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In this paper an attempt is made to unravel the run-out characteristics of a mass movement in the Sichuan
Province, SW China by means of 1D numerical modelling and calibration on the topography of run-out profiles.
The Dagou mass movement started as a rockslide with an initial volume of 480,000 m?, which transformed into a
debris flow, increasing in volume due to entrainment of loose material in the upper part of the travelling track.
The rapid mass movement had a run-out distance of 1380 m and a run-out time of about 50 s.

Numerical calculations were conducted with the depth average shallow water equation to explain the variation

Keywords:
RO{Y(VS“de in thickness of the debris flow deposits along the run-out track. For the calibration of the first run-out phase, three
Debris flow rheological models were applied, namely the Bingham, Voellmy and Quadratic rheology. Calibration was done on

1) the run-out distance, 2) the run-out time and 3) the goodness of fit with the thickness of the deposits along the
track. In addition the erosion constant in the entrainment equation was calibrated on the observed versus calcu-
lated run-out volumes. Sensitivity analyses of the resistance parameters for the different rheologies showed that
the viscosity, the basal friction, the turbulence term and the resistance factor are the most sensitive ones. It ap-
peared that the variation in thickness along the run-out track can be explained by entrainment of material in
the upper part of the track and a change in parametric values during the run-out process. The three rheologies
produced a reasonable fit with the observed geometry of the run-out profile, run-out time and run-out volume.
It was argued that the Voellmy rheology seems to give the most appropriate explanation for the difference in
resistance along the run-out path. The main problem in the simulation was to stop the debris flow on a slope
with a gradient around 22°.

A reactivation of the mass movement by frictional sliding of the material half way the run-out track was simulat-
ed. It occurred 30 min after the first run-out phase due to an increase in pore pressure. The sliding material
changed into a slow flowing mass that reached a newly built up area after about 1 h and moved into Wangong
Town over a distance of 80 m.

Two-phase run-out modelling
Entrainment

Deposition geometry
Changing rheologies
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1. Introduction

This paper tries to explain the development of the Dagou mass move-
ment, China, which started as a rock slide and changed into a rapid debris
flow. A reactivation took place shortly after the first run-out phase: A part
of the mass started again as a translational debris slide, which trans-
formed into a slow moving flow.

There are a number of important issues related to the run-out of rapid
mass movements like the initiation mechanisms, type of rheology con-
trolling run-out processes, various entrainment and stopping mecha-
nisms, and threat of reactivation, which happened with the Dagou mass
movement. However, it is extremely difficult to determine in the field
or laboratory reliable rheological values for these rapid mass move-
ments. Some researchers tried to reconstruct the rheology and run-out
mechanisms of debris flows by analysing the sedimentological and
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morphological characteristics of the deposits (e.g., Kelin et al., 1992;
Whipple and Dunne, 1992; Imran et al., 2001; Iverson and Valance,
2001; Remaitre et al.,, 2005a; Staley et al., 2006). In many cases numerical
models are used for back calculation of the rheological parameters
(e.g., Ayotte and Hungr, 2000; Chen and Lee, 2003; Bertolo and
Wieczorek, 2005; Naef et al., 2006; Rickenmann et al., 2006; Medina
et al.,, 2008; Begueria et al., 2009). These back analyses of debris flows
are based on simplifications that attempt to reproduce the general fea-
tures. In most cases calibration is based on constant rheological proper-
ties, which is good practise for a general assessment of future hazard
and risk estimations in a certain region or locality. Many results of
these back calculations from all over the world can be found in Quan
Luna (2013). However there are few examples in literature, which try
to reconstruct in more detail the transient character of the rheology, ad-
ditional processes and reactivation of debris flows. One has to realize that
the movement of these debris flows is complex and influenced by differ-
ent additional processes such as various erosion processes along the
track controlling velocity and run-out distances (McDougall and Hungr,
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2005; Remaitre et al., 2005b; Chen et al., 2006; Quan Luna et al., 2012; Xu
etal., 2012). Van Asch et al. (2004) drew attention to the use of the run-
out profile of debris flows as an indicator of these changing run-out con-
ditions. It is the aim of this paper to find out whether the run-out geom-
etry of the Dagou mass movement can be used to reconstruct the
transient character of these processes like changes in rheology and resis-
tance parameters, entrainment, deposition and stopping. This will be
done by means of 1D-numerical modelling and curve fitting on the run-
out topography. In addition we will use the changes in the topographic
profile to analyse the conditions of a reactivation, which occurred in this
mass movement and which destroyed a part of Wangong Town. The
back ground information for this study was obtained from a morpholog-
ical analysis of this mass movement based on field investigations, eyewit-
ness accounts and aerial photo interpretation (Xu et al., 2010).

2. Short description of the Dagou mass movement

The location of the study area in the Sichuan province of China is
given in Fig. 1. The evolution of the so-called Dagou mass movement
is described here briefly. More details can be found in Xu et al. (2010).
The upper part of the Dagou catchment consists of basalts of the
Ermeishan group (Pe) and the lower part of limestones of the
Liangshan-Yangxing group (Pl 4 y), a Permian system, with a monoclo-
nal structure. The superficial strata are strongly weathered and almost
degraded into blocks. The dissolution of limestone created an uneven
rock surface with a lot of karren. Quaternary debris flow deposits
(Q4sef) and colluviums (Q4c + dl) are found at the mouth of the
Dagou valley consisting of boulders, gravels, and silty clays, according
to the Unified classification System (USCS).

Rainfall was the major triggering factor of the mass movement. From
23 to 25 July, two rainstorms hit the study area with a peak intensity of 6
and 50 mm h™~ ' respectively and a cumulative precipitation of 163 mm,
which is 22% of the average yearly precipitation. In particular the rainfall
on July 25 with an intensity of 50 mm h~! and a return period of 50
years was fatal. The rainfall could penetrate into many vertical cracks
in the source area and on 27 July, the mass movement started as a
rock slide, which disintegrated quickly into debris.

Two consecutive run-out phases can be distinguished in the Dagou
mass movement: a rapid rock slide/debris flow phase with a run-out
distance of 1380 m and a run-out time of 50 s, and a reactivation
phase characterised by a translational slide, which transformed into a
slow moving flow. The whole secondary process lasted 4 h. Figs. 2 and
3 show the two phases in the run-out of the mass movement. The
profiles of Fig. 3 were reconstructed in the field by means of topograph-
ical measurements and extrapolation of the original topography,
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measurements at the front of the mass movement, exposures due to ex-
cavation for rescue after the disaster, and exposures in the steep walls of
the secondary gully, which developed in the second phase.

Xu et al. (2010) distinguished three zones in the first phase (Fig. 2):
the source area (zone I), the transportation zone (zone II) and the depo-
sition zone (zone III). Zone IV in Fig. 2 is the area, which was reactivated
during the second run-out phase (see below). According to the local res-
idents, a wide crack was generated on July 25 along the steep structural
plane, before the occurrence of the mass movement on July 27. The
crack finally formed the lateral boundary of the rockslide. At 4.40 AM
on 27 July, several local residents heard a very loud sound combined
with intensive ground shaking. The mass movement must have started
as a rock slide and disintegrated into debris, moving down along the
Dagou valley at a very high speed. The configuration and volume of the
rock slide (480,000 m?) could be determined in the field by two sets of
joints forming respectively the head scarp and the sliding surface (Xu
et al,, 2010). The rock mass in the source area was densely jointed and
strongly weathered and prone to degrade into a debris flow. The trans-
portation zone II can be sub-divided into the main travelling channel
(II-1) and the right and left bank entrainment zones (II-2 and II-3, respec-
tively; Fig. 2). Here between 1500 and 1300 m asl,, a significant amount of
material was delivered to the flow from the plateau (zone II-2 (1)) and a
valley side slope failure zone (zone II-2 (2)) of the left bank entrainment
zone.

The grain size and weight of the sediments were measured in the field.
A ruler was used to measure the grains with a size bigger than 100 mm,
while the sieving method was adopted for the grains smaller than
100 mm.

Big boulders (USCS classification) were accumulated mainly in the
upper part of the main travelling channel. The grain size of over 70%
of the boulders is larger than 200 mm. Smaller grain sizes can be
found in the lower part, which consisted of basalt fragments with soil.
The grain size is evenly distributed over the different classes and 77%
can be classified mainly as cobbles, and very coarse gravels (USCS
classification) varying between 20 and 100 mm.

In the depositional zone III, the Dagou valley turns slightly to the right
at about 1300 m asl., which led to a splitting of the debris into two
branches (Fig. 2). Due to the inertial force, the left branch kept the original
moving direction and climbed up to the left ridge. The right branch moved
down along the Dagou valley concentrating most of the material into a
channel with a width of around 50 m and a depth around 25 m. This chan-
nel ends at the exit of the valley and passes into the flat aforementioned
Quaternary deposits. The thickness of the debris flow deposits increased
from 5-10 m upstream to 15-25 m downstream. The grain size distribu-
tion of the right branch deposits shows that around 70% of the particles
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Fig. 1. Location of the study area in Sichuan province, China.
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Fig. 2. Run-out of the Dagou landslide in two phases. A) Post-sliding aerial photo interpretation. B) Topographic map. Black arrows show the moving directions. See texts for the expla-
nation of the zonation (after Xu et al,, 2010, with kind permission of Springer Science + Business Media).

ranged from 10 to 100 mm in size (medium to coarse gravel and pebbles
according to the USCS classification). The percentage of fines estimated in
the field was around 25% with around 80% silt and 20% clay. A lot of
splashed material on the back wall of a damaged house was observed in-
dicating that the water content of the debris was very high.

After a half hour from the first run-out phase, the secondary move-
ment started as a translational slide and transformed into a slow moving
flow. The flow reached after about 1 h the newly built up area of

Wangong Town at the foot of the slope. The front penetrated partly
into the city over a distance of 80 m during 3 h, destroyed 92 homes,
and forced the evacuation of 1500 people. The slow moving mass was
obstructed by the buildings at the outskirts of Wangong Town.

Figs. 2 and 3B depict the head scarp and the area (zone IV-1) of the
translational slide triggered in the second run-out phase (consisting of
debris material deposited in the first run-out phase) and a deposition
zone of the subsequent slow moving flow (zone IV-2). The debris
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Fig. 3. Longitudinal geological profile along 1-1’ (Fig. 2B) and the run-out profiles with debris flow deposits. A) The first run-out phase; B) the second run-out phase (after Xu et al., 2010,

with kind permission of Springer Science + Business Media).

material was nearly completely eroded over a length of 350 m (Fig. 3B).
The average length and width of the deposition zone are 420 and 80 m
respectively and shows lateral spreading. The width increases from
about 35 to 110 m. The deposits are mainly composed of strongly
weathered basalts. The materials in this zone have smaller grain sizes
varying from 10 to 50 mm (medium to coarse gravel). The first main
and second run-out movement have different mechanisms, which will
be analysed more in detail in the next sections.

3. Model description

In order to analyse the run-out conditions of the Dagou mass move-
ment, numerical model calculations were carried out to simulate some
of the kinematic processes. For these simulations a classical approach
was used based on the depth average shallow water equations. This
has been applied by many authors (e.g., Hungr, 1995; Chen and Lee,
2003; Crosta et al., 2003; Mangeney et al., 2007; Medina et al., 2008;

Begueria et al., 2009; Hungr and McDougall, 2009). The mass and mo-
mentum equations for a 1D simulation can be described as follows:

oh  0(hu) ps0ds

a ox poat B
ou ou [ _ O _g ] ps 0dscu)
3¢ Uy — 8| sinay cosay—k = —S; ph ot ?

where h (m) is flow height, t (s) is time, u (m s~ 1) is velocity, ds. (m) is
scouring depth, p and ps (kg m~3) are the mass density of flow and
erodible soils respectively, and oy (degrees) is the slope bed angle,
which is taken positive when it dips downward in the (positive) x-
direction. The momentum equation (Eq. (2)) is expressed in terms of
acceleration (dimension LT~2). The second term on the left side of
Eq. (2) represents the convective acceleration. The first term on the
right side of Eq. (2) represents the driving component with g, the accel-
eration due to gravity. The second term on the right side is the pressure
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acceleration where k is the earth pressure coefficient (dimensionless),
which ranges between two extreme values corresponding to the active
and passive states in the Rankine theory (Savage and Hutter, 1989;
Hungr, 1995). The third term on the right side, Sy, is the flow resistance
due to frictional stress of the flowing mass with the bed. The fourth and
last term on the right side of the equation expresses a loss in momen-
tum due to the entrainment of material.

The resisting forces within the S; term in Eq. (2) play an important
role in the interpretation of deposition topography in this paper. It de-
pends on the rheology of material, which controls the flow behaviour.
Since there is not so much information about the geotechnical char-
acteristics of material, three resistance terms (S¢) were used in our
analyses for the first run-out of the debris flow phase of the mass move-
ment. These three terms contain the most common resistance parame-
ters used for different rheologies: the dominant viscous component
(Bingham), the dominant frictional component (Voellmy) and a
mixture of the two (Quadratic). The first one is the Coulomb-Viscous
rheology or Bingham rheology when ¢’ (frictional resistance) is zero
according to Coussot (1997):

3 3n ) 3)

— / 1
S¢=tang@ +p?h(§TC+Tu

where 7. (kPa) is yield strength, 1) (kPa s) is the viscosity parameter and
tan ¢’ is the apparent friction coefficient, which is controlled by the pore
water pressure ratio:

tang’ = (1-r,) tan @ (4)

with ry as the internal pore water pressure ratio (the ratio between pore
water pressure and total normal stress) and ¢ the intrinsic basal friction
angle of flowing material.

The second term is the Voellmy resistance term (Voellmy, 1955):

/ Ll2 _ / u2
Sy=|tangp +g—h = |tano +ﬂ (5)

where £ (m s™2) is the turbulence coefficient, which is similar to the
square value of the Chézy resistance (C) for turbulent water flow.

The last resistance term incorporates a turbulent contribution to the
yield strength and a viscous component (O'Brein et al., 1993):

Te Kn n*(u)?
+———u+
pgh  8pg (h)?

(6)

Sf:

where K is a resistance parameter that equals 24 for laminar flows in a
smooth wide rectangular channel but increases with roughness and ir-
regular cross sections; and n (m~'/®s) is the Manning coefficient that
takes into account the turbulent and dispersive components of the flow.

Since entrainment was observed in the upper part of the travelling
track, a simple erosion module has been included in our depth average
model based on McDougal and Hungr (2005):

dsc = Er(hu) At (7)

where E, (m~!) is an erosion constant, which we will use as a calibra-
tion factor.

The model was implemented in an explicit finite difference
(Eulerian) mesh, i.e. the flow was described by a variation in the conser-
vative variables at points of fixed coordinates (i) as a function of time
(t). The mesh is defined as a regular grid. The equation is solved numer-
ically using a central difference forward scheme. More details about the
numerical implementation can be found in Begueria et al. (2009).
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Fig. 4. Observed variation in thickness of the debris flow deposits along the track after the
first run-out phase.

4. Analyses of the first run-out phase
4.1. Subdivision of the run-out geometry of the first phase

Fig. 4 shows, based on the profile given in Fig. 3A, the observed var-
iation in the thickness of the deposits for the first run-out phase along
the track. One can distinguish three distinct sections with a maximum
thickness, namely sections B, D and F. B is the section with erosion,
and thus with an external input of material. Section D shows a clear
sediment accumulation in the channel. It remains to be seen whether
a change in rheology, especially an increase in resistance S¢ has contrib-
uted to the accumulation of material. Section E is the accumulation area
of the in situ Quaternary debris flow deposits (Q4sef) and colluviums
(Q4c + dl), which is not dissected by a channel. The Dagou flow mate-
rial, leaving the channel in section D, could spread evenly over the flat
area, which causes a decrease in thickness in our observed profile.
Further down slope in section F, the effect of a decrease in slope gradient
and increase in friction on this ancient material may have caused an
increase in accumulation (Figs. 3A and 4).

4.2. Model calibration and parameterization

The variation in thickness is controlled by changes in resistance, en-
trainment of material as observed in the upper part of the run-out track
(Xuetal., 2010) and topographical effects of the original ground surface.
As was mentioned already, the resistance for the three rheologies is de-
scribed by the S¢ term, which consists of different resistance parameters
(Egs. (3)-(6)). The entrainment effect is expressed by the last term of
Eq. (2) and by Eq. (7).

The change in thickness along the profile is also influenced by the
fact that half way the run-out track the open slope changes into a
channelled slope. The corrected thickness h. (m) due to confinement
and accumulation into this channel can be approximated as follows:

hiB, _l/zthz

he =hy + 3 (8)

where h; is the initial thickness of the debris flow on a flat slope; B; is
the initial width of the debris flow on a flat plane; h, is the incision
depth of the gully into the flat plane and B, is the maximum width of
the gully with a triangular cross section in our case.

Calibration was done by fitting the values of the resistance parame-
ters and the gully parameters on 1) run-out distance (ROD), 2) run-out
time (ROT) and 3) goodness of fit with the thickness of the deposits
along the track (Table 1). The goodness of topographical fit was tested
using the normalized root mean square error (NRMS) (%):

#% (hcalc.i _hobs,i> ’

i=1

NRMS =

100% 9)

hmax _hmin



166

Table 1
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Calibrated parametric values for zones B to F. ROD is run-out distance; ROT run-out time; OV/CV observed/calculated run-out volume to calibrate the erosion factor; NMRS is normalized

mean root square. For explanation of the rheologic parameters see text.

Rheology Parameter Sect. B Sect. C Sect. D Gully geometry. (m) in D Sect. E Sect F ROD 1380 m ROT 50 s 0oV/CV 1.00 NMRS 0%
Bingham To (kPa) 5 1 1 B; =170 1 5 1420 43.50 1.02 10.58
7 (kPa s) 120 2 120 B, = 50 2 120
E; 0.016 0.0 0.0 hy =30 0.0 0.0
Voellmy f(=) 0.267 0.18 0.18 B; = 150 0.18 0.267 1400 4130 1.11 13.83
C 1.2 10 10 B, =50 10 0.4
E; 0.006 0.0 0.0 hy =25m 0.0 0.0
Quadratic To (kPa) 1 1 1 B; =130 1 10 1380 40.83 1.03 11.94
1 (kPa s) 180 12 12 B, =70 12 300
K 25 25 70 hy =25m 25 25
n 0.04 0.04 0.04 0.04 0.04
E; 0.028 0.0 0.0 0.0 0.0

where m is the total number of calculation nodes along the track; hcac, ;
and hops, ; are the calculated and observed thicknesses at node i, respec-
tively, and hmax and hgi, the maximum and minimum observed
thicknesses along the track, respectively. In addition we calibrated the
erosion parameter E; (Eq. (7)) on the observed versus calculated run-
out volumes per metre width (OV/CV, Table 1) assuming no effect on
the cross sectional height by the channel.

Table 1 shows the calibrated values for the various parameters for
each section, and the values for the four calibration criteria (ROD, ROT,
OV/CV, and NMRS) in the last four columns. The ideal scoring values
are indicated at the head of these columns.

Fig. 5 gives the calculated run-out topography compared to the
observed run-out topography. The figure and Table 1 (NMRS) show
that a reasonable fit can be obtained with the observed topographic
surface of the deposits assuming erosion and differences in resistance
along the track as expressed by the parameters in Table 1 and including

the topographic effect of the gully in section D. In our simulations the
run-out time is a bit shorter than what was reported by eyewitnesses.

4.3. Sensitivity analyses

Following Remaitre et al. (2008) and Quan Luna et al. (2012), a
sensitivity analysis was performed to find out which are the most im-
portant resistance parameters influencing the deposition geometry.
Therefore the maximum and minimum values of the calibrated param-
eters given in Table 1 were stepwise increased and decreased with
a certain percentage until 100% of the values given in Table 1. Fig. 6
gives the results, showing the effect of the percentage deviation from
the calibrated parametric values (x-axis) to the NRMS of the calculated
deposition topography (y-axis). The most sensitive parameter in the
Bingham rheology proved to be the viscosity (Fig. 6A) while the yield
strength has nearly no effect on the topographic distribution of the
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Fig. 5. Calculated versus observed run-out profiles and the end velocities after the first run-out phase for the three rheologies: A) Bingham, B) Voellmy and C) Quadratic.
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Fig. 6. Sensitivity of the Sp-resistance parameters for the three rheologies: A) Bingham/
Voellmy and B) Quadratic.

run-out mass. For the Voellmy rheology the basal friction f (= tan¢’)
and the Chézy factor C have a large effect on the variation in thickness.
Fig. 6B shows that for the Quadratic rheology the K factor and the viscos-
ity are the most effective parameters determining the differences in
topographic height of the run-out mass.

4.4. Reduction of velocity

Fig. 5 shows the distribution of the velocity along the run-out track
after 40 s. It is shown that at that time the speed of the debris flow
along some parts of the track is still rather high. Only the front velocity
has reduced to zero. In order to reduce the speed at some places along
the track, one can gradually increase the resistance of the most sensitive
parameters during the run-out. These are the viscosity, the basal friction
and the Chezy turbulence factor according to Section 4.3. An attempt to
introduce a gradual increase of these resistance parameters, to mimic
during the run-out pore pressure dissipation or loss of water, produced
a poor match with the observed deposition geometry. Increase of the
resistance of the flow must have occurred during the last phase of the
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run-out process. Table 1 shows that the run-out time to reach the run-
out topography shown in Fig. 5 for the three rheologies is around 40 s.
We prolonged the run-out simulation with 10 s until the observed
run-out time of 50 s. During this prolongation we increased the resis-
tance parameters (viscosity, basal friction and the Chezy turbulence fac-
tor). Fig. 7 shows the velocity distribution along the run-out track at the
run-out time of 40 s for the three rheologies like in Fig. 5. Also is shown
the velocity distribution after 50 s. No movement can be seen anymore
at the front between the time of 40 and 50 s but a drastic reduction in
the velocity at some places along the run-out track.

4.5. Interpretation of the modelling results of run-out phase 1

We explain here how the resistance parameters, erosion and under-
ground topography have influenced the thickness of run-out material in
the different sections. Section A is the source area with a change from a
slide into a debris flow. We did not model this transformation process.
Section B is an area where significant erosion could be detected (Xu
et al., 2010; see also Sections 2 and 4.1). The external input in this
section of material by erosion and landslip failure of the side walls has
contributed to the relative increase in thickness of the deposit. The ero-
sion term in Eq. (2) causes a loss of momentum and velocity which con-
tributes to the increase in thickness. Also the large concentration of
boulders found here must have increased the friction (see Section 2).
These phenomena were simulated with a change in section B of the
most sensitive parameters in the Voellmy rheology (Fig. 5A): an in-
crease of the basal friction term f and a decrease of the Chézy factor
(C) (Table 1). In the case of a Bingham or Quadratic rheology, we
increased the viscosity parameter (Fig. 5A,B and Table 1), which may
simulate the input of drier eroded material (Table 1).

Section D shows again a clear accumulation of the material (Figs. 3
and 4). In this section the material in the left branch concentrates into
a distinct channel (see Section 2) about 50 m in width and 30 m in
depth (dimensions based on a cross section give by Xu et al., 2010). In
the case of a Voellmy rheology the increase in thickness could be simu-
lated rather well based only on a correction for the channel topography
(Eq. (8); Fig. 5B and Table 1) For the Quadratic rheology a combination
of an increase of the K factor and the topographical correction delivered
also good results (Fig. 5C and Table 1). An increase of the K factor seems
logical because the flow transformed from a wide unconfined flow to a
concentrated channel flow. With respect to the Bigham rheology the
best fitting results could only be obtained by an increase of the viscosity
in combination with the topographic correction (Table 1).

The decrease in material thickness in section E is associated with the
transition from the channel to the flat deposition surface of the Quater-
nary sediments. This was simulated by a gradual reduction of the depth
of the channel. Section F shows again an increased thickness of debris,
which is caused by a decrease of slope gradient. But the decrease in
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Fig. 7. Decrease in the velocity distribution along the track from the calculated run-out time around 40 s (Table 1) until the observed run-out time of 50 s, by a gradual increase of the
viscosity to an end value of 200 and 600 kPa for the Bingham and Quadratic options respectively. For the Voellmy rheology an increase in the friction factor until ¢’ =21° and a decrease

in the Chézy factor until 2.
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slope gradient was not enough to simulate the accumulation of material
in section F. There must have been also an effect of the underlying loose
material (Fig. 3).Iverson et al. (2011) described the effect of in situ loose
material on the run-out of debris flows. They showed that in very wet
sediments pore pressure increases and friction decreases while there
is an opposite effect in case of drier sediments. Then the flow momen-
tum and velocity decrease, while friction increases due to dissipation
of pore pressure. Therefore in order to get a good topographical fit in
section F we increased the most sensitive resistance parameters
(Table 1), which implies that the underlying Quaternary sediments
were relatively dry. It is also possible that the increase in friction and
(or) viscosity might be explained by a pushing down of debris flow
material into the apparently weaker Quaternary deposits or by partial
entrainment of those deposits. No evidence of entrained material (like
in section B) was found in the field but that could be masked by the
secondary slow movement of debris into the city.

As we have seen, reasonable simulation results can be obtained
along the track with the three rheologies. The question arises whether
in all cases a physical explanation can be given for the change in rheo-
logical characteristics. In section B we increased the friction (Voellmy)
and the viscosity (Bingham and Quadratic; Table 1) which can be
explained by the input of drier material and decrease in momentum. It
is more difficult to explain why in the Bingham simulation the viscosity
should increase in the channel of section D as was required for the
calibration. For the quadratic rheology we had to increase the K factor
in the channel of section D, which seems reasonable because the flow
became more confined. It is also difficult to explain for the Quadratic
and Bingham scenarios why the viscosity has to increase so dramatically
in section F. It is most likely that the first (main) run-out phase was con-
trolled by a Voellmy rheology because in section B the erosion and input
of material into the flow can be explained by an increase in friction and a
lower turbidity. In section D no change in rheology was needed
(Table 1) but only a correction of the flow thickness (Eq. (8)) due to in-
flow into the channel, while in section F the increase in friction is caused
by increase in apparent friction through the loss of pore pressure caused
by pore pressure dissipation through the drier underlying Quaternary
material.

5. Analysis of the second run-out phase

The second run-out profile shows a nearly complete removal of de-
bris flow material between 700 and 1100 m deposited in the first phase,
(Figs. 3 and 8, zone IV-1). Zone IV-2 lies between 1175 and 1580 m
where the material was moving slowly (see Section 2). The following
reconstruction can be made for the reactivation process: the material
was deposited in the gully during the first run-out as a frictional mate-
rial. We simulated with a Voellmy rheology, during most of the run-out
time an effective basic friction angle of f = 0.18 which means an appar-
ent (effective) ¢’ of 10.2° (Table 1 and Eq. (3)). Since the mean slope
inclination along the middle part of the trajectory is around 20°, the
apparent friction angle must have increased by dissipation of excess

pore pressure and partial drainage to reach at least an apparent friction
around ¢’ = 21° in order to arrive at a meta-stable condition. The mate-
rial in this section (zone IV-1) was reactivated according to Xu et al.
(2010) after half an hour. This must have happened by a slight rise of
the groundwater supplied by a source, which was observed before the
mass movement at the head of the gully, which coincides with the
scarp of the reactivated mass movement (X. Zhou, personal communi-
cation). We reactivated the mass movement in our simulation in zone
V-1 as a frictional slide, with an effective friction angle of 18.5° and a
zero cohesion (pure frictional rheology; S¢ = tan ¢, Table 2) Because
the mass had no cohesion it could fail over its total depth. In zone V-2
we assumed a Bingham behaviour in the pathway to Wangong Town
with a relative high viscosity of 8.5E + 05 kPa s. To mimic friction
exerted by the buildings in the urban area, a quasi frictional component
was added (¢ = 16°) to the viscosity (Table 2). According to our model-
ling, the toe of the landslide in zone IV-2 arrived at the border of
Wangong Town at 1500 m after 70 min according to eyewitnesses
after about one hour (Table 2). According to our calculations it slowly
moved into the town and stopped after 60 m (80 m observed) and
255 min after the initiation (about 4 h; Table 2).

During the 1D run-out simulation a factor was introduced, which
took into account the spreading in the fan-shaped accumulation zone
(zone IVin Fig. 2; see Section 2). This fan shape can be described as a tra-
pezium with a width at the top and bottom of 32 and 116 m respectively
and a longitudinal length of 240 m. The correction for the thickness in
the profile due to spreading of the debris can be described as follows:

Ah(w, tanp + 2x)

Ahe = (W, tanf + 2x + Ax)

(10)

where Ah, is the corrected change in thickness at a distance x from the
top of the fan shape (trapezium) over a finite distance Ax; Ah is the
change in thickness over Ax, in case of no spreading, w; is the width at
the top and B is the angle of the legs of the trapezium shape of the
fan. In this way the same calculated and observed volume per metre
width (OV/CV = 1) was obtained, and a reasonable good fit with the
topography (NMRS = 12.71% (Table 2)

Fig. 8 shows that we could not simulate the two observed maxima
and the depression of the landslide deposit, which may be a relic of
the initial topography of the first run-out phase.

6. Discussion and conclusions

This paper reconstructed the run-out conditions of a multi phase
mass movement by means of a fitting procedure on a deposition profile
using different rheologies. Since the previous study of this mass move-
ment had not reported detailed information about the hydro-
mechanical characteristics of the material, three rheologies were used,
ranging from viscous to frictional. It appeared that calibration by chang-
ing the resistance parameters for each rheology gave reasonable fits
with the observed deposition topography, run-out time and distance.
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2 | V-1 | | V-2 | | IV-2urb |
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Fig. 8. Calculated versus observed run-out profiles for the second run-out phase in zones IV-1, IV-2 and IV-2-urb (urban area) with a transformation from a Frictional, Bingham and quasi-

Coulomb viscous rheology respectively.
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Table 2

Calibrated parametric values for zones IV-1 and V-2 (see Fig. 8). ROT run-out time to the border of the city at 1500 m and the final run-out time; ROD is the final run-outdistance; OV/CV
observed /calculated run-out volume; NMRS is normalized mean root square error. The rheological parameter symbols are explained in Egs. (3) to (8). Target figures for the calibration in

italics at the head of the last five columns.

V-1 V-2 IV-2urp ROT border + 60 min ROT final + 240 min ROD final 1580 m ov/cV 1.0 NMRS 0%
¢ (-) 18.5° 51 min 256 min 1560 m 1.0 12.71%
¢ building 16°
7 (kPa s) 0 8.5E + 05 8.5E + 05
¢ (kPa) 0 2 2
Therefore the run-out profile of the mass movement was not discrimi- References

natory for the three rheologies. However we were able to show that
change in the values of the governing resistance parameters within
these rheologies and other factors affects the run-out geometry.

The most sensitive resistance parameters appeared to be the viscos-
ity in the Bingham and Quadratic rheology and the friction and the
Chezy factor in the Voellmy rheology. Nevertheless the change of
these sensitive parameters to fit the observed deposition geometry is
sometimes difficult to explain physically. It is not easy to understand
for example why in the Bingham simulation the viscosity should in-
crease in the channel of section D. Also, did the Quaternary material
on the lower slope gradient in section F increase the viscosity?

Despite a lesser fit with the observed deposition geometry, the
Voellmy rheology seems to give the most suitable explanation for the
difference in resistance along the run-out path. The second run-out
phase could be simulated as a classic slide-flow complex where in the
source area a pure frictional plastic failure was assumed and in the
deposition area a Bingham rheology and for the built-up area a quasi
Coulomb-Viscous rheology respectively.

We were able, up to a certain level, to unravel the circumstances,
which explain the run-out profile of a complex mass movement and
its reactivation but it certainly have raised questions. The biggest prob-
lem was that despite the reasonable fit we could make with the run-out
profile, time and distance, we were not able to stabilize most of the
debris material on such a steep slope with an average gradient of 20°.
To stop the debris flow in the first run-out phase, we have to assume a
rapid increase in friction in a short time induced by pore pressure dissi-
pation and/or loss of water to increase the basal friction or the viscosity.
Even if we were able to get reasonable fits assuming a more gradual dis-
sipation over the total run-out time of 50 s, there exist doubts about the
possibility of pore pressure dissipation during moving of the flow
(e.g., Major, 2000). Major and Iverson (1999) postulated that leading
edges of debris flows exhibit little or no positive pore-fluid pressure. De-
position therefore resulted from higher frictional strength concentrated
at the flow margins. But it is hard to believe that the higher strength of
the material at the border of such a steep channel in section D could stop
the flow with a thickness of 20 m. Also the concentration of the coarsest
rock fragments along the edges of the debris flow during run-out can
increase the marginal strength. However such concentrations of rock
fragments along the sides were not observed in the field. A possible
increase of fines in section D estimated at about 25% may increase the
yield strength of the mass but in our view it is not enough to stop a
debris flow with such a steep gradient with a thickness around 20 m.

To improve our run-out models we must continue to focus on
important features such as flow regime transitions, entrainment and
stopping mechanisms. Detailed back analyses of well documented
events and also focusing on the topographic characteristics of the debris
flow deposits will be useful in understanding the dynamics of these
processes.
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