due to
the increase in shear rate, this process is much shorter. The rising
stage in Fig. 6 may result from particle migration. We found that parti-
cles in the center of the cup were coarser than other particles at the
end of the test for samples 1–2, while it was difficult to check this phe-
nomenon for the other samples due to the turbidity. In addition, we de-
tected that themixture wasmore concentrated at the bottom of the cup
at the end of the test for all samples. However, further research is need-
ed to investigate how particle migration affects the flow resistance. For
samples 7–8, which exhibit viscoplastic behaviors at high rotational ve-
locities, the rising stage in torque is absent although the mixture in the
lower part of the cup was also found more concentrated when the test
was finished. It indicates that particle migration produces different im-
pacts on the flow resistance of viscoplastic mixtures and frictional
mixtures.

3.2.2. Effects of the slurry on the flow resistance at n = 0.05 rpm and
n = 50 rpm

For each sample, both the stable torque Tsta and theminimum torque
Tmin are computed in the case of n=0.05 rpm and n=50 rpm, respec-
tively. Tsta is defined as the average of torques in the stable region of the
T ~ t plot. If T experiences a valley region in the T ~ t plot, Tmin is defined
as the minimum average of torques sampled in 1 min. If T starts with a
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decreasingperiod and then remains stable, Tmin is equal to Tsta. Repeated
tests suggest that the repeatability in Tmin and Tsta is b20%, and in most
cases it is b10%.

Mean values of the corresponding statistics in the two tests are used
to compare flow resistance of each sample. The results are shown in
Fig. 8. For all samples, flow resistance at n = 50 rpm is lower than
that at n= 0.05 rpm. This may derive from two factors. One is destruc-
tion of the particle network is more thorough at the high rotational
speed. The other is excess pore fluid press is higher at the high shear
state. When N = 0.05 rpm, Tmin generally decreases with the increase
in slurry density and exhibits three grades. Tmin for sample 1 is the
highest with a value of 6.01 mNm. Values of Tmin for samples 2–5 are
medium and range from 3 mNm to 4 mNm, which corresponds with
the role of interstitial fluids in decreasing the effective normal stress
and thus reducing the frictional force. Values of Tmin for samples 6–8
are low, varying between 1 mNm and 2 mNm. It indicates that when
the viscoplastic force plays a dominant role the flow resistance can be
further reduced. In terms of the stable torque, the difference is small.
Values of Tsta range from 3 mNm to 4 mNm for all samples except sam-
ple 1. It shows that the slurry concentration does not have significant in-
fluence on the flow resistance after the excess pore fluid pressure has
dissipated. When n = 50 rpm, Tmin diminishes with the rise in slurry
concentration as that in the case of N = 0.05 rpm. However, it does
not exhibit the characteristic of falling into several grades.

When the bulk behavior of the mixture is frictional, the flow resis-
tance is proportional to the effective normal stress. In this case, the
torque acting on the vane, consisting of the torque acting on the wall
of the imaginary cylinder and the torque acting on the lower end of
the cylinder [23], can be expressed as:

T ¼ μπri2L
2gCvc ρp−ρ f

� �
kþ 2ri

3L

� �
ð2Þ

in which μ and k are the internal friction coefficient and the lateral pres-
sure coefficient of sand particles, respectively, ri is radius of the vane,
and L is length of the vane. Thenwe can define the dimensionless torque
T′ as:

T 0 ¼ T

πri2L
2gCvc ρp−ρ f

� � ¼ μ kþ 2ri
3L

� �
: ð3Þ

In the present study, it is reasonable to suppose that k remains con-
stant from one test to another, especially for the tests with the same ro-
tational velocity, in which case the samples have undergone similar
deformation processes. As a consequence, in Eq. (3) T′ is proportional
Fig. 8. Theminimum torque Tmin and stable torque Tsta as functions of the slurry density ρf.
to μ, and the variation of T′ with slurry concentration can be employed
to reflect the influence of the slurry concentration on μ.

The corresponding dimensionless torques, T′min and T′sta, are com-
puted with the first part of Eq. (3) respectively and illustrated in Fig. 9.
When n = 0.05 rpm, samples 6–8 exhibit viscoplastic behaviors in the
short term, and their T′min values are far less than the dry system, only
46%–67% compared with that of sample 1. As to samples 2–5, they
have similar T′min values with sample 1. In the long term, the bulk be-
havior of samples 6–8 is frictional, and values of T′sta are remarkably
higher than T′min. In this case, T′sta value of sample 6 is close to sample
1, while sample 7 and sample 8 have T′sta values 30% greater than sam-
ple 1. Rheological tests using the vane tool on the mud slurries with
Cvf = 0.243 and Cvf = 0.292 show that the torques are always below
0.1mNm in the case of n=0.05 rpm,whichmeans that the torque con-
tributed by the slurry itself accounts for b4% in the total stable torque for
samples 7–8 at the low rotational velocity. The fact that samples 7–8
have higher T′sta values than the other samples is probably caused by
the increase in the total solid concentration Cvt (Table 1), which can en-
hance the compactness of the solid particles and thus increase the inter-
nal friction coefficient. The phenomenon that T′sta values of samples 1–6
are close to each other reveals that themud slurry has no evident effects
upon the frictional coefficient of silica sands. This agreeswith the exper-
imental results on the angle of repose. When n = 50 rpm, the dimen-
sionless torque values of samples 2–4 are slightly lower than the dry
system, with the difference within 15%. By contrast, the corresponding
values of samples 5–8 are much less than sample 1, with the difference
beyond30%. It indicates that even if the cohesive strength of the slurry is
insufficient to maintain the silica sand suspended, the settling of sands
is dampened to some extent at the high shear rate, and the excess
pore fluid pressure is partially preserved. The higher the cohesive
strength of the slurry, the higher the excess pore fluid pressure is, there-
by generating a more significant effect in reducing flow resistance.
3.2.3. Effects of the slurry on flow resistance at different rotational velocities
Rheological tests were performed on sample 7 to detect the torque-

time response at 11 different rotational velocities ranging between
0.05 rpm and 100 rpm. Results show that when n ≤ 22 rpm the torque
experiences a similar process to that detected at n = 0.05 rpm
(Fig. 5), and the time required to reach the stable stage decreases with
increasing rotational speed, with 50 min at n = 0.05 rpm and 6 min at
n = 22 rpm. When n N 22 rpm, the torque evolves similarly to the
case at n=50 rpm (Fig. 7). Both Tmin and Tsta are plotted versus the ro-
tational velocity in Fig. 10. Tmin decreases with the increase in rotational
velocity at low velocities (n ≤ 0.5 rpm) and increases at high velocities,
while Tsta decreases monotonously with increasing rotational speed.
Fig. 9. The dimensionless minimum torque T′min and stable torque T'sta as functions of the
slurry density ρf.



Fig. 12. The minimum torque T as a function of rotational rate n for sample 1.Fig. 10. Theminimum torque Tmin and stable torque Tsta as functions of rotational rate n for
sample 7.
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Tmin represents the bulk behavior of the mixture in the short term,
which generally approximates that of the interstitial fluid [18]. Rheolog-
ical tests on the corresponding slurry demonstrate that the stable
torque increases monotonously with increasing rotational speed, as
shown in Fig. 11. At low shear rates, the structural strength of the
slurry-sand mixture dominates in flow resistance in the short term.
The structure is destroyed more thoroughly with the increase in shear
rate. At high shear rates, viscous force plays an increasingly important
role, which increases with shear rate. This can explain the inconsistence
in bulk behaviors of the mixture and the slurry.

Tsta represents the bulk behavior of the mixture in the long term,
which is expected to be frictional at low shear rates and viscous at
high shear rates [18]. Fig. 10 illustrates that Tsta equals to Tmin at n =
50 rpm and n = 100 rpm, indicating that the viscous force dominates
in these two cases. Rheological tests on the dry system show that
when n ≤ 1 rpm the torque profile is similar to that obtained at n =
0.05 rpm (Fig. 4) while it is similar to that obtained at n = 50 rpm
(Fig. 6)when n N 1 rpm. The torque has not reached the stable stage dur-
ing the test time at some rotational velocities. Therefore, only Tmin is
plotted versus rotational rate in Fig. 12, suggesting that Tmin decreases
with increasing rotational rate. Experimental results on the rheological
behavior of dry particles in the present research are different from
some findings in the literature [24–25], which indicate that shear stress
is independent of shear rate at low shear rates while it increases with
shear rate at high shear rates. The inconsistence most likely results
Fig. 11. The stable torque T as a function of rotational rate n for themud slurry with Cvf =
0.243.
from the particle migration observed in our experiment and needs fur-
ther study. For sample 7, the variation of Tsta with rotational rate ex-
hibits the same trend as that illustrated in Fig. 12, whereas Tsta
decreases more sharply. For example, Tsta at n = 10 rpm is 27% of the
value at n=0.05 rpm for sample 7, while the corresponding proportion
is 80% for sample 1. It reveals that the increase in shear rate tends to re-
duce the settling of sand particles and maintain the excess pore fluid
pressure, thus decreasing the frictional force significantly. When n =
50 rpm, all of the excess pore fluid pressure can be maintained and
the sand-slurry mixture behaves as a viscoplastic fluid.

3.3. Discussions

Making laboratory tests simulate real debris flow conditions is not
easy. This is mainly because solid particles in debris flow are poorly
sorted and cover a wide size range varying from clay minerals to boul-
ders. It is difficult to satisfy both geometric similarity and dynamic sim-
ilarity in small-scale experiments [26]. In our rheological experiment,
the coarse particles are relatively homogeneous in size, and the total
solid concentration changes between 0.506 and 0.627. In contrast, the
bulk density of high-density, high-viscosity debris flow pulses is gener-
ally N2100 kg/m3 [27], which is equivalent to the solid volume concen-
tration of ~0.67. Consequently, it is most likely that excess pore fluid
pressure is more difficult to dissipate in real debris flows for the smaller
porosity. Moreover, the vane utilized in the test is 16 mm in length,
while the depth of real debris flows is usually measured in meters.
Hence, the normal stress in the test is much smaller than the natural
case. However, we analyzed the experimental results with the dimen-
sionless number T’, thus their availability is not limited to the experi-
mental scale.

For the limitation of the experimental instrument, excess pore fluid
pressure was not directly measured in this study. We deduced the exis-
tence of excess pore fluid pressure from the detected torque-time re-
sponse and the formation of a thin layer of water at the surface of the
sample during test. Nonetheless, the significance of excess pore fluid
pressure in debris flows have been demonstrated in both field and lab-
oratory work [13–14,28]. Large-scale flume experiments have been
conducted by Iverson et al. [14] to investigate flowmobility of two sed-
iment mixtures: sand-gravel mixture and sand-gravel-mud mixture.
They suggest that debris flows simulated with the sand-gravel-mud
mixture have higher mobility by maintaining high pore pressures in
flow bodies. Another example to demonstrate the important role of
mud in enhancing flow mobility can be found by analyzing field mea-
surement data. Data collected from 5 debris flow gullies in China show
that surge velocity increases with increasing clay content in the sedi-
ment [29].
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4. Conclusions

In this research the influence of mud slurry on the flow resistance of
cohesionless particles was studied bymeans of rheological tests and ex-
periments on the angle of repose. Measurements suggest that the slurry
has no obvious effects upon the internal friction angle of coarse parti-
cles. However, it can reduce the flow resistance via two mechanisms.
On the one hand, the slurry has higher bulk density than water, thus
the buoyant weight of the particle is decreased. On the other hand, ex-
istence of the slurry tends to maintain the excess pore fluid pressure
and make the particles partially or completely liquefied. It becomes dif-
ficult for excess pore fluid pressure to dissipate when yield strength of
the slurry is high or the shear rate is high, thus the flow resistance can
be decreased significantly. Once the particles are fully liquefied, the
whole mixture behaves as a viscoplastic fluid.

Conclusions from this research aremainly qualitative. To apply them
in the dynamic simulation of debris flow, quantitative study should be
conducted to examine how cohesive strength of the slurry and shear
rate influence the dissipation of excess pore fluid pressure in the future.
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