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Generation and Development of a Hydraulic
Bore Due to the Breaking of a Dam (1)

By Hiroji NAKAGAWA, Shigehisa NAKAMURA
and Kazuomi ICHIHASHI
(Manuscript received August 30, 1962)

Abstract

Experiments on the behaviour o1 the unsteady flow caused by the breaking of a
dam were conducted to examine the applicability of the analytical methods to this
problem and to find the transitional process of a hydraulic bore in connection with the
ratios of initial upstream depth to the downstream one, The breaking of a dam was
simulated by the rapid pull-up of a sluice gale installed in a uniform rectangular
channel.

As a result of the experiments, il was recognized that four kinds of wave patterns
distinguished by the initial relative depth appeared. The characteristics of the hydrau-
lic bore, such as wave profile, wave velccity, wave height and etc. were investigated
synthetically. Finally, stability of the undular bore was discussed.

1. Introduction

Hydraulic bores occur due to various sources in the natural world, for exam-
ple: a) the breaking of a dam, embankment or gate, b) the sudden opening
and closure of a valve or gate in an eleciric system, c¢) the occurrence of a
tsunami, @) a tidal wave penetrating into a river. As each of them shows
peculiar features corresponding to its boundary conditions, it is very difficult to
deal with all of them systematically.

Regarding the disasters caused by hydraulic bores, the destruction of the Mal-
passet Dam brought about serious damage to life and property in the lower
reaches of the River Reyran in 1959, An exiensive landslide which occurred
around the Vaiont reservoir in October, 1963, caused the reserved water of 23
million cubic meters to flow over the dam and took a toll of about three thou-
sand lives. In Japan, a crest tainter gate of the Wachi Dam in the Yura River
was destroyed in 1967, and this accident led to a reexamination of the safety of
all of the gates in Japan and to public sensation with regard to dam construc-
tion,

As mentioned above, the occurrence of a hydraulic bore due to a damn breaking
always brings about serious damage, so that the construction of a high dam or
large reservoir breeds social unrest. Therefore, the unsteady flow caused by
the failure of a dam should be further examined to establish a measure of disa-
ster prevention.

In 1832, Ritter?, who was the first to think of the problem, derived a solu-
tion to give a parabolic water profile of the flood caused by the sudden destruc-
tion of a dam, using the approximate Saint-Venant equation but ignoring the
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effects of the channel friction. Ré* obtained the solulions of the problem by the
graphical method, including the formation of a bore caused in the case of the
presence of the initial water depth below the dam. In 1952 and 1954, Dressler®,"
offered the solution for the wave front in consideration of the resistance effect
and verified it with observed data. Pohle® developed lhe wave theory of the
flow caused by the sudden lifting of a gate in 1950, assuming the potential flow
by means of Lagrangian coordinates. His work concerned the motions in their
early stages after the gate is removed. Stoker® showed a comprehensive treat-
ment of the dam-break problem by applving the momentuin principle to the
formation of the hydraulic bore and the method of characteristics to the shallow
water theory. Although, as stated above, various approaches to the dam-break
problem have been tried, the nonlinearity of the problem still precludes the
development of a consistent method of analvsis and the variation of the f{low
profile corresponding to each boundary condition remains unexplained.

Accordingly, the authors show by the observed data the characteristics of
flood caused by the breaking of a dam in connection with the ratio of the initial
water depth below the dam to the upstream onc and discuss the applicability of
Stoker’s theoryv to the hvdraulic bore.

2. Experimental Equipment and Procedure
(1) Experimental equipment

The experiments were conducled ot the Ujigawa Hydraulics Laboratory, Disas-
ter Prevention Research Institute, Kvoto University. The apparatus emploved
consisted of a rectangular channel 0.5m wide, 0.5m high and 30m long with a
horizontal bed. One side wall of the channel consisted of transparent glass so
as to be able to observe the phenomena, and the other side wall and the channel
bed were made of concrete blocks plastered with watertight mortar. A steel
plate was placed at [ive meters’ distance from the upstreamt end of the channel
so that it performed the role of a dam. It was connected with a 30kg weight
by wire-rope through a svstem of pullevs. When the weight f(alls down, the
stecl gatc swings upwards and gocs away {rom the water surface at a speed of
about six meters a second. The vertical pulling up of the plate was presumed
to be equivalent to the break ol a dam. The installation is shown schematically
i Fig. 1.

(2Y Measurement

The variations of the water surface shown within a range of about six mcters
around a fixed position were recorded using 16mm and 8mm cinecameras or an
automatically rolled-up camera, and analysed by means of the film motion ana-
Ivzer or projector. Pressure pickups of resistance type were installed in the
floor along its center line at hall a meter’s distance upstream of the gate, and
at 0.175m and 16m distances downstream of it, to record the variation of the
water level in each section automaticallv. The velocity measurement was per-
formed at the gate section and at 17 meters' distance downstream of the gate,
by photographing the motion of potassiium permanganate thrown into the water.
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Fig. 1 Experimental apparatus.
The items of experiments and the locations for taking photographs are shown in
Table 1.

The time #=0 has been defined herein as the moment the gate begins to move
upwards. Since it takes 1/10 to 1/20 sec to pull the gate up to the water
surface, the maximum error to decide f=0 will be about 1/16 sec in the case of
the cinecamera with crankspeeds of 8 to 64 frames per second. For the automa-
tically rolled-up camera a maximum error of three or four percent due to the
irregularity of the rolling speed was confirmed by the preliminary tests. These
errors were cancelled by repeating the experiments under the same conditions.

Regarding the velocity measurement, the diffusion of the tracers caused by
the flow turbulence limited the measuring time and made it very short after the
gate was removed, especially near the gate section.

3. Experimental Clagsification of Bores Caused by Dam Breaking

The hydraulic elements given at a moving hydraulic jump and an undular
bore are defined in Fig. 2. It was noticed by the photographic observation that
three types of the waves corresponding to the ratio of the initial water depth
below the dam to the one upstream of the dam appeared due to the breaking of
a dam, that is, (a) a parabolic given by Ritter’s solution, (b) a moving hvdrau-
lic jump, (c) undular bore.

In case (a) h/hy=0, a parabolic flow profile with upward concave curve given
by the theory agrees with the observed profile except for the front part and the
upstream end, as shown in Photo. 1 (a). The wave front has a rounded shape
owing to the channel friction as shown in Dressler’s analysis. Near the upstream
end, the actual profile indicates the upward convex curve contrary to the theore-
tical one. In case (b) #,/A;=0.1, the wave of a moving hyvdraulic jump type,
in which a steep front is formed by a surface roiler and the water depth above
the front is invariable in time, occurs as shown in Photo. 1 (b). The properties
of the moving hydraulic jump gradually diminish with an increase of the ratio
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Table 1 Experimential items.

|Experip¢ntal cilnse]?m Cigénm Camera | Camera
Data No. condmon_ _camera _camera D o @ Remarks
mlcem o cmltfsee mytlsee myfisee  mli/see
1 510 40| 0} 32 i 1) Flow
2 50 40] 032 | profile
3 510 '40] 032 14 2 : ) W"’h‘ggm
4 5/10 [40] 032 iMi 32 : 3) Celerity
5 5(20 (40| 0}32 14”32 |
6 530 40| 0] 32 |14 32
7 5|5 40| 0 64 !14 32 L
8 5(10 [40] 064 (14 32
9 5|15 40| 0] 64 |14 32
10 5120 40| 064 |14 32
11 5|25 [40| 0|64 |14 32 |
12 5(30 (40| 0|64 |14 32
13 535 (40| 0|64 114, 32
14 5(17.5/40 | 0| ¢4 141 32 |
15 5(18540| 0] Cd 14 32 o
6 | s|ola 0 316 14! 3241 Flow
17 1 5[5 40 0 316141 324 Pprofile
18 | 5|10 40° 0316 14 3242 Wave
19 5(20 40 0 316 14 © 3243y Celerity
20 530 ‘40 | b o}\ 3.16 14 | 3.24
21 503 ‘40 ‘ 0 3.16 14 | 3.24
22 5|25 }40i .0 3.16 14| 3.24
23 5(15 |40 © 0 31814 324
34 513‘200 8 8316 . 1) Flow
35 5 16 | 20 o! 8 b profile
% | 514 ‘20‘ 0 8 8316 D Wee
s | sfiz |20 of 8 8| 316 ‘ 3 Celerity
38 5,10 120 0 8 ; 8316
3 |5 8"20|0:s | 8|21 1
40 56 '20. 0 8 8| 316
a1 ‘5'412010‘8 RIS
42 5027 300 0l4 ' ! 8316
43 524‘30i0‘48 ;8 3.16
4 ‘ 5|21 |30 0 64 ' 8] 3.16
45 5,18 30 0 8 8316
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Table 1 Experimental items (continued).

‘EXC%?é??forgal!cilneer?m !cigen:1m Camera Camera
Data No. 7" _. |_camera _camera Ay @ Remarks
()| con> | cemcmy s |yt sec o [O/see 7 ifsec
6 |s5115/3 o 8 | 8| 3.1 1) Flow _
7 | s 1 P 0] 8 1324 8316 Wp“’f‘le
48 51613 0| 8 432 8| 316 height
9 | s|2.3 0 8l 4] 324 8316 Celerity
50 | 5| 9 3 of 8 | 4! 324 8|31
st |5 6 3 ol 8 | 4324 8316
52 | 5| 3 30 0 s‘ 4] 324 8| 316
5 '5| 2 20 0 8 4| 324 8316
s4 5] 0 20 0 8 &4‘3&;8.3.16
55 5 0 3 0 8 4,324 8 3.16
6 5,28 25 0 64 41316 8] 324
57 5018 25 0 64 4316 8]32
58 5|15 25 0 64 4,316 81324
s9 5|12 25 o0 32| | 4] 316 8] 324
60 | 5] 9 25» ol 6| ! 8| 316 ‘ 1) Flow
61, 5i 6 25! 0f 64| | 83w | W‘:i"eme
62 5| 3|25| 0 64 ! 8| 316 2ot
68 |50 zs‘ 0 64| 8210 | ‘3) Ce:le:igtst
64 5121151 0 64 L8316
65 | 5,015 ol e| | 8 316
66 | 5 | 8 151 0| 64 ‘ 8| 316
67 5,6 15 0| 64| 8| 316
&8 51 4 15 0| 64 8| 316
69 5 215 0| 64 i 8316
0 |5, 0 150 0| 64 gs‘alq
7oisla|as| o] e | 8)31618 3241) Flow
7 s ‘ 25 35| 0] 64: 831618 3.2 profile
73 s|20|3s| o e 8316 18 324”0 VRl
% 5 15]35| 0| 64 8 31618 3243 Colerity
B 5 10|35 0 64‘ 8.31618 324
% 50 5|3 0| 64 S 8[a1618 324
7 s 0|m 0 64 831618 324




6 H. NAKAGAWA, S. NAKAMURA and K. CHIHASHI

Table 1 Experimental items (continued).

16mm - erﬁi_

Experimental| . |

Data No. ’ cpondition lctl:gsr;era Cul:ral?r-)era Can]ﬁsera ‘ Ca(nsfra Remarks
e | cmlomftsee iy fisee (moffisee s
101 5 0 : 40" O\[ 64 I | 1) Current_
102 5 0 40 0] 64 ! Velecity
103 5 107401 0| 64 A
104 5 20|40, 0| 64
105 5 30|40 0| 64
106 . 5 30| 40|18 | 64
107 ' 5 20,4018 64
108 5 10| 40:18; 64

(a)
Lo
LT
ho
ua2 |P2 u |h
hl
X <
y
(b) -
Lo L.
7 70 S ho
T~
i o In
hi |hz -
)

Fig. 2 Definition sketch.
hi/h,. When the value of #,/h, becomes more than about 0.4, the front of the
bore shows an undulating form. The height and steepness of the undular bore
are cugmented with the increase of the ratio A,/ky, within the range of A/hs to
be less than 0.56. For h/k, to be above 0.56, the wave height decreases with
an increase of the ratio 4,/ky and a stable undular bore is formed as seen in
Photo. 1 (¢).

From the results obtained above, it is recognized that the flood waves caused
bv dam-breaking can be classified into four patterns by the relative water
depth initially settled, as follows:

1) h/he=0 : a parabolic wave with a rounded front,
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2) 0<h/hy<0.4 : a uniformly progressive wave with a breaking front (moving
hydraulic jump),

3) 0.4<h/hy<0.56 : unstable undular bore with a front partly broken, and

4) 0.56<h,/hy<1.0 : stable undular bore.

g L.

(b) hi/hy=0.1

© h/h=0.6

Photo. 1 Wave patterns.
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4. Analysis of Experimental Results
(1) Wave velocity

The actual wave velocities obtained by photographic measurement are plotted
against the initial relative depth, #,/k,, in Fig. 3. The curve shown in the
figure represents the theoretical wave velocity for the rapidly varied unsteady
flow derived by Stoker. It was calculated by use of the following equations:-

- £)
e )
Ha 40 00 5 Co (3)

¢ ¢ ¢
where the wave propagation speed, c¢i, is equivalent to Vghi, and subscripts 0,1
and 2 indicate the quantities in the zone of the undisturbed reservoir, the cons-
tant state at the upstream part of the front and the quiet water downstream of
the front, respectively.

In a case where 7,/h,=0, the actual travelling speed of the front becomes
considerably smaller than the theoretical value, 2.0, owing to the channel
friction. By the fact that values of dimensionless expressions of the velocity
vary in proportion to the initial reservoir depth, it is verified that the water of
the front moves along the dry channel, according to the resistance law of the

2.0 | |
§ Y LT o
- ) ¢
O0~8| 6~20 |20~
MOVING
BREAK fm)'gm.lc gl g |
TRANSITIONAL
1,6 STATE x X x
UNDUL AR
BORE ) | w N
NON - BREAK o [ []
L ]
o
1.2 .
[ ) ® °
g2 ‘ ° » [ ] L4
K L _,l\‘%a.& % ;3 .
Vaho S oo "‘g( -l .—-‘3."—8—’2’_’_’9_——_
423 ¥ ® _5‘ —\Q‘ o 3 °
LAY S-S Q o °
0.8 LN - 8 gl o
STOXERS THEORY
(o]
o} 02 0.4 06 og
'
ho

Fig. 3 The wave velocity.
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turbulent flow. In the range within which the moving hydraulic jump appears,
0<hi/hy<0. 4, it is recognized that at the early stage after a dam breaks the
wave travels at a higher speed than that given by the theory, owing to the
effect of acceleration, while in the downstream reach the observed velocity
agrees with the theoretical curve. When the range of h,/k, is over 0.4, the
wave velocity in the downstream reach takes larger values than that in the
vicinity of a dam, and the differences between them become larger as the value
of /hy increases. It seems to be due to the occurrence of the positive surge
advancing upstream that the latter takes lower values than those given by

Stoker’s theory, while the former indicates higher values owing to the develop-
ment of the undular bore.

(2) Height of bore

The variation of the height of a bore corresponding to the relative water
depth, %,/ky, is indicated in Fig. 4, in which the wave height, %, represents £,
for a moving hydraulic jump and (y+#) for an undular bore as defined in
Fig. 2.

For the values of A,/h, below 0.4, the undular bore with a very steep front
occurs just after the dam breaks, [followed by the plunging breaker in the
region of (4-6)h, downstream {rom the dam as shown in Photo. 2. Thereafter
the wave takes the form of a quasi-steady hydraulic jump and has a height
slightly lower than that given by Stoker’s theory. This discrepancy is perhaps
due to ignoring the effect of the vertical acceleration on applying the nonlinear
shallow water theory. Assuming that the velocity in =x-direction is represented
by the mean velocity, and the velocity component in the vertical direction varies

0 I —T T
| 1/ ho he8Q N 20
5 PLUNGING BREAK — 0.1 : :
on! LY 0.2
S TR wo Rl b ol 03 [® e
| |\ '.;!)-‘--D---.'.AB”.')D,_D,QJ l 04 (@ )
2 oS — MOVING HYDRAULIC JUMP o5 |9 =
| %!E*m-@i;- alg b °]2 56 o [ ©
. ea Te--B....eo02
- 07 |® Q
\ I ok '%&—1+'I—"‘°3 L —03 ot T ot
'a | ‘Ww-“-_""‘;_f;&g—'_'o_-‘:— 0'4 05 |e .
- N o R NN 04 —o:
05 W | F ~).o-®a6 |
T p & -o Q-5 7T UNDULAR BORE (BREAK) —0I5
B « e e . e
hoty R o = s
) .
02 o D
0.1
0.05 .’-.._~ S «09
“19 (STOKER'S THEORY)
ooz I
o.l 02 0s I 2 s 10 20 50 100 200 500 1000

Fig. 4 Development of the bore height.
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Proto. 2. Plunging break (h /he=0.25, x=0.5m).

linearly from zero at the channel bottom to a definite value at the water sur-
face, the equation of motion for the irrotational flow can be given in dimension-
less form by neglecting the infinitesimal terms as follows:

o4 , 0% , dy 1 *n  _

TR T I W7 4)
The last term of the above equation is additional to the first equation of motion
given by the nonlinear shallow water theory. Since the water surface gradient
takes a negative infinite value at #=0 and increases gradually with travelling
time so that §%)/3%9:* always takes a negative value, the effect of the water
surface gradient makes the water depth smaller. From what is mentioned
above, it is concluded that the discrepancy between the calculated bore height
and the observed one shown in Fig. 4 is due to the last term on the left hand
side of Eq. (4) and increases as the given value of %,/h; becomes smaller.

For the condition that A,/k, ranges from 0.4 to 0.6, the plunging break
appears just behind the dam and thereafter develops into the undular bore
which the wave crest of the front partly breaks, as seen in Photo 3. The
transitional process from a moving hydraulic jump to an undular bore is indica-
ted by the fact that the height of a bore, (+#), for £,/h=0.5 is larger than

Photo. 3. Undularbore bore with spilling break (hi/hg=0.5, x=8m).
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that for h/#,=0.4. In this range the undular bore is unstable and built up
towards the flow direction. :

When the range of A,/k is above 0.6, the breaking state which appears just
downstream of the dam changes into a stable undular bore at a point about
4hs downstream from the dam. This stable bore has a tendency to decrease its
height with travelling due to the frictional resistance of the channel walls.

The maximum heights of the bore in dimensionless expression, o/ (a—5)),
which were obtained at a point about eight meters downstream of the dam, are
plotted against the relative height, (k,—#4,)/k,, in Fig. 5. In the figure the
critical value for the breaking of a solitary wave obtained by Munk™, no/h\=
0.781, and that for the formation of the undular bore derived by Keulegan and
Patterson® are shown together. The experimental curve representing the limit
of stability for the undular bore, obtained by Favre, is also indicated in the
figure.

If the range %,/h is smaller than 0.4, uniformly progressive waves with a
perfectly broken front appear and the lower limit of (h;—#4,)/k, in this range is
located just on Munk’s critical curve. In the range of 0.4<h,/h,<0.6 in which
the crest of a bore {ront partly breaks, no/(h,—#h,) takes the values from 1.0 to
1.5 and its variation shows a good agreement with Munk’s curve. Thus, the
unstable transitional process from the moving hydraulic jump to the undular
bore appears in this range.

If the range »o/(hy—h,) is over 1.5, an obvious undular bore appears in the
entire reach of the channel. In the region (k,—4,)/h<0.38, 5o/(h—h)) takes
values between 1.5 and 1.8, and its variation shows a different feature from
Favre’s experimental curve. The limit of stability for the undular bore obtained
by the authors is represented by (h,—#,)/h,=0.38, while the one given by
Favre’s experiment takes the value of 0.275. This discrepancy seems to be

]
20 © n/n:0( | BREAK SIGN
® 02 /  MOVING
L4 & -] [ HYDRAULIC
8 o r pe ® 04 JuMP
5 o os
glo e} 06 | X TRNSITIONAL
I e g <) or STaTE
o hz-he 7/ o o8
Famhe | (KEULEGAN 4
8 PATTERSON} / i o 09 | \ g?;l:téLAﬂ
14 7
/ i
4
32
1o UNDULAR BOR LGES it
STABLE UNDULAR BORE - < MOVING HYDRAULIC JUMP
f T ! 1 t o F -
001 002 005 ol 02 | I 05 ], § 2 1 10 20 50 100 .
00 - ny-n
R | -
02 T 1
‘ : STOKER'S THECRY
n |
he 06 \

Fig. 5 Maximum height of the bore.
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caused by the differences in the mechanism of generation of the bore and in the
stability of the bore shown at the measuring point.

(3) Stability of undular bore

To study on stability of the undular bore, the time change of the water level
recorded at the stations A, B and C are analysed. An example of the records is
shown in Fig. 6. At station A, the retrogressive bore is recorded, while at
stations B and C the progressive bore is recorded at the early stage, and then
followed by the reflected retrogressive bore. It is also noticed from Fig. 6 that
the undular bore is transient at station B, but is built up at station C. From
the above mentioned, it can be seen that the bore generated by the dam-breaking

(o} CASE 5-0-40

LIS %y

1) CASE 5-30-40

£°0.170a
L

o 0 20
e} CASE 8-20-40

e

] o
‘i

25em

vl |

e L | [ rr el pand

BT
\ I

|
10 20 30 sec T <) 10 20 !ﬁb -

Fig. 6 The time changes of the water level.
(@) hi/ho=0, (D) R(/hy=0.25, () hi/hy=0.50, (d) h)/hy=0.75

tends to become stable as the bore progresses.

The records obtained using pressure pickups should be corrected in considera-
tion of the response characteristics of pressure gauges, when the water level
changes periodically and rapidly. However, in this study the correction factor
was assumed to be unity for convenience, and the pressure measurements were
used to examine the wave velocity and the water level gualitatively. To analyze
the bore height quantitatively, photographic records only are applied.

The amplitude of the undular bore defined as (p—%) is analyzed and the
result is shown in Fig. 7. The most probable relation to be expected will be
represented by a curve shown in the figure. In the region of 0.4<Ah,/h:<0.56,
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the undular bore partly breaks at the first crest. The amplitude of the first
wave rapidly increases and indicates the maximum value at %,/he=0.56. And
in the region of 0.56<A\/h,<1, the undular bore seems to be stable so that no
breaking is found. Favre gave (h,—#4)/h=0.275 from his experiment as the
upper limit of the stable undular bore, which is reduced as #,/k,=0.635 from
Stoker’s theory, The limit obtained from the authors’ experiment, #;/k,=0.56,
which is defined as the boundary value between the existence and nonexistence
of any breaking of the weve is different from Favre’s limit.

oS x/ o
0-6 | 6-20]20~
NON - BREAK ol o
BREAK
04 (UINOULAR BORE)| @ | ™ | @
h|/h2'0.56
ul |
1L /hym0635
| 3L
03 -‘-l\ ‘
Tl of [\ .|
o .
R 5
. 8
¥
o ) l \
PN
Q“ (] ‘ .
o PN o
/| L
sl L] ANTY
o1 S |
i o)
/ L ] | )
[T
F
01 ©02 03 04 05 06 O7 1.0
h,
N

Fig. 7 The amplitude of the bore.

Murota® has shown that the value of ¢ becomes 1.5 for the stable undular
bore, where o={(po—71)/2+h,—k}/(h,—h). The authors’ analyses show that ¢
takes an approximately constant value, 1.5, for 1.0>4,/h,>0.67 and that the
value of ¢ is maximum at the limit of the stable undular bore, decreasing to
zero at h/hy=0.4. For 0<A/he<0.4 it becomes almost zero, because the bore is
not undular but uniformly progressive. The variation of ¢ against the value
of h/hs is shown in Fig. 8. The characteristics of the undular bore obtained
by the authors’ experiment seems to be similar to that of Murota’s results when
the bore is fully developed. The development of the undular bore was studied
numerically with consideration of the vertical acceleration by Peregrine'®.

The relation between the wave length L, and the mean wave height is shown
in Fig. 9. It is recognized from the figure that the wave length is shorter in
the neighbourhood of the dam, that is, at a generating stage of the bore and
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Fig. 8 Relative amplitude of the bore.
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Fig. 9 The relationship between Ly and mean wave height.

becomes larger as the bore develops, approaching the limit given by Remoine!",

Fig. 10 shows the variation of the wave steepness of the undular bore against
the mean wave height. It is obvious that the steepness (po—mn1)/L, varies with
the relative depth and the travelling time. In the stable region, the value of
steepness which is large in the vicinity of the dam decreases gradually through
the development of the bore. In the unstable region, the values of the steep-
ness are large as a whole, but they scatter because in this region the bore is
not fully stable but in a developing stage. The value of steepness has a
tendency to approach the real line shown in Fig. 10 with the build-up of the
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Fig. 10 The relattonship between the mean wave height and (na—n)/L:.

The value of 7/Ls is also analyzed and shown in Fig. 11. The plotted
values are for #=20 cm and 30 cm, and for the range of 5 to 8 m of x. The
length Ly corresponds to the length from the toe to the first crest of the wave
and p, is the height of the first wave measured from the still water level in the
downstream section. For the stable undular bore, the relationship between
/Lo and (h,—h)/h, is given approximatelv by the following equation:-

0 [ Cha=h) )*

P-(5 |
where the value of 7 is unity as an approximation. For the region of the un-
stable undular bore, 0.38<<(hy—n)/h <0.63, 5o/Lo becomes larger than 0.15
As seen above, the steepness of the bore generated by dam-breaking takes the
maximum value at the upper limit of the unstable region. For the moving
hydraulic jump, the value of %y/Lo is 0.3 at most and decreases gradually with
the increase of the value of (Ba—h)/h.

A

5. Conclusion

The present paper is to describe synthetically the characteristics of {floods
caused by dam-breaking by means of experiments in which various conditions
for the initial upstream and downstream water depths are given.

The conclusions obtained from this study are summarized as follows: -

(1) The flood waves caused by dam-breaking distinctly show four patterns
corresponding to the relative water depth initially settled.
(2) The wave velocity in the downstream reach gives good agreement with
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Fig. 11 The variation of 7/La.

the theoretical one for 0<A /5 <0.4, while for A/#>0.4 it shows a higher value
due to the development of the undular bore.

(3) The height of the bore for the moving hydraulic jump is smaller than
that given by Stoker’s theory in the downstream1 reach, due to the effect of:
vertical acceleration. The plunging break of the wave which occurs at the early
stage is a peculiar phenomenon for any condition of dam-breaking.

(4) In the transitional region in which the unstable undular bore occurs,
the height of the bore gradually increases with the travelling distance due to
the development of the bore. For the stable undular bore its height decreases
with progression owing to the frictional resistance of the channel.

(5) The stable undular bore was obtained in the region of #h,/k>0.56,
while the experimental result obtained by Favre indicated this limit to become
0.635. This discrepancy between them may be caused by differences in the
mechanism used to generate the bore.

(6) The steepness of the bore front increases in proportion to the value
of (hy—h)/h in the stable and unstable bore regions, and shows its maximum
value at the upper limit of the unstable region, while it decreases in the region
of the moving hydraulic jump with the increase of (h,—#h)/hy.

From the above invesiigations, the transformation of the bore which appears
at the early stage after dam-breaking is considerably complicated and it per-
forms important role in the discussion of the development of the bore.

In view of this, the authors have conducted the numerical analysis of the
flood profile in consideration of the vertical accelerations. The results of this
research will be reported in a subsequent paper.
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