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Formation of natural dams is a common process in gorges of the flow route of relatively steep gradient
mountain rivers. A tremendous part of the flow accumulates upstream once such a dam forms in the way
of regular flow. Consequently, the accumulated water submerges a large area causing inundation up-
stream and posing the threat of debris flow and flooding downstream. Once the dam is unable to hold the
huge amount of amassed water destruction of the dam begins and brings debris flow disaster into the
downstream areas, creating great havoc.

The present study attempts to discuss the experimental observation of different types of failure in a
dam, e.g., slope failure at the frontal part and bed load transportation and debris flow at the body part by
making trapezoidal shape of a natural dam. Experiments have been conducted using almost uniform-sized
gravel. The collapse mechanism and its progress in the upstream direction show the trends of collapse in a
progressive fashion, starting from downstream and advancing upstream.
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1. INTRODUCTION

Debris flow 1s a mass wasting process in which an
ample amount of water is supplied to saturate the
voids among the particles and is mixed with the
mass of earth and stone. Debris flow, slope failures
or shallow landslides occur somewhere in the world
almost every year due to heavy rainfall or earth-
quake and even newly erupted volcanic ash that is
deposited in the slope of volcanoes can cause debris
flow easily with a little rainfall”.

The mitiation of flow has been related to the fol-
lowing three reasons. Firstly, landslide that tums
into debris; secondly, destruction of a naturally built
dam turning into debris flow, and lastly, surface wa-
ter flow on a gully bed during heavy rainfall which
mobilizes the accumulated mass®.

Natural dams are formed across the steep-slope
channel of mountainous areas, mainly because of
landslides, i.e., collapse of a bank etc. Forces of
flowing water in and over the dam and a pressure of
detained mass of water cause the movement and
destruction of dam, and debris flow is likely to oc-
cur in downstream areas of the channel. The initia-
tion mechanism of destruction of natural dams var-
ies with the characteristics of dam forming materi-

als, and channel as well as with the amount of past
discharge.

Knowledge of debris flow is based largely on the
contribution of Bagnold (1954)” and Takahashi
(1978)". Many researchers have done almost similar
studies regarding the failure mechanism of a natural
dam and mobilization of channel bed using specific
shape of the dam and the flow conditions™®. This
study attempts to discuss different types of failure
mechanism in a dam, e.g., slope failure at the frontal
part and bed load transportation and debris flow at
the body making use of trapezoidal shape of a natu-
ral dam and considering size of dam forming mate-
rials and discharge as parameters.

2. EXPERIMENTS

(1) Set-up and procedure

The experiments were carried out in an indoor
laboratory flume of 15cm in width, 30cm in height
and 10m 1in length. The flume was equipped with
adjustable bed slope and transparent sidewall at both
sides. All the experiments of the present study were
conducted at the slope of 1/5.57. A dam (15cm
wide, 10cm deep and 1m long) was made of sand or
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Schematic figure of a dam

Fig.1 Schematic of experimental set-up
gravel with almost uniform grain size of 1, 4, 7, and
15mm.

Bed slope of the frontal part of dam was set al-
most equal to the internal angle of friction of the bed
materials. This angle is basically a function of grad-
ing and angularity in the case of non-cohesive mate-
rials 7.

Experiments were conducted separately, chang-
ing the flow rate of water five times for each grain
size. Consequently, altogether twenty cases were
carried out. Water was lifted by a pump from the
ground pool and collected in a chamber, located
about 3m upstream of the dam body, at the head of
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the flume.

Discharges were supplied from the upstream end
of the channel, where a dam was made for the ob-
servation of initiation mechanism of its destruction.
A constant discharge was supplied until the destruc-
tion of dam out of its original position was com-
pleted and the rate of flow was reckoned manually
using a measuring bucket and a stopwatch, in each
case. Three video cameras were set at different loca-
tions to record continuous and simultaneous meas-
urements of initiation process of debris flow. The
schematic figure of the experimental set-up is
shown in Fig.1.

(2) Experimental conditions

Experiments were carried out in four runs and
each run was conducted at a channel slope of 1/5.57
with five different amounts of discharge. Four kinds
of mean diameters of almost uniform gravel or sand
were used to form the experimental dam. Experi-
mental conditions are given in table 1.

Table 1 Experimental conditions

Run | Grain size . )
Discharge (cm™/sec)
No. | Dm (mm)
Runl 1 20.67 | 26.00 | 34.67 | 64.00 | 84.67
Run2 4 18.00 | 44.00 | 53.33 | 65.33 | 76.00
Run3 7 26.00 | 44.00 | 58.67 ] 62.00 | 98.00
Run4 15 32.67 | 33.33 | 66.00 | 83.33 | 101.33
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(&3) Begining of collapse under constant discharge
(@ GRAVEL

(b-3) Begining of cdllapse under constant discharge
() SAND

Fig.2. Actual and schematic diagrams of initiation of collapse phenomena with the size of dam forming materials
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3. RESULTS AND DISCUSSION

(1) Types of collapse

Observation during the experiments revealed that
the grain size of dam forming material is one of the
crucial parameters governing the initiation mecha-
nism of debris flow in the destruction process of the
natural dam.

Schematic diagrams of Fig.2 show how the
collapse of the dam proceeds with the grain size of
dam forming materials. Graphs (a-1) and (b-1) show
the actual process of destruction phenomena of
experiments for gravel and sand respectively. In the
case of smaller particles, flow proceeds as shown in
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Fig. 4 Mean diameter versus time required for collapse

(2) Time of complete collapse t,
In this experimental study, the time ‘t;’ is defined
by the time period between arrival time of flow at
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Vo = Original Dam volume
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Fig.3 Definition sketch of time, eroded volume and collapse position 1,

diagram (b-2) and eventually collapse results as dia-
gram (b-3). A portion of flow enters into the dam
body itself and the remaining part accumulates and
sets the upstream water level rising. Surface flow
over the dam results as the water level surpasses the
height of dam. Seepage and over toped flow ad-
vances in the downstream direction. As overtopping
of flow begins, it erodes particles from the dam sur-
face and a part of downstream face collapses initiat-
ing the destruction of the dam and continues as
shown in (b-1). In the case of larger particles, a con-
siderable part of the flow percolates through dam
body itself as shown in (a-2). The rate of percolation
was faster and greater than the setting of the water
level upstream of the dam. The initiation of destruc-
tion started at the toe of the dam where the seepage
water emerges on the surface as shown in (a-3). Ex-
amples of experimental results are depicted in the
graphical plots in (a-1) and (b-1) of Fig.2. Initial
destruction was begun near the downstream face of
the dam and proceeded rapidly and progressively
towards the upstream direction in the case of the
dam made of larger-sized particles. Progressive fail-
ure seems to proceed in the upstream direction.
Complete destruction was rather faster in the case of
small-sized particles.

the rear end of dam (where t = 0) and the beginning
of erosion near the downstream face of the natural
dam. The time ‘T’ is the time period elapsed from
the beginning of erosion. Similarly, “Ty is the time
of complete collapse out of its original position of
the dam. Fig.3 diagrammatically depicts the defini-
tion of different terms of time, volume and collapse
position.

Fig.4 shows the relationship between the grain
size of bed materials and time required for the initia-
tion of destruction and complete wash out of a dam
from the original position. From the figure, it can be
seen that initiating time of destruction of a dam de-
creases gradually as the size of the dam

r S

64.0 cm?/sec
15 - &

E ?b —e&— Dm=lmm
g .
= "; =
§ § > —m— Dm=4mm
2 E —4— Dm=Tmm
g g E —¢— Dm=15mm
g =2
<%

0 0.5 1 1.5

Time T/ Final timeT,

Fig.S Relationship between non-dimensional eroded vol-
ume versus time at approximately same discharge
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Fig.6. Relationship between non-dimensional time and eroded volume of various sizes of dam forming materials with
alternation of discharge
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Fig.8 Scouring at particular locations of dam with time
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forming materials increases.

The reasons might be poor permeability and
higher waterholding capacity of smaller particles
compare to larger ones. But, the time taken for the
completion of collapse once destruction starts is
longer for larger particles than smaller ones. This
means the dam formed by small-sized particles col-
lapses faster than the dam made of larger sized par-
ticles.

(3) Temporal variation of eroded volume

The eroded volume (V) is defined by the volume
eroded (accumulated) and transported from the
original dam volume (V) at a time concerned. Fig.5
shows the agreement with the experimental
observation made during the intiation process of
debris flow with different grain sizes under almost
the same discharge. The eroded volume at the onset
of destruction is larger in the case of smaller parti-
cles and keeps advancing almost steadily. However,
in the event of large-sized particles, the rate of
eroded volume is smaller at the beginning of de-
struction and increases as time goes by.

This implies that in the case of small-sized parti-
cles, surface erosion at the body part and collapse at
the frontal part of the dam work together to erode a
greater volume than that of large-sized particles at
the onset of debris flow. This may be due to a large
differential pressure (pressure difference between
saturated part and unsaturated part) and almost criti-
cal bed slope of the frontal part (bed slope of the
frontal part in almost equal to the internal angle of
friction). As time passes bed slope of frontal part
becomes milder and modes of failure changes into
debris flow from slope failure.

This phenomenon shows the importance of per-
meability and waterholding capacity of the dam
forming material for the initiation mechanism of
debris flow.

Fig.6 shows how the destruction proceeds to
collapse of the dam with the variation of the flow of
water, 1.c., discharge. Once enough discharge is
supplied to initiate the debris flow for a particular
size of material, there is no noticeable difference in
the destruction process (in terms of eroded volume).
In the case of smaller particles, destruction is linear.
On the other hand, in the case of larger particles
destruction rate is low at the beginning and
mncreases as time passes.

(4) Advancement of collapse position

Fig.7 shows the advancement of collapse position
measured from upstream in the downstream direc-
tion. As is evident from the figure, the advancement
of collapse is slow and destruction phenomena pro-
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Fig.9. Debris flow depths downstream of the original dam
body at 40cm and 130 cm downstream
ceeds slowly at lower discharges. It is fair to infer
that these small discharges are not enough to pro-
duce the debris flow. However, at greater discharges
collapse occurs in a short period of time as seen in
plots.

(5) Temporal scouring

Fig.8 shows the temporal change in bed level at
particular locations with the supply of approxi-
mately the same discharge for different mean di-
ameters of bed material. To scour a given depth,
time required for scouring is longer for larger sized
material. However, the smallest sized material
(Imm in this study) shows a different tendency than
larger sized. It took more time to scour a given
depth than did the grain size of 4mm. This may be
because of cohesive forces existing in this small-
sized material, which is one of the important pa-
rameters to be considered for the analysis of initia-
tion mechanism of debris flow.

(6) Depth of debris flow downstream of dam
Fig.9 shows the debris flow depth at 40 cm and
130 cm downstream of the original position of the
dam. Occurrence time of peaks is shorter for smaller
particles than larger ones. Peaks of debris flow ap-
peared after a time lag, which led to formation of
multiple peaks. Heights of peaks of debris flow are
higher in the case of larger particles than smaller
ones. The implication of this could be partial de-
struction of the dam. Partial destruction was ob-
served during the experiments. Water withholding
capacity behind the dam decreases as the size of the
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dam decreases because of subsequent erosion and
collapse. Partial remains of the dam could bear
some pressure of water until it reaches a critical
level. Once the exerted pressure of the accumulated
water is more than a critical value, the dam again
collapses abruptly showing a peak of flow just a
moment after the previous peak. The same process
repeats again and again until the dam materials wash
out completely. This process causes the eroded vol-
ume of the dam to increase intermittently.

4. CONCLUSION

As for the larger particles, some parts of the dis-
charge seepage through the dam body creating a
slippage and collapse proceeded in the upstream
direction. The quantity of eroded volume is smaller
at the beginning and increases as time goes by. The
nature of destruction of the dam made of larger-
sized particles is rather progressive.

On the other hand, in dams made of smaller parti-
cles the destruction process is like a slope failure at
the frontal part and bed erosion or debris flow like at
the body portion of the dam.

The destruction process of a natural dam is a
complex and seems to be governed by many factors.
Among them supplied discharge, depth of flow,
characteristics of dam forming materials, i.e. perme-
ability, size, cohesion, angle of repose of materials,
and so on seem the important factors to be consid-
ered in analyzing the phenomena. Furthermore, to
generalize the results that have been obtained in this
simple experiment theoretically, a rigorous analysis
should be performed in future research considering
the important parameters.

APPENDIX-NOTATION
Dm = Mean diameter of grains used to form a
dam (mm)

= Depth of debris flow (cm)

Water discharge per unit width (cm?*/sec)
= Time, measured from initiation of destruct
ton of dam (second) i.e T =t-t;

Time measured from the arrival (t = 0)

of flow at the rear end of dam (second)
Time period between arrival time of flow
at the rear end of dam and beginning of
the erosion near the downstream face of
the dam (second)

Time required for complete wash out

of a dam from its original position

T = t-t;( second)

Vo = Original volume of a natural dam (cm®)

= Accumulated eroded volume (cm®)

—~2 o
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