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Abstract: Understanding of the characteristics of dam-break flows moving along a sloping 14 

wet bed can help to timely issue flood warning and risk mitigation. In this study, laboratory 15 

experiments are carried out in a large flume for a wide range of upstream water depth, bed slopes and 16 

tailwater depth. The water level is recorded and processed to calculate the mean velocity and wave 17 

celerity. Results show that the increase of the bed slope will significantly accelerate the wave-front 18 

celerity for the downstream dry bed, while the negative wave celerity will decrease. When water 19 

depth ratio α ≥ 0.3 (defined as the ratio of initial downstream water depth over the upstream water 20 

depth of dam), there are extra negative waves propagating towards the reservoir area after the flow 21 

has developed for a period of time. When α ≥ 0.6, there are the Favre waves propagating downstream. 22 

The water level and the mean velocity fluctuate due to the influence of the extra negative waves and 23 

the Favre waves. Such fluctuant frequency increases with the increase of the water depth ratio. The 24 

empirical formulas are obtained for the celerity of the first extra negative wave and the first 25 
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downstream wave. The variation of wave-front height is very similar under three bed slopes 26 

investigated in this study, while the maximum wave-front height occurs when α = 0.2. The present 27 

study broadens the understanding of the effects of the bed slope and the tailwater level on the 28 

movement of the dam-break flows. Furthermore, experimental results are also compared with some 29 

analytical solutions. The validity of the assumptions made during the development of these analytical 30 

solutions and their limitations are discussed by comparing with the experimental measurements.  31 

 32 

Keywords: Dam-break flow; Bed slope; Water depth ratio; Water level; Wave celerity; Digital image 33 

processing.  34 

 35 

1. Introduction 36 

The dam-break floods have significant destructive power, which can seriously threaten the 37 

lives and properties downstream of the dam (Plate, 2005; Hamlet and Lettenmaier, 2007; Wang et al., 38 

2020a). It is, therefore, important to investigate the evolution characteristics of the dam-break flood 39 

in order to mitigate flood risk and reduce losses. Previous studies showed that the dam-break flow 40 

was affected by various factors (Miller and Chaudhry, 1989; Feizi et al., 2012; Van et al., 2014; 41 

Hooshyaripor and Tahershamsi, 2015; Wood and Wang, 2015; Juez et al. 2017; Wang et al., 2016, 42 

2018). Among them, the bed slope and the downstream tailwater depth play important roles in the 43 

development of the dam-break flows. Knowledge and understanding of the propagation 44 

characteristics of the dam-break flow under the combined effect of the bed slope and the downstream 45 

tailwater depth can help issue timely flood warning and prepare appropriate mitigation measures. 46 

Extensive studies have been carried out to investigate the effect of the bed slope on the 47 

evolution of the dam-break flow in past decades. Dressler (1958) used the form of the second type of 48 

elliptic integrals to derive the analytical solution of the dam-break flow under the condition of the 49 

dry sloped bed. Mungkasi and Roberts (2011) applied the method of characteristics to derive the 50 
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analytical solution in the case of the dry sloped bed. They developed the mathematical equation to 51 

describe the water surface profile. Chanson (2009) considered the role of the wave-front resistance, 52 

and used the similar method to derive the analytical solution for the dry sloped bed. In his solution, 53 

the water depth in the wave-front region was affected by the selection of the surface roughness 54 

height ks. Wang et al. (2017) deduced the analytical solution of the dry sloped bed under arbitrary 55 

cross-sectional shape by using the method of cross-sectional shape parameter separation. Using 56 

different methods, various analytical solutions are also obtained (Fernandez-Feria, 2006; Mangeney 57 

et al. 2000; Wang and Pan, 2014). The studies discussed above mainly focused on the effect of bed 58 

slope on the dam break flow. However, the downstream water depth (i.e., tailwater depth) also affects 59 

the propagation of the dam break flow. The role of the tailwater was investigated by Hunt (1983) 60 

who applied the dynamic wave approximation method to derive the analytical solution of the 61 

dam-break flows along a wet sloped bed. However, this analytical solution was only accurate after 62 

the flow moved downstream for a certain distance which was affected by the upstream water depth. 63 

This restricts the application of this analytical solution. Mungkasi and Roberts (2012) adopt the 64 

solving method of Stoker's (1957) shock discontinuity, and used the method of characteristics to 65 

derive the analytical solution in the case of wet sloped bed. Wang et al. (2020b) also used a similar 66 

method to derive the analytical solution of shallow water equations along a wet sloped bed. However, 67 

these analytical solutions have not been systematically verified by experimental data, and their 68 

capability to describe the actual dam-break flow also remains to be studied. 69 

The laboratory experiment is another method for investigating the dam-break flow (Denlinger 70 

and O'Connell, 2008; Cochard and Ancey, 2008; Marra et al., 2011, Wang et al., 2019). Lauber and 71 

Hager (1998b) carried out laboratory experiments in a smooth, rectangular prismatic flume with 72 

downstream dry bed to investigate the water surface profiles, flow velocity, negative wave and 73 

wave-front position. From their experiments, they proposed empirical formulas to describe the 74 

variation of these hydraulic parameters. Nsom et al. (2000) conducted the experiment in downstream 75 
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dry bed using the glucose syrup-water solutions. The dam-break flow propagation was measured and 76 

recorded by using image processing technology and ultrasonic distance detection system. The 77 

movement of the wave-front was analyzed and compared with the derived theoretical solution. The 78 

analysis of the hydraulic parameters, such as the flow velocity and the negative wave celerity, 79 

however, was not sufficient. Chen et al. (2014) studied the impact load on the downstream dam 80 

induced by the dam-break flows. Three typical impact modes were observed, and an empirical 81 

formula was proposed to describe the temporal variation of pressure load. However, the 82 

characteristic of dam-break flow was not analyzed. The above experimental studies have the 83 

characteristics of only considering the dry sloped bed, further experimental studies for the wet sloped 84 

bed case are required. 85 

 In addition, the sudden changes of the flow discharge may cause the periodic oscillations 86 

waves (Favre waves) to propagate through the channel. These waves may damage the structure in the 87 

channel, and also affect the operation of the channel and the navigation of the ships. Favre (1935) 88 

conducted a systematic experimental measurement of the propagation characteristics of these waves 89 

in a rectangular channel. Treske (1994) performed a similar study in rectangular and trapezoidal 90 

channels and found that the frequencies of secondary waves in the rectangular channel are higher 91 

than that in the trapezoidal channel for the same Froude numbers case. Peregrine (1966) invented a 92 

numerical model that can describe the propagation of an undular bore, but the model cannot be 93 

calculated from the initial discontinuous free surface. Soares-Frazao and Zech (2002) had improved 94 

the previous numerical model, and proposed a stable finite volume scheme that can be calculated 95 

from a steep front to compute secondary waves. However, previous studies on Favre waves rarely 96 

take into account the impact of the bed slope. What effect does the gravity component have on the 97 

conformation and propagation of Favre waves? What is the difference between the propagation 98 

characteristics of Favre waves on sloped channel and horizontal channel? To answer the above 99 

questions, further study should be carried out considering the bed slope. 100 
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There are little studies on the dam-break flows (or Favre waves) moving along the sloping wet 101 

bed, which is often encountered in the real situation. Therefore, the characteristic of the dam-break 102 

flows (or Favre waves) propagating along a sloping, initially wet bed has not been fully understood. 103 

In this paper, laboratory experiments are carried out in a large flume for a wide range of upstream 104 

water depth, bed slope and tailwater depth to investigate the propagation feature of the dam break 105 

flows (or Favre waves). The water level is recorded by CCD cameras and is then obtained by image 106 

processing technology. Mean velocity and wave celerity are then calculated. Results obtained from 107 

this study can be used as a reference for issuing the actual flood warning and mitigation work and 108 

also for validating the new analytical solution or numerical model. 109 

 110 

2. Experimental setup 111 

2.1. Water flume  112 

The experiment is carried out at the State Key Laboratory of Hydraulics and Mountain River 113 

Engineering, Sichuan University, China. The flume has the dimension of 18 m in length, 1 m in 114 

width and 1.09 m in height. The flume is divided into two parts by using a 15 mm thick fiberglass 115 

board at 8.37 m from the inlet, while the downstream water level is adjusted by changing the 116 

blocking height of the rigid fiberboard, as shown in Fig. 1. In Fig. 1, hu, hd is the initial water depth 117 

of the upstream and downstream, respectively and S0 is the bed slope. The flume is made of 118 

transparent tempered glass and supported by steel pillars whose height can be adjusted independently. 119 

The slope of the flume can be changed by adjusting the height of these pillars. The gate is connected 120 

to the motor through the steel cable. When the upstream water depth is 0.4 m, the corresponding 121 

lifting time is 0.167 s, which satisfies the transient collapse condition (Lauber and Hager, 1998a) t < 122 

(2hu/g)
 1/2

 = 0.286 s (g is the gravitational acceleration). Eight CCD cameras are arranged in parallel 123 

at the side of the flume to record the evolution of flow. These CCD cameras have a wide-angle lens 124 

for shooting 48 frames per second with a resolution of 1920×1440 (Liu et al., 2019a; Wang et al., 125 
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2019). The cameras are simultaneously turned on by wireless remote control. 126 

 127 

Fig. 1. Sketch of the flume device. 128 

2.2. Image processing technology 129 

The collection of experimental data by image processing technology involves two key parts. 130 

The first part is to use the calibration plate and the calibration function in MATLAB to individually 131 

calibrate each camera. The parameter data obtained (mainly the internal and external parameters of 132 

each camera) are then used to regulate the distorted picture. The size of the square lattice is 100 133 

mm×100 mm in the calibration plate, and the number of the grid is 11 on one side, and 10 on the 134 

other side. Fifty-millimeter margin is set around the calibration plate to facilitate the recognition of 135 

the corner points. In order to obtain more accurate internal and external data for each camera, 25 136 

pictures are used to calibrate each camera in different orientations and angles. The second part is to 137 

perform image analysis on the corrected image to obtain water depth data. The main purpose is to 138 

use the scale above the flume to cut and combine the images, and then to apply boundary recognition 139 

function to process the binarized image to obtain the variation of the water depth at each position. 140 

The actual length represented by a pixel is about 1.8 mm in the experiment (Liu et al., 2018, 2019b, 141 

Wang et al., 2019, 2020c). 142 

This study is to examine the combined effect of the tailwater and bed slope on the propagation 143 

of dam-break flow. To this end, eleven downstream tailwater depths are tested for three different 144 

bed slopes. The parameters tested are listed in Table 1 in which α = hd/hu is the water depth ratio. 145 

Tab. 1. Experimental parameters. 146 
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No. hu (m) hd (m) α S0 No. hu (m) hd (m) α S0 

1 0.2 0 0 0 34 0.4 0 0 0 

2  0.01 0.05 0 35  0.02 0.05 0 

3  0.02 0.1 0 36  0.04 0.1 0 

4  0.04 0.2 0 37  0.08 0.2 0 

5  0.06 0.3 0 38  0.12 0.3 0 

6  0.08 0.4 0 39  0.16 0.4 0 

7  0.10 0.5 0 40  0.20 0.5 0 

8  0.12 0.6 0 41  0.24 0.6 0 

9  0.14 0.7 0 42  0.28 0.7 0 

10  0.16 0.8 0 43  0.32 0.8 0 

11  0.18 0.9 0 44  0.36 0.9 0 

12 0.2 0 0 0.003 45 0.4 0 0 0.003 

13  0.01 0.05 0.003 46  0.02 0.05 0.003 

14  0.02 0.1 0.003 47  0.04 0.1 0.003 

15  0.04 0.2 0.003 48  0.08 0.2 0.003 

16  0.06 0.3 0.003 49  0.12 0.3 0.003 

17  0.08 0.4 0.003 50  0.16 0.4 0.003 

18  0.10 0.5 0.003 51  0.20 0.5 0.003 

19  0.12 0.6 0.003 52  0.24 0.6 0.003 

20  0.14 0.7 0.003 53  0.28 0.7 0.003 

21  0.16 0.8 0.003 54  0.32 0.8 0.003 
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22  0.18 0.9 0.003 55  0.36 0.9 0.003 

23 0.2 0 0 0.02 56 0.4 0 0 0.02 

24  0.01 0.05 0.02 57  0.02 0.05 0.02 

25  0.02 0.1 0.02 58  0.04 0.1 0.02 

26  0.04 0.2 0.02 59  0.08 0.2 0.02 

27  0.06 0.3 0.02 60  0.12 0.3 0.02 

28  0.08 0.4 0.02 61  0.16 0.4 0.02 

29  0.10 0.5 0.02 62  0.20 0.5 0.02 

30  0.12 0.6 0.02 63  0.24 0.6 0.02 

31  0.14 0.7 0.02 64  0.28 0.7 0.02 

32  0.16 0.8 0.02 65  0.32 0.8 0.02 

33  0.18 0.9 0.02 66  0.36 0.9 0.02 

 147 

 148 

3. Results and discussion 149 

3.1. Flow parameters 150 

For the convenience, the following hydraulic parameters are defined to facilitate the analysis: 151 
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where z, t, and u respectively represent the water level, time, and mean velocity, Z, T and U are 152 

respectively the dimensionless water level, time and mean velocity, u(t) is the mean velocity at time t, 153 

The volume W(t) is calculated using the method similar to that by Cestero et al., (2014), Bento et al., 154 

(2017) and Melis et al., (2019), W(t) and W(t+t) is the water volume between a section and the 155 

upstream end of reservoir at the time t and t+t, respectively, t is the time step, taking as 1/48 s, b is 156 

the flume width, h is the water depth, c is the average wave celerity, calculated as c = xs/t, xs is the 157 

distance traveled by the wave over time t. 158 

 159 

3.2. Observation of flow evolution pattern 160 

Figs. 2 and 3 show the dam-break flow evolution for various tailwater and bed conditions for 161 

flat (Fig. 2(a), 3(a)), mild (Fig. 2(b), 3(b)) and steep bed slopes (Fig. 2(c), 3(c)). Fig. 2 is the flow 162 

pattern at the time t = 0.42 s with various water depth ratio. For the downstream dry bed (α = 0) 163 

because the gravity component in the flow direction does not exist for S0 = 0 and is very small for S0 164 

= 0.003, the flow is mainly affected by the resistance in the wave-front. Therefore, the water depth 165 

becomes higher in the wave-front. For the case of steep slope S0 = 0.02, the gravity component along 166 

the flow direction significantly increases, which accelerates the flow after being vector synthesized 167 

with the wave-front resistance. This makes water become thinner in the wave-front zone. For the 168 

case of downstream wet bed for all three bed slopes tested, the flow released from the reservoir 169 

interacts with downstream tailwater, producing an upwarp of water surface in the downstream. The 170 

height of such water upwarping decreases with the increase of α, as shown in Fig. 2. 171 

Fig. 3 shows the flow pattern at t = 3.54 s in which different flow features occur after a period 172 
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of evolution. It is seen that for the case of dry bed, the wave-front spreads further and the water depth 173 

becomes smaller with the increase of bed slope. Both the rarefaction wave zone and steady zone are 174 

formed (Liu et al., 2019a; Wang et al., 2019) when α = 0.05−0.2, and the water level is almost 175 

horizontal in the steady zone for three different bed slopes. The instantly opening of the gate leads to 176 

a sudden flow discharge change in the channel. When the Froude number is less than 1.7, Favre 177 

waves will be formed in the channel (Treske, 1994). The reservoir area also appears this periodic 178 

wave phenomenon at S0 = 0 and 0.003 for α = 0.3 by the instant opening of the gate. In order to 179 

distinguish it from the Favre wave which is formed downstream of the dam, these periodic waves 180 

appearing in the reservoir area are called extra negative waves (Kocaman and Ozmen-Cagatay, 2015; 181 

Liu et al., 2019a; Wang et al., 2019). In the case of steep bed slope (e.g. S0 = 0.02), it is difficult for 182 

the extra negative waves to propagate upstream when α = 0.3, and there is no water surface 183 

fluctuation in the reservoir. 184 

185 
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 186 

 187 
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 188 

Fig. 2. Evolution pattern of the dam-break flows at t = 0.42 s (a) S0 = 0; (b) S0 = 0.003; (c) S0 = 0.02. 189 

 190 
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 191 

 192 

Fig. 3. Evolution pattern of the dam-break flows at t = 3.54 s (a) S0 = 0; (b) S0 = 0.003; (c) S0 = 0.02. 193 

Fig. 4 shows the evolution pattern of the Favre waves, in which the water surface undulates in the 194 

wave-front when α ≥ 0.4. The first downstream wave (Soares-Frazao and Zech, 2002) is observed to 195 
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have a broken waveform when α = 0.4, 0.5, but a stable form when α ≥ 0.6. The difference between 196 

the bed slope S0 = 0 and 0.003 with S0 = 0.02 is that the water surface fluctuates in the wave-front 197 

when α ≥ 0.3, and the first downstream wave is broken at α = 0.3, 0.4 (the wave breaking condition 198 

is much weaker for α = 0.4 than α = 0.3)，and in a stable form when α ≥ 0.5. It shows that not only 199 

the depth of tailwater affects the propagation pattern of Favre waves, but also the bed slope plays a 200 

role. 201 

 202 

Fig. 4. Characteristics of the Favre waves under different bed slopes. 203 

A generalized model is established to describe the evolution process of the dam break flow. Fig. 204 

5 is a sketch of the flow pattern and parameters used to describe the flow development, in which cn 205 

and cw respectively represent the negative wave and the wave-front celerity, cen and ces respectively 206 

represent the celerities of the first extra negative wave and the first downstream wave, ze represent 207 

the peak water level of the first extra negative wave, zmax, zm, zmin respectively represent the 208 

maximum, average and minimum water level of the Favre waves, h2 is the average water depth in the 209 

region of the Favre waves, h0 is the downstream water depth connected with the first downstream 210 

wave front. 211 

 212 
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Fig. 5. Generalized model when waves appear upstream and downstream. 213 

 214 

3.3. Water level 215 

The variation of the water level for α = 0 is shown in Fig. 6, where the measured data for S0 = 0 216 

have been published in Wang et al. (2020d). There is little difference of the water level for hu = 0.2 m 217 

and hu = 0.4 m for all bed slope conditions, indicating that the movement of dam-break flows meets 218 

the gravity similarity criterion. The analytical solutions of Chanson (2009) and Mungkasi and 219 

Roberts (2011) are also plotted in Fig. 6 for comparison. It is seen that the analytical solutions of 220 

Chanson (2009) and Mungkasi and Roberts (2011) of the water surface profiles are in good 221 

agreement with the measurements for the ideal zone where the effect of resistance is ignored for S0 = 222 

0. The main difference between them is that the wave-front zone is clearly affected by the resistance. 223 

The analytical solution of Chanson (2009) which considered the effect of wave-front resistance (ks = 224 

10
−5

 m in this experiment) is in good agreement with the experimental results when S0 = 0 and 0.003. 225 

The wave front velocity predicted by Mungkasi and Roberts (2011) who assumed that the channel 226 

was smooth (i.e. no wave-front resistance) is significantly larger than experimental measurement. As 227 

both the analytical solutions of Chanson (2009) and Mungkasi and Roberts (2011) didn’t consider the 228 

characteristic of the initial water depth in the reservoir decreasing gradually along the direction 229 

towards the end of the reservoir, their predictions differ from the experimental results when S0 = 0.02. 230 

In fact, the dimensionless water depth of the negative wave front position continuously decreases 231 

from 1 after the dam break begins, while it is always assumed to be 1 in the analytical. Nevertheless, 232 

the analytical solution of Chanson (2009) still has certain accuracy in capturing the position of the 233 

downstream wave-front when S0 = 0.02. 234 
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 235 

Fig. 6. Dimensionless free surface profiles for α = 0. 236 

When tailwater is present (e.g. downstream wet bed), the flow restores to stable state after the 237 

water upwarping at the initial time (T = 2.48) for α = 0.1, as shown in Fig. 7, the rarefaction wave 238 

zone and steady zone can be seen at T = 9.90. It is worth noting that the dimensionless water level of 239 

the steady zone is almost the same under the three different bed slopes. The analytical solution of 240 

Mungkasi and Roberts (2012) is in good agreement with the experimental result at the wave-front 241 

position for T = 2.48 − 9.90 under the three different bed slopes. The water level in the steady zone 242 

calculated by Mungkasi and Roberts (2012) agrees well with the experimental result when the bed 243 

slope is small (e.g. S0 = 0.003). However, large deviation between experiment and prediction of 244 

Mungkasi and Roberts (2012) exists for large bed slope, i.e. S0 = 0.02. This may be ascribed to the 245 
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fact that the analytical solution of Mungkasi and Roberts (2012) was obtained based on the 246 

assumption that the water surface of the upstream and downstream still water zones was parallel to 247 

the channel bed, which was different from the horizontal water surface in the experiment. 248 

 249 

Fig. 7. Dimensionless free surface profiles for α = 0.1. 250 

Fig. 8 shows that the second water upwarping occurs at T = 4.95 for α = 0.3. The analytical 251 

solution of Mungkasi and Roberts (2012) is plotted in Fig. 8 for comparison. It is seen from Fig. 8 252 

that the dimensionless water level also has little difference in the steady zone for three different bed 253 

slopes. When α = 0.5, because the first downstream wave is broken during the evolution process for 254 

S0 = 0 and 0.003, the water level is lower than S0 = 0.02 (the first wave propagates in a stable form in 255 

this α). The periodic waves appear both in the reservoir area and downstream of the dam when α 256 
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increases to 0.7. The water level in the steady zone calculated by Mungkasi and Roberts (2012) is in 257 

good agreement with the measurements for α = 0.3 when S0 = 0 and 0.003. However, when the water 258 

depth ratio increases to 0.5, 0.7, the analytical solution of Mungkasi and Roberts (2012) cannot 259 

capture the water surface fluctuations regardless of the bed slope. This is because the analytical 260 

solution of Mungkasi and Roberts (2012) was derived based on the shallow water assumption which 261 

is not suitable to describe the weak non-hydrostatic flow phenomenon (e.g. Favre waves). Such flow 262 

phenomenon is better described by the theory proposed by Soares-Frazao and Zech (2002). 263 

 264 

Fig. 8. Dimensionless free surface profiles for (a) α = 0.3; (b) α = 0.5; (c) α = 0.7. 265 

Fig. 9 shows the stage hydrographs at the positions x/hu = −12.8, −1.3, 0.8, 12.5 for 266 

downstream dry bed. The stage hydrographs are almost the same in the reservoir area for S0 = 0 and 267 

0.003, but it is gradually separated from S0 = 0 and 0.003 after T = 5 at position x/hu = −1.3 for S0 = 268 

0.02, in which the water level decreases. At the position x/hu = −12.8, water level for steep slope S0 = 269 

0.02 begins to fall later than that for flat and mild slopes (e.g. S0 = 0 and 0.003). The decline velocity 270 
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of water level is further accelerated at T = 28 when S0 = 0 and 0.003 with hu = 0.4 m. This may be 271 

ascribed to the fact that the celerity of negative wave is faster when hu = 0.4 m than that with hu = 0.2 272 

m, and the decline of the water level at the end of the reservoir will further affect the variation 273 

process of the water level in the reservoir area. Therefore, the phenomenon of stage hydrograph 274 

separation occurs at this time. This phenomenon appears at T = 32 for S0 = 0.02, which shows that 275 

the increase of the bed slope not only delays the evolution of the negative wave, but also delays the 276 

time when the water level is further declined in the reservoir area. The water level variation in the 277 

reservoir area predicted by Chanson (2009) is the same as that predicted by Mungkasi and Roberts 278 

(2011). In the case of S0 = 0 and 0.003, they both can relatively accurately predict the variation of the 279 

water level in the reservoir area. However, in the case of S0 = 0.02, the predicted water level at the 280 

position x/hu = −1.3 continues to rise in the later period (i.e. T > 12), which is different from the 281 

experimental results. For the comparison of the water level downstream of the dam, the analytical 282 

solution of Chanson (2009) accurately captures the rising time of the water level at the downstream 283 

location as it considered the effect of wave-front resistance. The predicted variation of the water 284 

level is in good agreement with the experimental result when S0 = 0 and 0.003, while the prediction 285 

deviates significantly from the experimental results when S0 = 0.02. 286 
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 287 

Fig. 9. Stage hydrographs for α = 0 (a) reservoir area; (b) downstream of the dam. 288 

Figure 10 shows the variation of the water level in both the reservoir area and downstream of 289 

the dam for α = 0.1. The characteristics of the water level variation in the reservoir area is very 290 

similar to that for α = 0. The water level at the downstream of the dam gradually becomes stable after 291 

a short time rising. The analytical model of Mungkasi and Roberts (2012) can accurately predict the 292 

variation of the water level for S0 = 0 and 0.003. However, for S0 = 0.02, the water level at x/hu = 0.8 293 

predicted by Mungkasi and Roberts (2012) differs from the experimental measurement. This 294 

deviation may be ascribed to the fact that the location x/hu = 0.8 gradually evolves from the steady 295 

zone to the rarefaction wave zone and the water level then continues to rise. The situation at the 296 

position x/hu = 12.5 is similar with a longer transition time from the steady zone to rarefaction wave 297 

zone. 298 
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 299 

Fig. 10. Stage hydrographs for α = 0.1 (a) reservoir area; (b) downstream of the dam. 300 

Fig.11 shows the water level at each position for α ≥ 0.3. The water level at x/hu = −1.3 301 

fluctuates significantly for S0 = 0 and 0.003 and α = 0.3. Such water level fluctuation is very small 302 

for S0 = 0.02, which is consistent with the characteristics observed in Section 3.2 in which the extra 303 

negative waves are difficult to propagate towards the reservoir area. When the water depth ratio 304 

further increases (e.g. α = 0.5), periodic water level fluctuations occur both in the reservoir area and 305 

downstream of the dam. When the water depth ratio further increases to α = 0.7, the frequency of 306 

fluctuations increases, while the flow has the characteristics of Favre waves (Soares-Frazao and Zech, 307 

2002). Fig. 11 shows that the analytical solution of Mungkasi and Roberts (2012) which was 308 

obtained based on the shallow water assumption is unable to capture the wave characteristics. 309 
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 310 
Fig. 11. Stage hydrographs for α = 0.3, 0.5, 0.7 (a) − (c) reservoir area; (d) − (f) downstream of the 311 

dam. 312 

  313 

3.4. Mean velocity 314 

Fig. 12 shows the dimensionless mean velocity profiles, where the measured data for S0 = 0 have 315 

been published in Wang et al. (2020d). The flow velocity increases continuously with time, and the 316 

peak velocity appears in the wave-front for downstream dry bed. When there is downstream tailwater, 317 

the situation is different. It is seen that for α = 0.1 and flat/mild bed slope (e.g., S0 = 0 and 0.003), 318 



23 

 

flow velocity approaches a steady value in the steady state region, while for steep slope (e.g., S0 = 319 

0.02), the flow velocity gradually decreases after reaching the peak. When tailwater depth 320 

downstream increases to α = 0.3, the position of the maximum flow velocity moves towards the 321 

reservoir area. For a higher α (e.g., 0.5 and 0.7), there is a wave variation for the velocity distribution 322 

in both upstream and downstream reaches. 323 

 324 

Fig. 12 Dimensionless mean velocity profiles (a) S0 = 0; (b) S0 = 0.003; (c) S0 = 0.02. 325 

 Fig. 13 shows that the flow velocity at x/hu = −1.3 gradually decreases in the later stage for S0 = 326 

0 and 0.003 with downstream dry bed, while for S0 = 0.02, flow velocity still gradually increases. For 327 

hu = 0.4 m, the flow velocity gradually decreases in the later stage at position x/hu = −12.8. Since the 328 

celerity of negative wave is slower when hu = 0.2 m, the significant decline of the flow velocity 329 

appears later correspondingly. The change characteristics for α = 0.1 is similar to that of downstream 330 
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dry bed. For high downstream water depth (e.g. α > 0.3), flow velocity fluctuates at x/hu = −1.3, 331 

which is affected by the extra negative waves. Such fluctuation frequency gradually increases as α 332 

increases. From the variation of flow velocity at position x/hu = −12.8, it can be seen that the impact 333 

of such fluctuation spreads faster to the reservoir area for α = 0.7 than that for α = 0.5. 334 

 For the position downstream of the dam, the flow velocity has a steep rise and then slowly 335 

declines in dry bed condition. The flow velocity gradually recovers to a stable value after a sharp rise 336 

when α = 0.1, 0.3, but from the change of the flow velocity at position x/hu = 12.5, it can be seen that 337 

the stable value for S0 = 0.02 is smaller than that for S0 = 0 and 0.003. This could be explained as 338 

follows: in the case of a downstream wet bed, the water depth is relatively larger at position x/hu = 339 

12.5 for S0 = 0.02. The flow velocity gradually becomes stable after the fluctuation at x/hu = 0.8 340 

when α = 0.5 and 0.7. Since the water depth at x/hu = 12.5 is larger for S0 = 0.02, the energy is 341 

dissipated faster, and thus, the flow velocity begins to decrease earlier compared to that for S0 = 0 342 

and 0.003. 343 
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 344 

Fig. 13 Dimensionless mean velocity distribution at different locations (a) − (c) reservoir area; (d) − 345 

(f) downstream of the dam. 346 

 347 
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3.5. Wave celerity 348 

3.5.1. Negative wave and wave-front 349 

Fig. 14 shows the variation of the average negative wave celerity with time. It is seen that the 350 

negative wave celerity sharply decreases with time at the initial stage (T < 5) and then gradually 351 

decreases and approaches a steady state for S0 = 0. Due to the effect of the bed slope, there is an 352 

added horizontal acceleration on the flow, which is opposite to the negative wave propagation 353 

direction. Therefore, the negative wave celerity will gradually decrease at the later stage under the 354 

situation of the bed slope S0 = 0.003 and 0.02. The analytical solutions of Dressler (1958), Chanson 355 

(2009) and Mungkasi and Roberts (2011) have the same dimensionless negative wave celerity which 356 

is equal to 1 for a horizontal bed. However, for bed slope is larger than zero (i.e. S0 = 0.003 and 0.02 357 

in this study), the dimensionless negative wave celerity continuously decreases with time. The 358 

analytical solutions of Chanson (2009) solution and the Mungkasi and Roberts (2011) have exactly 359 

the same negative wave celerity for three different bed slope conditions. The negative wave celerity 360 

predicted by Dressler (1958) decreases slower than those predicted by Chanson (2009) and 361 

Mungkasi and Roberts (2011) and it has a tendency to be close to the experimental results with the 362 

evolution of the dam-break flow. The negative wave celerity predicted by Mungkasi and Roberts 363 

(2012) deviates relatively small from the experimental results for S0 = 0.003 and α = 0.1. With the 364 

increase of the water-depth ratio, the predicted negative wave celerity improves. For the steep bed 365 

slope S0 = 0.02 with wet bed condition, there exists relatively large difference between the analytical 366 

calculation and experimental measurements for all water depth ration investigated here. 367 
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 368 

Fig. 14. Variation of dimensionless average negative wave celerity with time for various water depth 369 

ratio and bed slopes. 370 

Fig. 15 shows the variation of the average wave-front celerity with time. It is seen that the bed 371 

slope has a great effect on the wave-front celerity. Owing to the still water in the downstream of the 372 

dam has greater resistance compared to the dry bed case, it is shown that the wave-front celerity in 373 

the dry bed case is significantly larger than that in wet bed case. Analytical solutions of Dressler 374 

(1958), Chanson (2009) and Mungkasi and Roberts (2011, 2012) are plotted in Fig. 15 for 375 

comparison. It shows that the wave-front celerity predicted by Dressler (1958) is similar to that 376 

predicted by Mungkasi and Roberts (2011) for three different bed slopes. As the influence of the 377 
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wave-front resistance is not considered in both analytical solutions, the wave-front celerity 378 

continuously increases with time for the bed slope S0 = 0.003 and 0.02 and the dimensionless celerity 379 

is much larger than the experimental measurement. Chanson (2009) considered the wave-front 380 

resistance effect and the predicted wave front celerity is in good agreement with the measurements. 381 

The wave-front celerity of Mungkasi and Roberts (2012) does not change with time on the horizontal 382 

bed, and it is in good agreement with the experimental results. It is slowly increasing at S0 = 0.003, 383 

and has little different with the experimental results. But in the case of S0 = 0.02, the wave-front 384 

celerity rises faster, which is coordinate with the experimental situation in the early stage (almost T = 385 

15), but in the later stage, the celerity is faster than the experimental situation. It is analyzed that 386 

there will be more energy dissipation in the interaction between the wave-front and the downstream 387 

still water in the experiment, and the acceleration will change instead of keeping a fixed value like 388 

the analytical solution. 389 
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 390 

Fig. 15. Effect of the bed slope and water depth ratio on the dimensionless average wave-front 391 

celerity. 392 

3.5.2. First extra negative wave and first downstream wave 393 

Experimental results show that the periodic waves will not only propagate downstream, but also 394 

appear in the reservoir area. For rivers/channels with cascade regulation mechanism, such periodic 395 

waves will propagate towards upstream when the gate is used to adjust the discharge. This will have 396 

an adverse effect on upstream structures or the navigation of upstream vessels. Therefore it is also 397 

important to investigate the propagation of the extra negative waves. Figs. 16 and 17 are respectively 398 
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the variation of the dimensionless average celerity of the first extra negative wave and the first 399 

downstream wave with time for various α and bed slopes. It is seen that the dimensionless celerity of 400 

the first extra negative wave has great consistency between hu = 0.2 m and hu = 0.4 m, and the same 401 

for the dimensionless celerity of the first downstream wave. The celerity of both the first extra 402 

negative wave and the first wave increases with time, reaches a maximum and then decreases with 403 

time. Fig. 16 also shows that the celerity of the first extra negative wave propagating along the steep 404 

slope (S0 = 0.02) is smaller than that along the flat and mild slope. Such difference increases with the 405 

increase of the evolution time. While for the celerity of the first wave, the situation is another way 406 

round. The celerity of the first wave is larger along the steep slope (S0 = 0.02) than that along the flat 407 

and mild slope (S0 = 0 and 0.003) due to the promoting effect of gravity component in the horizontal 408 

direction. 409 

The following empirical formulas are developed for the first extra negative wave celerity (Eq. 410 

(6)) and the first downstream wave celerity (Eq. (7)): 411 

 
6 3 1.18 2

01.75 10 0.009 0.0135 0.67 0.38   enC T S T T              (6) 

 
6 3 2

02.6 10 0.003 0.009 0.26 0.82   esC T S T T            
 

(7) 

the correlation coefficient R
2 
is applied to analyze the fitting results. Fig. 18 shows the comparison of 412 

experimental measurements and the fitted data calculated using Eqs. (6) and (7). The good agreement 413 

between the calculated and measured data indicates that Eqs. (6) and (7) can be used to quickly 414 

estimate the wave celerity and provide a certain reference for engineers in actual design and 415 

operation. 416 
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 417 

Fig. 16. Dimensionless average celerity of the first extra negative wave. 418 
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 419 

Fig. 17. Dimensionless average celerity of the first downstream wave. 420 

 421 

 422 

Fig. 18. Comparison of experimental measured and calculated results using Eqs. (6) and (7) for (a) 423 

Cen; (b) Ces 424 

 425 

3.6. Wave height 426 



33 

 

3.6.1. Favre waves 427 

Fr is a characteristic parameter for analyzing Favre waves and can be calculated as (Treske, 428 

1994): 429 

 
0

0 0

= aC U
Fr

C C

 
  (8) 

where   is the relative propagation speed to the base flow U0 which is 0 in the present study, 
aC  430 

is the absolute propagation speed of the first downstream wave front, C0 is the wave speed 431 

0 0=C gh  (h0 is water depth immediately in the front of the first downstream wave). Soares-Frazao 432 

and Zech (2002) obtained the formula 2
2 02

0

( )
2

h
Fr h h

h
  which is the application of Eq. (8) for the 433 

case of horizontal bed. For convenience of comparison of the results with different bed slopes, the Eq. 434 

(8) is used for calculation (Treske, 1994). Figure 19 shows the calculated Fr at water depth ratios α = 435 

0.3 and α = 0.5. It can be seen that under horizontal bed condition, Fr has little variation with time 436 

and is greater than 1.28 for both water depth ratios investigated (i.e. α = 0.3 and α = 0.5). The 437 

wave-front shows a steep or broken form which is consistent with the description of Soares-Frazao 438 

and Zech (2002). For bed slope S0 =0.003, Fr decreases with time for α = 0.3, but it is also greater 439 

than 1.28 and the wave-front is also steep, which is consistent with the observation in Figure 4. Fr is 440 

very close to 1.28 at the late evolution for α = 0.5. However, Fr significantly decreases at S0 =0.02. 441 

This is because the water depth of the downstream still water which is interacted with the wave-front 442 

continues to increase, indicating that more energy will be dissipated downstream. Fig. 19 (a) also 443 

shows that Fr is very close to 1.28 (Fr = 1.297) at the late stage (i.e. T = 34) for S0 = 0.02 and α = 0.3. 444 

It is expected that if the flow continues to evolve (limited by the length of the flume available for 445 

measurement downstream of the dam in this study, which limits the maximum evolution time being 446 
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approximately T = 34 for hu = 0.2 m), it will also produce stable Favre waves. 447 

 448 

Fig. 19. Variation of Fr in different bed slopes for (a) α = 0.3; (b) α = 0.5. 449 

 450 

Figure 20 shows the comparison of the measured parameters of Favre wave under the horizontal 451 

bed with the previous results (Favre, 1935; Sandover and Zienkiewicz, 1957; Treske, 1994; Marche 452 

et al., 1995; Soares-Frazao and Zech, 2002; Bishnu et al., 2009). It can be seen that zmax initially 453 

increases with the increase of Fr and then decreases significantly after Fr > 1.28, due to the wave 454 

breaking). The experimental result is in good agreement with that observed by Treske (1994). The 455 

change of zm increases almost linearly with Fr, which is also well predicted by Eq. (8). It is also seen 456 

that zmin increases gradually with the increase of Fr and has a sharp increase when Fr is larger than 457 

1.28. 458 
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 459 

Fig. 20. Comparison of characteristics of Favre waves. 460 

In addition，the maximum value of the wave-front height (zmax) determines the highest water 461 

level when the flood develops towards downstream. Fig. 21 shows the wave-front height for various 462 

test conditions (the wave-front height is calculated using the water level in the steady zone when α ≤ 463 

0.4). It is seen that the variation of the wave-front height with α has a double-peak. The maximum 464 

value of the wave-front height appears at α = 0.2, and the dimensionless height is approximately 0.31. 465 

The wave-front height reaches the second peak at α = 0.6 and decreases sharply with the increase of 466 

α. It is shown that the bed slope and downstream water depth has an insignificant effect on the 467 

dimensionless wave-front height, particularly when α ≥ 0.6 which is influenced by Favre waves.The 468 

wave-front height predicted by Mungkasi and Roberts (2012) (solid line) is the same for three 469 

different bed slopes and is in good agreement with the experimental measurement for 0 < α ≤ 0.4. 470 

However, the analytical model significantly under-predict the wave-front height when the Favre 471 
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wave occurs. This indicates that the shallow water assumption is not suitable for describing the 472 

phenomenon of weak non-hydrostatic flow when the water depth ratio is large, as evidenced 473 

previously. 474 

 475 

Fig. 21. Dimensionless wave-front height for different α and bed slopes. 476 

 477 

3.6.2. First extra negative waves 478 

 Fig. 22 shows that the peak water level of the first extra negative wave decreases with the time. 479 

For flat and mild bed slope (e.g. S0 = 0 and 0.003), the peak water level remains almost constant for a 480 

period of time and then falls down. For S0 = 0.02, the peak water level is always falling and the 481 

change process of water level shows a gradual decrease followed by a sharp decline. It is maybe due 482 

to the fall of the water level at the end of the reservoir, which accelerates the peak water level of the 483 

first extra negative wave descending. This means that the extra negative waves formed in the 484 

limited-length reservoir will continue to dissipate during the propagation towards the reservoir area 485 
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in a relatively large bed slope. As such, the impact on the upstream structure will gradually decrease 486 

with the evolution of the flow. 487 

 488 

Fig. 22. Variation of peak level for the first extra negative wave. 489 

 490 

4. Conclusions  491 

In this paper, the experiments are carried out in a large flume under different bed slopes and 492 

downstream tailwater depths. The main conclusions are as follows: 493 

(1)The experimental observation shows that the increase of the bed slope will change the 494 

evolution pattern of the dam-break flow. In the case of S0 = 0 and 0.003, there are periodic waves (i.e. 495 

the extra negative waves) propagating towards the reservoir area when α ≥ 0.3, while Favre waves 496 

stably evolve downstream when α ≥ 0.6. The stable Favre waves can be formed in large water depth 497 

ration for steep slope (i.e. α ≥ 0.5, S0 = 0.02 in this study). Increase of the bed slope makes Fr tend to 498 
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decline with time. 499 

(2) The wave-front height shows a double-peak property with the α increases. The maximum 500 

wave-front height appears roughly when α = 0.2 for all three different bed slopes, and the 501 

dimensionless height is approximately 0.31. The first downstream wave causes the second maximum 502 

value to occur when α = 0.6. The wave-front height gradually decreases with the α increases when α 503 

≥ 0.6. Since the wave-front height calculated based on the shallow water assumption is significantly 504 

small for α ≥ 0.5, it is more appropriate to use the calculation method which assumes a weak 505 

non-hydrostatic flow to descript the wave-front height (Soares-Frazao and Zech, 2002). 506 

(3) The appearance of extra negative waves leads to a significant undulation of the water 507 

surface profiles and mean velocity in the reservoir. The frequency of the undulation gradually 508 

increases with the increase of α. The peak water level of the first extra negative wave is gradually 509 

falling after maintaining a stability value for a period of time when S0 = 0 and 0.003, while it is 510 

always falling when S0 = 0.02. Since the extra negative wave can affect the upstream channel, it 511 

needs to be considered in the design of the structure of the channel. 512 

(4)The comparison with the analytical solutions shows that the negative wave celerity is better 513 

predicted by Dressler (1958), while the analytical solution of Chanson (2009) can better capture the 514 

motion of the wave-front. For small bed slope and water depth ration (i.e. S0 = 0.003, 0 < α < 0.3),    515 

the analytical model of Mungkasi and Roberts (2012) can provide the relatively good prediction for 516 

the motion of flow. However, it cannot describe the periodic wave phenomenon that occurs in the 517 

reservoir area or downstream of the dam when α ≥ 0.3. For large bed slope S0 = 0.02, the initial 518 

conditions assumed in the analytical solution of Mungkasi and Roberts (2012) are different from the 519 

experimental conditions, therefore, it is unable to use to predict the dam-break flow with steep slope.  520 

The current research expands the understanding of the effects of the bed slope and the tailwater 521 

level on the movement of dam-break flows. The tailwater level and bed slope both have a significant 522 

impact on the evolution pattern of the dam-break flows. The Favre waves will apparently raise the 523 
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downstream water level in flood control. It is indicated that the water depth ratio is an important 524 

element when making flood emergency plans in real life. 525 
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Notation 536 

The following symbols are used in this paper: 537 

b = flume width; 538 

c = wave celerity; 539 

cen = first extra negative wave celerity; 540 

ces = first downstream wave celerity; 541 

cn = negative wave celerity; 542 

cw = wave-front celerity; 543 

C = dimensionless wave celerity; 544 

Cen = dimensionless first extra negative wave celerity; 545 

Ces = dimensionless first downstream wave celerity; 546 

Cn = dimensionless negative wave celerity; 547 
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Cw = dimensionless wave-front celerity; 548 

Fr = Froude number; 549 

g = gravity acceleration; 550 

h = flow depth; 551 

hu = initial upstream water depth; 552 

hd = initial downstream water depth; 553 

ks = surface roughness height; 554 

R
2
 = correlation coefficient; 555 

S0 = bed slope; 556 

t = time; 557 

T = dimensionless time; 558 

u = mean velocity; 559 

u(t) = mean velocity at time t; 560 

U = dimensionless mean velocity; 561 

W = water volume; 562 

W(t) = water volume at time t; 563 

W(t+t) = water volume at time t+t; 564 

x = distance along flow direction originated from dam site; 565 

z = water level; 566 

Z = dimensionless water level; 567 

t = time space; 568 

α = water depth ratio; 569 
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