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SYNOPSIS

This paper gives a system of equations for the numerical simulation of the failure process of a nat-
ural dam due to overtopping.  Comparison of the calculated results to those of the flume experiments
proves the simulation method is promising for estimating the hydrogrph of the resulting flood or debris
flow, whose characteristics depend mainly on the surface slope of the dam body as well as the downstream
river channel.  The sensitivities of some dimensions of the dam in determining the characteristics of the
generated flood/debris flow hydrograph are examined by the numerical experiments. = The dam height is
found to be more effective for determining the peak discharge than the other dimensions such as the size
(breadth and depth) of the initially incised channel in the downstream surface of the dam and the channel
slope on which the dam is set.  So far obtained empirical relationship between the peak discharge of the
generated flood and the ‘dam factor’ is ratified by the numerical simulations.

INTRODUCTION

Landslides or debris flows sometimes produce the natural dam by blocking the river channel.
When the choked ravine is very steep, failure of the dam generates a debris flow and it may result in a
severe sediment hazard. A large scale landslide or debris flow can block even a big valley and majority
of thus produced natural dams fail catastrophically causing major flooding and loss of life. ~ Mitigation
of such kinds of disaster by some structural or nonstructural countermeasures necessitate the knowledges
to predict when, where and what characteristic natural dam will be formed, if it may fail, what time is it
after formation, and what phenomena will result as the consequence of failure. -

As a step to prepare the reply for such requests, this paper presents a mathematlcal method to
predict the discharge hydrograph resulting from failure of the dam due to overtopping under the premise
that the topographycal conditions of the valley at the place of dam formation, the river discharge and the
characteristics of the dam such as size, shape and composing material are known.

MATHEMATICAL MODELING OF THE PROCESS OF FAILURE

The typical failure processes of the natural dam are classified into three; i.e., the overtopping type,
the instantaneous slip failure type and the progressive failure type (1).  Among them more than 50 %
of the known cases is the overtopping type (2). Because the surface of the natural dam crest is by
no means level, the initial overtopping flow may take place from the lowest part in the manner like a
miniature debris flow freighting the entrained dam constituting materials and a small stream channel may
be trenched on the downstream surface of the dam.  The erosion within that incised channel proceeds
downward as well as laterally by continuation of overflow, and thus the cross sectional area of the channel
increases to increase the water release rate.  The increased flow rate, that is the sum of the river’s own
discharge and the released water discharge from the reservoir, accelerates the erosion and shortly it results
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in a catastrophic failure.  Thus, the hydrograph of the flood or the debris flow generated by failure of the
dam depends on the process of development of the incised channel. = Therefore, a quantitative prediction
of the hydrograph should simultaneously be the simulation of the process of erosion in the incised channel.

The slope of the incised channel on the dam is diverse from as steep as the angle of repose of the
material to a few percents.  Therefore, the flow in the channel can be a debris flow in an occasion and a
flood flow with some sediment loading in another.. . Change in slope of that channel can take place even
in the process of erosion, so that, the flow equations in the analysis should be applicable to any type of
flows.  As a debris flow maintains characteristics that are very similar to those of a continuous fluid, a
system of momentum and the mass conservation equations for fluid flow are applicable to both of the mere
sediment loading flood flow and the debris flow as long as the suitable resistance terms for the respective
flows are considered.

Although the flow in the reservoir converging into the lowest part of the dam crest, the enlargement
of the incised channel and the deposition of sediments at and downstream of the toe of the dam are the three
dimensional phenomena, the characteristic behavior and the approximate quantities of those phenomena
may be predicted by the depth-averaged two-dimensional treatment. The depthwise averaged two-
dimensional momentum conservation equation for the z-wise (down valley) direction is
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where M = uh and N = vh are the £ and y components of ﬁow flux; u and v are the z and y components
of mean velocity; h is the flow depth; z;, the erosion or deposition thickness measured from the original
channel bed elevation; 5, and 0y, are the ¢ and y components of the inclination of the original bed
surface; pr is the specific density of the flow, pr = ¢(0 — p) + p; ¢ the volume concentration of the solids
fraction in the flow; o the density of the solids; p the density of water; #’ and " the momentum coefficients;
Thy and 7y, are the  and y components of resistance to flow; ¢ is the erosion(> 0) or the deposition(< 0)
velocity; c, the solids fraction in the bed; s; the degree of saturation in the bed (applicable only in cases
of erosion, when deposition takes place substitute sp=1); i and iy, are the mean recessing velocity of
the left and right hand side banks. of the incised channel, respectively; ¢ the time and g the acceleration
due to gravity.

The resistance to the flow at the bottom 73, and 73, in Eqs. 1 and 2 should differently be described
corresponding to the respective flow characteristics. According to the so far investigations (1), the
following classification of the flow is possible.  For the case h/d < 30(d: mean particle diameter}, the
stony-inertial type debris flow in which the laminarly moving particles are dispersed in the entire flow
depth appears when the channel slope is steeper than about 9° and/or ¢ > 0.2.  If channel slope is flatter
than 9° and/or ¢ < 0.2, the sediment mixture layer can occupy only the lower part of the entire depth
of the flow and this type flow is called the immature debris flow. = If the slope of the channel is flatter
than about 3°, the flow is an ordinary water flow transporting the bed load. For the case h/d > 30
and the channel slope is steeper than about 3°, the turbulent muddy flow type debris or immature debris
flow appears. When the channel slope is flatter than about 3°, the flow is the ordinary sediment loading
water flow. Therefore, if the downstream surface slope of the dam is steeper than 9° and the dam



43

composing material is coarse the early stage of the overtopping flow may form the stony-inertial debris
flow by trenching a self-formed channel and as time goes by with the progress of erosion that channel slope
flattens to generate the immature debris flow and then the ordinary flood flow.  If the dam is composed
of fine materials, h/d may exceed 30 even in the early stage of overtopping and the turbulent muddy flow
may be generated. = However, in this paper, only the coarse material case; i.e., at least in the early stage
h/d is assumed to be smaller than 30. = The formulae of the resistance to flow in the stony-inertial type
debris flow are (1):
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Those for the immature debris flow are (1):
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_Those for the ordinary sediment laden water flow are:
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where 7 is the Manning’s roughness coefficient.

The bed erosion in the incised channel proceeds under unsaturated bed condition and the tractive
force assigned by the interstitial fluid of the overlying sediment-laden flow may be effective. That
tractive force; 7y, is the difference between the applied shearing and resisting stresses and for the stony-
inertial debris flow and the immature debris flow it is written as:

re = {(oc — p)e+ p}ghsind — (o — p)ghccos OR (12)

where R is the dynamic friction coefficient of moving particles on the bed and 9 is the energy gradient

given by
[72 4+ 72
bz by . (13)
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Eq. 12 shows the larger the solid concentration in the flow becomes by the erosion and entrainment of
the dam composing materials, the smaller the tractive force becomes.  When ¢ attains an equilibrium
value; cq, no more erosion will take place and at that time 75 is equal to 75..  So far investigations (1)
show that the equilibrium concentration for the stony-inertial debris flow is

tand =

ptand
(o0 — p)(tan ¢ — tan 6)

where ¢ is the internal friction angle of the bed and tan ¢ has a value a little larger than R. The
equilibrium concentration for the immature debris flow; co, is

(14)

Ceq = Coo =

Coq = Csoo = 6.7¢2, (15)

Tt should be noted that Cseo 18 less than ce. Tor the slope on which ¢, by Eq. 15 counts less than
0.01, ceq should be obtained by using an appropriate bed load equation.
The asymptotic behavior of the bed erosion process may be explained by

i = K(rup — T*fe)\/lj)i (16)

where K is a numerical constant, r{= 74/(0c = p)gd} and 7p{= 7s./(c — p)gd}, respectively, are
the nondimensional tractive force and the nondimensional equilibrium tractive force produced by the
interstitial fluid of the flow.

Substitution of Eqs. 12 in which tan ¢ is used instead of R, and 14 or 15 or the other c.q value
obtained by a bed load equation into Eq. 16 obtains

o gend2plq_ =P (tand )}1/2(3%3?3_) _ak
m.—]{sm 9{1 5 (tanB 1 n 1) (ceq C)d an
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Note that for a bed steeper than the value that satisfies

tan f = ——E-*—(-J-—-——-Q—ta.n¢ (18)
(o —p)+p
the value of ¢, from Eq. 14 exceeds ¢,.  Because no flow is possible at such a high concentration, ¢

in Eq. 17 must be replaced by the maximum possible flow concentration, which experimentally is about
0.9¢. (1); consequently, ¢ = 0. '

The velocity; ue, that is needed for a debris flow to transport the load by concentration c neither
with erosion nor deposition is given by the equilibrium steady uniform velocity equation obtained from

Eqs. 1 and 6
: gSinee{ ‘D}}I/z{(c*)lls } 3/2
=2 —0k bl B
e Sd[ ooz 1°T1-95 c f (19)

where 0, is the slope on which concentration c is in equilibrium; therefore, tan . is given by substituting
¢ into ¢ in Eq. 14 as following:

c(o —p)tan ¢ (20)
c(oc—p)+p
For the case of the immature debris flow, one obtains from Eq. 15

_ Ve(o — p)tan ¢
Velo = p)+2.6p

If the flow in the incised channel on the dam body develops to a stony type debris flow while it
travels within that channel and then it comes down to the flat area, it begins to decelerate and starts
to deposit when the velocity becomes pu.(p < 1), in which the coefficient p is introduced to reflect some
inertial motion found in the experiment.  The amount of the excess particles that should be deposited
is A(c — ceq) per unit bed area.  Therefore, measuring the time necessary to deposit this amount by
h/(84u.), the equation of deposition rate which takes account such inertial motion may be given by

S2 2 —
i:@d(l_%i)u\/u2+v2 . (22)

Ue Cy

tand, =

(21)

tan 6,

where 8, is a constant and if, in Eq. 22, Vu2 + v2 > pu,, one assumes 1 = 0 no matter what i is calculated.
If the flow is the immature debris flow or the ordinary water flow, the inertial motion may be

neglected and
= 8,2 S R (23)

Cx

Lateral erosion velocity is assumed as a function of the shear stress on the side wall assigned by
the interstitial fluid of the overlying sediment-laden flow, 7.  The value of 7,5 is then assumed as one
half of the bed shear stress 7y. One may write the recesion velocity of the wetted side wall under the
surface of the flow 7, as

is N2 g { o-p (tanqb )}1/2(m¢ ) h
== K, 641 — -1 -1 - €)=
gh (2) st p ¢ tand tan @- (Ceq C)d (24)
where K is a constant. By recession of the wetted side wall, the part of the wall above the surface of

the flow may lose its stability and fall into the flow.  If one assumes the recession of the whole side wall
is parallel as shown in Fig. 1, the mean recession velocity of the side walls would be

hy . h

(25)
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where 75, and 7,,, are the mean recession velocity at the left and right banks, respectively, {; and [, are
the parts of the left and right banks above the flow surface, respectively.

The finite difference calculation of those system of equations referred to above makes possible to
analyse the whole phenomena from the beginning of overtopping to the complete failure of the dam as
well as to estimate the time varying quality and quantity of the discharge downstream. However, one
should add a special contrivance in the calculation, because on the two dimensional grid system set on
the horizontal plane the channel can enlarge its width only discretely in spite of the actual continuous
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Fig. 1 A cross-section of the incised channel on a dam

widening. To overcome this problem, one may assume that the sediment produced by the recession
of banks; e.g. ismr(25s — 2p)At, is supplied only to the cell adjacent to the bank; e.g. cell A in Fig. 1,
and it instantaneously raises the elevation of that cell to be eroded by the flow in the channel in the next
time step.  The channel width is considered not to be changed until the total volume of the sediment
supplied, for example, to the cell A becomes equal to the volume of the sediment in the side bank cell
at the time of begining of the side bank erosion; tg. At the moment when the two respective volumes
of sediment become equal, the channel is considered to be widened by one cell width and the bottom
elevation of the new cell adjacent to the new bank is set to be equal to that of the former adjacent cell at

time tg.  The formulation of the procedure is as follows:
12 .
/ G he Andt = (2ps + Zso — 26 = Zo)|t=te ATAY == 25 = Zpli=ty (26)
to
EXPERIMENTS

A steel flume of length 4.97m, width 40cm and depth-20cm was used in the two kinds of experiments.
In the first experiment, a 5 cm wide, 2 ¢m deep and 3 m long channel was incised in the bed adjacent to
the transparent flume wall.© The bed was composed of the unsaturated sediment mixture whose mean
diameter was 1.5 mm. The total width of the bed was 40 cm and the length was equal to that of the
incised channel. A wooden weir having the same cross-sectional shape at the crest to the initial bed
was installed at the downstream end to avoid erosion from downstream side.  The slope of the flume was
set to 13°. Steady water flow of 150 cm®/sec was introduced from the upstream end.  Initially the bed
as well as the side bank of the incised channel were covered by a wire net to prevent from erosion before
arrival of the flow front at the downstream end.  From the instant when the net is removed, changes
in vertical as well as lateral erosion rates with time were measured by using the video cameras. Run
out water and sediment were separated at the downstream end of the flume and the respective discharges
were measured. ) ,

In the second experiment, the flume was set at the slope of 3° and a triangular model of the natural
dam was installed on the rigid bed.  The schematical side view of the set up is shown in Fig. 2. The
material of the dam was the sediment mixture whose mean diameter was 2.15mm.  The height of the
dam was 16cm and the longitudinal base length was 140cm (Case A-1in Table 1).  This corresponds to
about 1/250 scale model of the average natural dam in Japan.  Water at the flow rate of 100 cm?® /sec

VIDEO
CAMERA  35mm
PEN RECORDER Q]CAMERA

Fig. 2  Experimetal set up -
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was supplied from the upstream end of the flume and in time it overflowed from the notch at the crest of
the dam, of which the width was 5cm and the depth was 1.2cm.  The overtopping flow incised a channel
on the slope of the dam and that channel increased its cross-sectional area with time caused by the sever
erosion of released water.  Change in the width and bed elevation of the channel were measured by
analyses of stereo pair photographs taken in every 5 seconds.

THE EXPERIMENTAL RESULTS AND THE NUMERICAL SIMULATIONS

The numerical simulations for the cases corresponding the experiments were accomplished using
the system of equations stated above.  Fig. 3 is a comparison of the results of calculation with the first
experiment at the section 220 cm downstream of the inlet.  In the calculation following values are used:
K =0.06,K,=1.0,65 =1.0,p=2/3,c. =0.655. Lateral erosion did not necessarily procede uniformly
along the channel, but the sporadic sloughing created discontinuous widenings.  The general tendency
of widening and vertical erosion of the channel are, however, rather well explained in Fig. 3.

Fig. 4 shows the sediment discharges at the downstream end of the channel in the first experiment.
The experimetal values fluctuate presumably depending on the local sloughing and other irregularities,
but the characteristic sediment yield such as large flow rate at early stage and gradual diminution is
explained.

The parameters and the grid systems used in the calculation corresponding the second experiment
were K = 0.06, K, = 1.0,64 = 1.0,c, = 0.655,tan¢ = 0.75, o= 265g/cm3 d = 2.15mm, Az = 10cm,
Ay = 1.25cm and At = 0.002sec.

Fig. 5 is the bird’s-eye view of the process of erosion of the incised channel in the simulation. -~ In
the calculation an incised channel of Icm deep and 5cm wide was set on the entire reach of the downstream
side of the dam surface in advance, whereas only a notch at the crest existed in the experiment.  Fig. 6
shows the changes of the cross-section of the channel at three points measured downslope from the crest.
The instant when the overflow from the crest appeared is defined ¢ = 0 sec.  In the early stage the
vertical erosion in the calculation is faster than that in the experiment and the calculated channel width is
narrower than that in the experiment, but in general the tendency of the channel enlargement is explained.
Note that the measurements in the experiments were conducted using a simple stereographer under flowing
condition, so that the acuracy is not so good.

The discharge hydrographs obtained in the experiment and by the calculation are compared in
Fig. 7. The peak discharge as well as the duration of flood are rather well coincide each other.

The synthetic comparisons of the results of numerical simulation to the results of the two kinds of
experiments confirm the presented method of the numerical simulation is valid.
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Fig. 7 Discharge hydrographs resulting from
failure of the dam

FACTORS DETERMINING THE PEAK DISCHARGE

Some systematic numerical simulations were conducted to know the dominant factors for deter-
mining the peak discharge of the flood/debris flow and to compare the resulting peak flows to the previous
empirical data. The first numerical experiments were concerned about the effects of the width and depth
of the initial incised channel.  The cases examined are listed in Table 1. As far as this examination
is concerned, the initial width of the channel little affects the peak discharge and the initial depth of
the channel slightly affects in & manner that if it deepens the peak discharge appears eailier (though not
specified in the table) and larger.  The initial channel size; i.e., the notch size at the crest, however,
seems not to be very effective for determining the peak discharge.

In the second numerical experiments, the congruent dams to Case A-1 were set on the different
valley slopes as shown by Case Bin Table 2.  The discharge hydrograph obtained in each case is compared
in Fig. 8. Both the peak discharge and the duration of flood/debris flow are larger when the valley
slope is flatter.

In the third numerical experiments, the same volume of sediment (volume of landslide to make
a dam is the same) made the dams on different valley slopes as shown by Case C in Table 2. The
downstream and upstream side slopes of the dam surface, respectively, were kept constant in every cases.
Therefore, the height of each dam was different and so was the initial volume of stored water. The
resulting peak discharges were also very much different as shown in Table 2. The biggest discharge
appeared when the dam was made on flat valley. )

The results of the above numerical experiments suggest the most dominant factor to decide the
peak discharge is the capacity of the reservoir. If compared under the same water storage capacity,
the peak discharge should be larger for the heigher dam, so that as previous investigation corzelates, the
peak discharge may change depending on the dam factor (dam height x water storage capacity). Con-
sidering that the numerical experiments correspond to the 1/250 scale model experiments and applying
the Froude’s similitude, the peak discharges are plotted on the figure obtained by Costa (3) as shown in
Fig. 9. One recognizes the peak discharges of the simulations are well correlate to the dam factor and
that they have similar tendency to the actual data.
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Table 1  Examination of the effect of the incised channel dimension on the peak discharge

Channel| Channel | Peak
CASE | width | depth | discharge Remarks
(cm) (cm) (/s
A-1 5.0 1.0 112
A-2 7.5 1.0 1.13
A-3 10.0 1.0 1.19
A4 5.0 2.0 1.14
A-5 7.5 2.0 1.20
A-6 10.0 2.0 1.21
A-T 5.0 3.0 i 1.20 6 =3° 8; = 16°, §; = 10.76°
A-8 7.5 3.0 1.20 {=140cm, H=16cm
A-9 10.0 3.0 1.35 Initial storage =79.8¢
Q 4
. (2/8)
Table 2 Effect of the valley slope on the peak discharge 1.0
Valley Initial Peak 0.8+
CASE | slope | H £ (6| 6 storage | discharge 0.6-
C) Jem) i em) () ) O] (¢/s)
B-~1 8 16.0 | 140 | 16'} 10.76 18.6 0.52 0,4
B-2 13 16.0 | 140 | 16 | 10.76 4.3 0.26 SUEAN
c1 1 163 | 137 | 14 | 1276 | 283.1 2.97 0.2 [\éxgé‘u;.----,--ww_-
c-2 8 134167 |21 576 | 162 0.44 oL 4 R
Cc-3 13 5.4 416 |1 26 | 0.76 1.3 0.12 0 20 40 60 80 100 120 140 160 180.200

t (sec)

Fig. 8  Discharge hydrographs on various
valley slopes
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CONCLUSION

A system of equations to be used in the numerical simulation of the process of failure of the natural
dam due to overtopping and thus to obtain the resulting discharge hydrograph either as a debris flow or
an ordinal flood flow was given.  Comparison of the calculated results to those of the flume experiments
proved the method is promising. ~ Finally, the effects of the size of the initial overtopping stream channel,
the dam height, the water storage capacity and the valley slope to the discharge hydrograph are discussed
and the peak discharges are discovered to be mostly influenced by the storage capacity of the reservoir
and the dam height as previous investigation pointed out.
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APPENDIX - NOTATION

The following symbols are used in this paper:

Sb

u, U

Ue

Zb

)8, ,8”
3

04
g
gbxoy '9byo
Oe
P
oT
o
Thxs Thy
Ts
Tfe

Tafs Txfe

solids concentration by volume in the flow;
¢ in the equilibrium state;

equilibrium solids concentration in the stony-inertial and immature debris flows;

= volume concentration of the solids fraction in the bed;

representative particle diameter;
acceleration due to gravity;
depth of the flow;

erosion or deposition velocity;

= mean recessing velocity of the left and right banks;

numerical constants;

parts of the left and right banks above the flow surface;

= ¢ and y components of flow flux; -

Manning’s roughness coefficient;

numerical constant;

= dynamic friction coefficient of particles on the bed;

degree of saturation of the bed;

= time;

= z and y components of the mean velocity;

equilibrium velocity of the debris flow;

coordinate along the valley and lateral to the valley;
erosion or deposition thickness;

momentum coefficients;

numerical constant;

gradient of the energy slope;

= ¢ and y components of the inclination of the original bed surface;

slope on which concentration c is in equilibrium;
density of water;
apparent density of the debris flow;

density of solids;

= z and y components of resistance to flow;

tractive force assigned by the interstitial fluid;

7¢ in the equilibrium state;

= nondimensional expression of 77 and Tyc;

internal friction angle.



