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ABSTRACT 30 

Fluvial dikes (i.e. levees) can be damaged by overtopping flows, leading to breach formation and severe 31 

floods. Accurate prediction of the breach geometry and outflow hydrograph is crucial to achieve sound 32 

inundation risk assessment and mitigating measures. A set of laboratory experiments were performed to 33 

study overtopping induced fluvial dike breaching. The effects of floodplain tailwater on the breach 34 

expansion and outflow were investigated. Results are compared to previous experiments under different 35 

main channel inflow discharges combined with a free floodplain. The dike breaching process follows 36 

three stages: gradual start of overtopping and slow initiation of dike erosion, fast deepening and 37 

widening of the breach with highly transient flows, and flow quasi-stabilization with or without 38 

sustained breach expansion. Using the recorded data, a simplified regression model relating the breach 39 

stabilization time and the final breach width to the floodplain confinement and inflow Froude number 40 

in the main channel is proposed. 41 

Keywords: Breach, floodplain confinement, fluvial dike, non-cohesive, overtopping, Tailwater effect.  42 
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1. INTRODUCTION 43 

Failure of fluvial dikes (i.e. levees) often leads to devastating floods that cause loss of life and damage 44 

to public infrastructure. Understanding dike breach processes and the potential consequences of induced 45 

floods is a major concern, as sustained demographic and economic development is witnessed in dike-46 

protected areas (Di Baldassarre et al. 2015). Frequent exposure to flow action (e.g. high or rapidly 47 

varying water levels, piping, riverside erosion), lack of maintenance, inadequate rehabilitation works 48 

and animal burrows (Orlandini et al. 2015) contribute to dike weakening and increase the risk of 49 

structural failures. Worldwide, flow overtopping (i.e. channel water level exceeding the dike crest) has 50 

been identified as the main cause of dike failure (Vorogushyn et al. 2010, Fry et al. 2012, Danka and 51 

Zhang 2015). To evaluate potential consequences of the induced floods, accurate estimates of the breach 52 

geometry and outflow are needed. 53 

The current knowledge on fluvial dike breaching is scarce and usually transposed from studies on the 54 

breaching of embankment dams (i.e. frontal dikes) (Coleman et al 2002, Froehlich 2008, Pickert et al. 55 

2011, Schmocker and Hager 2012, Al-Riffai 2014, Frank 2016), leading inevitably to several 56 

misconceptions. Indeed, key mechanisms of dike failure are overlooked or simplistically implemented 57 

even in detailed process-oriented models (Morris et al. 2009, ASCE/EWRI Task Committee on 58 

Dam/Levee Breaching 2011, Wahl and Lentz 2012, Danka and Zhang 2015, Peeters and al. 2016). The 59 

following points are of particular interest: 60 

- differences in the design of fluvial dikes and embankment dams are ignored (Morris et al. 2009). 61 

The specific flow features in fluvial dike breaching are disregarded, such as the non-uniform 62 

distribution of the flow unit discharge through the breach, the parallel flow velocity along the 63 

dike and the 3D flow structures developing in the near field of the breach (Roger et al. 2009, 64 

Michelazzo et al. 2015); 65 

- most of dike breach models, from lumped or simplified to fully discretized physically-based, 66 

rely on input parameters and empirical formulae (e.g. weir/broad-crested weir equation for 67 

breach discharge, breach shape and expansion rate) that were mainly tested for dam breach cases 68 

(Mohamed et al. 2002, Paquier and Beraud 2010, Wu 2016). The breach expansion is simulated 69 

using sediment transport capacity or erosion rate equations. These empirical equations were, 70 

however, developed for relatively low bed shear stresses, small to mild bed slopes and uniform 71 
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flows (Wu, 2016). Their applicability to dike breaching remains questionable, especially in the 72 

first phase characterized by relatively steep slopes and large flow velocity (Visser 1994). 73 

The complexity of a dike failure model does not guarantee its accuracy, because processes described in 74 

detail are interspersed with others coarsely represented (e.g. breach widening). This lack of knowledge 75 

specific to fluvial dike failure tends to compromise both flood risk assessment and optimization of 76 

mitigating solutions. So far, several experimental studies, mainly on dam failure, have provided a sound 77 

depiction of the influence of various parameters, such as reservoir shape, dike geometry, dike material 78 

and reinforcements (e.g. Coleman 2002, Powledge et al. 1989, Pickert et al. 2011, Zhu et al. 2011, Frank 79 

and Hager 2016) or the erosion patterns at the initiation of overtopping (Kamalzare et al., 2016). In 80 

contrast, experiments on fluvial dike remain scarce and discrepancy in the results persists (Rifai et al. 81 

2016a), while there is a pressing need for testing fluvial dike breach models against reliable datasets. 82 

Rifai et al. (2017) reviewed laboratory experiments on fluvial dike breaching and showed that, despite 83 

some recent progress, more research efforts are required to grasp the effects of various factors. While 84 

Rifai et al. (2017) examined the effects of inflow discharge and downstream boundary condition on 85 

fluvial dike breaching, no experimental study was devoted to the effects of floodplain tailwater (i.e. 86 

presence of water in the floodplain or leveed area prior to dike breaching). The tailwater effect may 87 

result typically from the increase in the floodplain water level during dike breaching or in the case of 88 

successive dike breaches. The floodplain tailwater is expected to limit strongly the breach outflow 89 

discharge and subsequently the breach expansion (Risher and Gibson 2016).  90 

In this work, we present original laboratory experiments that investigated the floodplain backwater 91 

effects on overtopping-induced breaching of homogeneous, non-cohesive fluvial dikes. A well-92 

documented and reliable dataset was recorded, including 3D monitoring of the breach geometry. The 93 

present set of experiments is not a scaled representation of a specific field dike. The simplification of 94 

the experimental model to a homogeneous non-cohesive dike was motivated by the ease of conducting 95 

tests, repeatability and allowed for observation of gradual evolution of the breach. The dike was, indeed, 96 

highly erodible and quickly doomed to breach upon overtopping. Literature review, presented in Rifai 97 

et al. (2017), shows that this work is at the state of the art, as recent experiments were conducted with 98 

homogenous non-cohesive dike filling (Islam, 2012, Michalazzo, 2014, Bhattarai et al., 2015, and 99 

Elalfy, 2015). 100 
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 101 

 102 

The dike was, indeed, highly erodible and quickly doomed to breach upon overtopping. The paper is 103 

organized as follows: in Section 2, a description of the experimental setup, measurements and test 104 

program is given. In Section 3, results for tests conducted with floodplain confinement are presented 105 

and compared to previous experiments with a free floodplain. A dimensional analysis for the breach 106 

widening is presented and additional key parameters to be investigated are outlined in Section 4. 107 

Conclusions are drawn in Section 5. 108 

2. EXPERIMENTAL FACILITY 109 

2.1. General Setup 110 

The experiments were conducted at the Engineering Hydraulics Laboratory of the University of Liège, 111 

Belgium. The experimental facility consisted of a rectangular horizontal channel, 10 m long and lmc = 1 112 

m wide, with a 3 m long side opening toward a 4.3 m × 2.5 m floodplain (Fig. 1). The main channel and 113 

floodplain were at the same level. The opening side was obstructed with sand to represent a fluvial dike, 114 

Ld = 3 m long, hd = 0.3 m high and of trapezoidal shape. The dike crest was ldc = 0.1 m wide and the 115 

inner and outer dike face slopes were Si = So = 1: 2 (V:H). The sand was uniform, with a median diameter 116 

d50 = 1 mm and a sorting coefficient  = (d84/d50 + d50/d16)/2 = 1.2, a density s = 2500 kg/m3, a bulk 117 

density b = 1600 kg/m3 and a porosity p = 0.36. The dike material was compacted manually, considered 118 

as constant compactive effort. Several material samples were taken from the constructed dike and 119 

analyzed. The water content was about 5.6%. Jet Erosion Tests (JET) were performed, yielding a critical 120 

shear stress τcr of 11.9 N/m2 and an erodibility coefficient kd of 174.5 cm3/N/s. To trigger overtopping, 121 

a 0.02 m deep, 0.1 m wide initial notch was cut in the crest at 0.8 m from the upstream end of the dike 122 

(Fig. 1). The initial notch location and dimensions were fixed for all the experiments for the sake of 123 

repeatability and comparison of breach sections. In some tests, the flow through the breach was 124 

discharged freely from the floodplain without any storage change nor tailwater effects. In other tests, a 125 

wood panel (i.e. confinement) was added to represent floodplain inducing tailwater effects.  126 

The discharge Qi into the inlet basin was kept constant during each test. Honeycomb straighteners 127 

suppress surface waves, reduce turbulence and insure flow uniformity at the channel inlet. To ensure the 128 
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dike stability prior to overtopping, the seepage flow Qd through the dike was limited by installing a 129 

drainage system at the dike bottom. The drainage system consisted of a 4 cm-thick layer of dike material 130 

wrapped in a geotextile and placed on a coarse grid. The seepage flow was collected in a reservoir 131 

located below the dike (Fig. 1). A weir (i.e. perforated plate) at the downstream end regulated the flow 132 

so that, for a given inflow discharge Qi, the water level in the main channel was initially at the dike crest 133 

level. However, once the dike was breached the water level in the main channel did not remain constant; 134 

the tests were thus performed under falling water level conditions. Downstream of the perforated plate, 135 

water was collected in a small reservoir, at the outlet of which a V-notch weir was placed to measure 136 

the outflow discharge Qo. For additional details, readers may refer to Rifai et al. (2017b). 137 

 138 

Figure 1. Laboratory setup: (a) schematic plan view, and (b) dike cross-sectional profile. The vertical reference 139 

level is at the main channel bed 140 

2.2. Measurements 141 

Ultrasonic distant sensors continuously measured water levels at three gauges in the main channel (G1, 142 

G2, and G3 in Fig. 1), upstream of the V-notch weir (G4), in the drainage basin (G5), and in the 143 

floodplain (G6). An electromagnetic flowmeter of ±0.4% accuracy measured the inflow discharge Qi. 144 

The outflow discharge Qo was deduced from the mass balance applied to a control volume located 145 

between the regulating weir (perforated plate) and the V-notch weir. The flow discharge over the V-146 

notch weir was determined from its rating curve and water level at G4. The comparison of values with 147 

those deduced directly from the rating curve of the perforated plate shows similar results (Rifai et al., 148 

2016). The seepage discharge Qd was deduced from the variation of water level at G5 in the drainage 149 

tank. The breach discharge Qb was computed based on the mass balance in the main channel, as detailed 150 

in Rifai et al. (2017). 151 
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The breach evolution was monitored by a non-intrusive laser profilometry technique consisting of a 152 

sweeping laser plan (emitted by a laser line projector Z-Laser Z30M18S3-F-640-LP75) over the whole 153 

dike. The recording was performed by a digital camera set on 1920×1080 pixels resolution, at a speed 154 

of 60 frames/s. The reconstruction system used the Direct Linear Transformation algorithm for camera 155 

calibration accounting for optical and decentering distortion (Abdel-aziz and Karara 1971). The video 156 

frames were then filtered and the 2D image coordinates of each deformed laser profile incident on the 157 

dike were transformed into 3D object coordinates. One dike sweeping enabled harvesting about ninety 158 

laser profiles, allowing the building of a detailed 3D referenced point cloud of the dike. The dike was 159 

partially under water, but bias due to refraction were corrected using the Snell-Descartes law (Glassner 160 

1989). Further details on the geometry reconstruction are given by Rifai et al. (2016b). 161 

2.3. Test program 162 

The inflow discharge Qi was set at around 0.040 m3/s and the water level in the floodplain Zfp was varied 163 

from 0.05 m to 0.20 m (Tests 1 to 6 in Table 1). These tests are compared to tests performed without 164 

floodplain confinement (Tests 7 to 20), previously analyzed by Rifai et al. (2017). The test procedure 165 

involved two steps. First, the main channel was filled progressively with a flow discharge Qi0 ≈ 0.75  166 

Qi to check the dike stability prior to overtopping. For confined floodplain tests, the elevation of the 167 

wood panel crest was first adjusted to meet the desired water level Zfp in the floodplain. Then, the 168 

floodplain was filled slowly with water until reaching the level Zfp. During the dike breaching, the water 169 

level in the floodplain was continuously monitored at G6 and remained roughly at the desired level; Zfp 170 

almost did not change do to the breach outflow discharge. In the second step, the channel inflow 171 

discharge was increased up to Qi. The water level increased in the main channel and the breach was 172 

triggered when the water surface exceeded the initial notch bottom.  173 

Table 1. Test program. Tests 7 to 20 were analyzed by Rifai et al. (2017) and are used here for comparison purpose. 174 

Test n° 
Inlet Flow 

discharge Qi (m3/s) 
Inlet initial Froude 

Number Fi 
Water level in the 
floodplain Zfp (m) 

1 0.041 0.136 0.05 

2 0.040 0.133 0.10 

3 0.041 0.136 0.15 

4 0.041 0.136 0.15 

5 0.041 0.136 0.20 

6 0.041 0.136 0.20 

7 0.020 0.066 0 
 8 0.021 0.070 
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9 0.028 0.093 (free floodplain) 

10 0.030 0.100 

11 0.031 0.103 

12 0.040 0.133 

13 0.040 0.133 

14 0.040 0.133 

15 0.041 0.136 

16 0.047 0.156 

17 0.050 0.166 

18 0.051 0.169 

19 0.055 0.182 

20 0.057 0.189 

Underlined test numbers refer to tests for which breach stabilization (or quasi-stabilization) was observed. 175 

 176 

3. GENERAL RESULTS 177 

The initial time is set when the water level in the main channel reaches the floodplain-side of the initial 178 

notch (x = 0.8 to 0.9 m and y = 0.74 m in Fig. 1a). The description of the breaching process presented 179 

hereafter is qualitatively valid for all laboratory experiments listed in Table 1. For the sake of brevity, 180 

results are shown for selected tests. 181 

3.1. Breach evolution stages 182 

Figure 2 shows longitudinal dike profiles at different times for Tests 3 and 14. The dike breach process 183 

can be subdivided into three main stages: 184 

- At the early stage (Stage 0 - Initiation, blue profiles in Fig. 2) the initial notch expansion is 185 

relatively slow because the overtopping flow depth and velocity remain low. Only a slight 186 

deepening is noted, inducing an increase in the local overtopping flow depth. Stage 0 187 

depends highly on the main channel dimensions, boundary conditions, initial notch 188 

dimensions, and on the water filling maneuvers to initiate overtopping. These parameters 189 

were not varied in the tests and measurement accuracy did not allow for an extensive study 190 

of Stage 0. Effects of Stage 0 are expected to be confined for determining the end time t0 of 191 

the stage. The breach dimensions at time t0 are therefore assumed similar between the tests. 192 

- As the overtopping flow depth and velocity become larger (Stage 1 - Deepening and 193 

widening, red profiles in Fig. 2), both breach deepening and widening are promoted with a 194 

shift of the breach centerline toward the channel downstream end. The breach expansion is 195 

relatively fast because the decrease in the channel water level is slower than the breach 196 
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deepening, which results in large overtopping flow depths. The breach sides collapse 197 

gradually. The asymmetrical breach shape reflects the significant influence of flow 198 

momentum parallel to the dike crest (Rifai et al. 2017).  199 

- In the last stage (Stage 2 - Widening, green profiles in Fig. 2), the channel free surface 200 

decreases and the flow depth starts stabilizing at its minimal level (approaching the main 201 

channel critical flow depth). The breach development becomes slower, the upstream part of 202 

the breach stops evolving, and breach deepening becomes moderate while tending to 203 

stabilize. The breach widens along the channel flow direction due to side slope failures. The 204 

breach deepening is restricted in tests with limited floodplain confinement because the non-205 

erodible channel bottom is reached. At this stage, abrupt changes in the breach side slope 206 

can be observed at locations that coincide closely with the water level.  207 

The transition between these three stages is not clear-cut but gradual. Nonetheless, one can highlight the 208 

main physical processes controlling each stage: 209 

- Stage 0 is marked by slow erosion with practically constant channel flow velocity and 210 

slightly varying water levels. 211 

- Stage 1 is characterized by breach expansion under strongly varying channel water levels 212 

and flow velocities (increasing upstream and decreasing downstream). 213 

- Finally, Stage 2 takes place as the breach evolution is driven mainly by the strong main 214 

channel flow momentum under (quasi-) stabilized free surface and velocity. 215 

 216 

Figure 2. Longitudinal profiles at dike crest for (a) Test 3 and (b) Test 14. (......) indicate main channel average water levels. (- 217 

- -) indicate water level in the floodplain Zfp. Three stages can be identified: (▬) Stage 0 - Initiation, (▬) Stage 1 - Deepening 218 

and widening, and (▬) Stage 3 - Widening. (c) Temporal evolution of breach width wb at the crest. Times shown in (a) and (b) 219 

indicate the time to the end of each phase 220 
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3.2. Floodplain tailwater effect on breach shape 221 

Figure 3 shows the dike breach evolution for Tests 14, 2, and 5 corresponding to floodplain water level 222 

Zfp of 0 (i.e. free floodplain), 0.1 m and 0.2 m, respectively. The breach expands much faster for a free 223 

floodplain (i.e. Test 14) because flow velocities through the breach remain high and the floodplain side 224 

of the dike is entirely exposed to high shear stresses. During Stage 0 and at the beginning of Stage 1, the 225 

breach invert did not reach the floodplain water level, thus no significant difference in the breach 226 

evolution was noted between the free floodplain test and the confined ones. Once the breach invert level 227 

becomes lower than the water level in the floodplain, the breach expansion is slowed down due to the 228 

tailwater effect reducing the energy gradient and flow velocity through the breach. Higher flow depths 229 

at the dike toe on the floodplain side cause the breach flow fan to spread and a reduction of velocity and 230 

sediment deposition at the dike plain toe (Fig. 3k and l). The side slopes of the deposition fan is about 231 

32°, which compares well with the measured friction angle for dry sand (28° to 33°).  232 

 233 

Figure 3. Breach evolution for Test 14 (a to d), Test 2 (e to h), and Test 5 (i to l). (- - -) indicates water level in the floodplain 234 

Increasing Zfp induces slower breach development and dimensions (Fig. 4). Tests for which the breach 235 

invert did not reach the main channel bottom (Zfp ≥ 0.15 m, i.e. Tests 3 to 6) show increasingly shallow 236 

breaches. The breach outflow is therefore limited (as detailed in Section 3.3). For tests with Zfp ≥ 0.1 m, 237 

the breach crest longitudinal sections show a minimum elevation point revealing the probable location 238 

of the flow maximum velocity in the breach channel (Rifai et al. 2017). The vertical offset between this 239 

minimum elevation and the water level decreases when Zfp increases, indicating a decrease in the eroding 240 
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capacity of the breach outflow. Finally, the flow imprint through the breach channel is less shifted 241 

toward the downstream side of the main channel for tests with high Zfp values.  242 

 243 
Figure 4. Longitudinal profiles at the dike crest, with (- - -) floodplain water level, (…) initial notch position 244 

3.3. Water level and discharges 245 

During the breaching process, the water level in the main channel zw (computed as an average of water 246 

levels at G1, G2 and G3) decreases during the breaching process (Fig. 5a). The difference between the 247 

quasi-stabilized water level zw and the fixed floodplain water level decreases as Zfp is increased. A low 248 

floodplain confinement (i.e. Zfp = 0.05 m) has almost no effect, except a limited slow-down of the 249 

hydraulic processes as the breach reaches the main channel rigid bottom. These observations recall the 250 

classical findings on the effects of weir regulation in three-branch open channel intersections (El kadi 251 

Abderrezzak et al. 2011). Higher floodplain confinements show, however, a stronger effect on the main 252 

channel water level (Fig. 5a).  253 

Analysis of the breach discharge Qb reveals that floodplain confinement effects are apparent once the 254 

breach invert reaches Zfp (Fig. 5b); the breach expansion is slowed down (Figs. 4 and 5c) and Qb 255 

stabilizes to lower values than in free floodplain tests. The higher the floodplain confinement, the earlier 256 

the deviation of the breach hydrograph compared to free floodplain cases (e.g. Test 14). The difference 257 

between the main channel Froude numbers upstream (Fu = [lmcQi
2/(gAmc

3]0.5, with Amc as the cross-258 

sectional main channel flow area and g the gravity acceleration) and downstream (Fd = [lmcQo
2/(gAmc

3]0.5) 259 

of the breach is strongly reduced for higher Zfp values (Fig. 5d). For Zfp ≥ 0.10 m, the main channel flow 260 
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regime remains fully subcritical. For Zfp ≤ 0.05 m, Fu increases rapidly to reach a plateau close to 1; a 261 

shallow undulating hydraulic jump is observed upstream of the breach.  262 

 263 
Figure 5. Time series of (a) main channel water level zw, (b) breach discharge Qb, (c) breach width wb, and (d) channel upstream 264 

and downstream Froude numbers. hc is the critical flow depth for Qi = 0.040 m3/s. () indicates test ending times because the 265 

breach reached the limits of the measuring window 266 

3.4. Breach channel 267 

Figure 6 shows the final breach orientation for different values of Zfp. Detection of the lowest points of 268 

the breach longitudinal profiles (red and yellow lines in Fig 6), zb, are considered as a proxy for the main 269 

flow direction in the breach channel. For all tests, the breach orientation starts almost perpendicular to 270 

the main channel and gradually rotates toward the downstream side. Tests with low (e.g. Test 1 with Zfp 271 

= 0.05 m) or no floodplain confinement show a significant shift of the breach centerline toward 272 

downstream of the main channel, whereas high floodplain water levels reduce this shift (e.g. Test 5 with 273 

Zfp = 0.20 m) due to the decreased breach downward widening. This observation may be related to the 274 

influence of the competition between the flow outlets (i.e. breach and downstream main channel) on the 275 

breach expansion. For Zfp ≤ 0.05 m, the main channel flow depth drops to the critical depth causing high 276 

velocities upstream of the breach, thereby generating high flow momentum and strong breach widening 277 

that results mainly from successive slope collapses of the breach downstream side. In contrast, 278 
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increasing the floodplain confinement (i.e. Zfp ≥ 0.15 m) limits the drop of the main channel water level; 279 

the breach slowly widens and gradually deviates to accommodate the breach outflow.  280 

 281 

Figure 6. Final breach channel orientation for different floodplain confinement conditions 282 

In contrast to free or low floodplain confinement tests (Zfp ≤ 0.05 m), for which the breach invert reaches 283 

the main channel rigid bottom, tests with Zfp ≥ 0.10 m enable the observation of non-constraint breach 284 

deepening like the case of dike breaching with erodible main channel and floodplain beds (Islam 2012, 285 

Michelazzo 2014, Kakinuma et al. 2014). In this case, the flow remains more concentrated in the 286 

centerline of the breach channel, limiting therefore the breach widening as less shear stresses are exerted 287 

on the breach channel downstream side. In contrast, for tests in which the channel bottom is reached, 288 

the breach flow causes more erosion on the breach channel downstream side. 289 

4. Discussion 290 

Fluvial dike breach evolution is controlled by two sets of parameters: (1) dike properties (geometry and 291 

composition) and (2) hydraulic loads. Tests presented in Section 3 have focused on the second set of 292 

parameters by investigating the floodplain confinement effects. In the following discussion, we include 293 

the results by Rifai et al. (2017) who investigated the effects of the main channel inflow discharge on 294 

the breach expansion. 295 

4.1. Breach evolution 296 

Figure 7a shows the location of upstream and downstream sides of the breach at the crest level, with the 297 

initial notch at x = 0.8 m, for various inflow discharges Qi (Tests 7 to 20 plotted in colored lines) with a 298 

free floodplain and for Qi ≈ 0.040 m3/s with different floodplain confinements Zfp (Tests 1 to 6 and Test 299 
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14 illustrated by black lines with symbols). The breach maximal width wb,max is defined as the distance 300 

between the breach sides. The three stages defined in Section 3.1 are visible, especially the breach 301 

downward widening (Fig. 7a). The breach lowest point deepening confirms the previous phasing of the 302 

breach evolution (Fig. 7b). For the breach widening, significant differences in-between the tests are 303 

apparent during Stages 1 and 2. In all the tests, no definite stabilization of the breach width was observed. 304 

Nonetheless, we consider the breach width is “quasi-stabilized” at the end of the tests with Zfp ≥ 0.15 m 305 

(i.e. Tests 3 to 6) or Qi ≤ 0.021 m3/s (i.e. Tests 7 and 8). The strong dependency of the breach downward 306 

widening on Qi and Zfp is clearly illustrated by Fig. 7a. The upward widening occurs only during Stages 307 

0 and 1. The stabilized downward width decreases with increasing floodplain confinements. This can 308 

be attributed to low flow velocities upstream of the main channel for higher Zfp, thus generating weak 309 

erosion of the dike internal face. Tests with free floodplain and Qi > 0.050 m3/s show similar continuing 310 

and strong downward breach widening during Stages 1 and 2.  311 

From Fig. 7b, no clear dependency of the lowest breach point to the inflow discharge can be deduced, 312 

as the breach reaches the non-erodible bottom of the flume for tests with various Qi. The offset between 313 

the lowest point of the quasi-stabilized breach and the floodplain water level Zfp tends to increase with 314 

decreasing Zfp for tests that did not reach the flume non-erodible bottom (i.e. Tests 3 to 6). This indicates 315 

that, for free floodplain configurations, strong breach flow inducing high shear stresses would promote 316 

stronger erosion of the main channel and/or floodplain bottoms if these later were made of erodible 317 

material (Islam 2012, Kakinuma 2013, Michelazzo 2014).  318 
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 319 

Figure 7. (a) Temporal up- and downstream breach widening, with initial notch at x = 0.8 m; (b) temporal development of 320 

lowest point in the breach cross section 321 

4.2. Breach quasi-stabilization 322 

We note from Sections 3.3 (Fig. 5) and 4.1 (Fig. 7) that breach stabilization (or quasi-stabilization) 323 

occurs during Stage 2, under already stabilized flow conditions. Therefore, for characterizing the breach 324 

stabilization, we focus here only on Stages 1 and 2. We define a dimensionless breach width wb* = 325 

wb/hd, which can be expressed as a function of: 326 

- the dimensionless time t* = (t – t0)g’1/2hchd
–1d50

–1/2, as defined by Schmocker and Hager (2012). 327 

- the initial Froude number in the main channel Fi = [lmcQi
2/(gAmc

3)]1/2. 328 

- and the dimensionless floodplain confinement Zfp* = Zfp/hd. 329 

where t0 is the beginning time of Stage 1, g’ = g[(ρs − ρ)/ρ] is the submerged specific gravity with ρ as 330 

the water density. The dimensionless width wb* can be modeled by the following power law, retained 331 

for all tests with and without floodplain backwater effects (Fig. 8): 332 

wb* = αt* (1) 

where the coefficient α and exposure  are assumed Fi and Zfp* dependent. Using regression analysis on 333 

the data of Stage 2, the following relationships are found:  334 

α = 0.02Fi 
–1.1, and  = 0.9Fi

0.46(1 – Zfp*)0.21    (2) 335 
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The agreement between the adjusted model and measurements is deemed satisfactory as the 336 

determination coefficient R2 remains above 0.75 (Fig. 8c). During Stage 1, moderate deviations are 337 

noted (Fig. 9), with the breach widening being underestimated. This may be attributed to stronger breach 338 

widening during Stage 1 that was promoted by high overtopping flow depths and emptying of the main 339 

channel. In that respect, dynamics and fluctuations of the overtopping flow depth and velocity are highly 340 

dependent on the main channel dimensions that were not varied in the tests. Therefore, breach evolution 341 

during Stages 1 and 2 is modeled with Eq. (1) while effects of specific increments of Stage 1 are ignored.  342 

The breach width is overestimated during Stage 2 for Tests 7 and 8 (corresponding to the lowest inflow 343 

discharge Qi ≈ 0.02 m3/s). For these tests, the breach widens by successive collapses of the downstream 344 

side slopes, which are held by negative pore pressure of the unsaturated soil matrix (Pickert et al. 2011, 345 

Rifai et al. 2017). Therefore, effects of apparent cohesion are suspected to be prominent under relatively 346 

low shear stresses due to low flow velocities in Tests 7 and 8. The breach width is underestimated by 347 

Eq. (1) for Tests 5 and 6 conduced with the highest floodplain confinement (i.e. Zfp = 0.20 m). 348 

 349 
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Figure 8. Dimensionless breach width vs dimensionless time for (a) tests with varying confinement levels and inflow discharge 350 

of 0.040 m3/s, and for (b) tests with varying inflow discharges combined with a free floodplain. (c) Determination coefficients. 351 

Tests 5 and 6 are considered as quasi stabilized and the dimensionless breach widening velocity at the 352 

end of each test is vb,eq* = dwb*/dt* = αt*( – 1) ≈ 2  10–5. Using this stability criterion, the dimensionless 353 

stabilized breach width wb,eq* and the dimensionless stabilization time teq* for the remaining tests are 354 

estimated as (Fig. 10):  355 

 teq* = [vb,eq* / (α)]1/(–1) (3) 

 wb,eq* = α[vb,eq* / (α)]/(–1) (4) 

The computed dimensionless final breach width ranges from wb,eq* = 4.2 for Tests 5 and 6 to wb,eq* = 32 356 

for Test 19. The computed dimensionless stabilization time ranges from teq* ≈ 104.7 for Tests 5 and 6 to 357 

teq* ≈ 105.8 for Test 19. This corresponds to wb,eq = 1.26 m and teq ≈ 1300 s for Tests 5 and 6 and wb,eq = 358 

9.6 m and teq ≈ 3h40 min for Test 19. For very low initial Froude numbers and strong level of 359 

confinement (left had side of gray dashed lines), the performance of Eqs. (3-4) to reproduce the breach 360 

width evolution and stabilization decreases (Fig. 10).  361 

 362 

Figure 9. Comparison between measured and computed dimensionless breach widths  363 
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 364 

Figure 10. Breach stabilization. (a) Computed stabilization time, and (b) Stabilized width computed using wb,eq* = 210-5 365 

4.3. Sensitivity of the breach evolution to Fi and Zfp 366 

The regression model (i.e. Eq. 1) allows estimating the breach duration and final width. However, Stage 367 

0 was ignored and Stage 1 was not properly reproduced. The determination of teq* and wb,eq* enables the 368 

normalization of results with respect to the breach final state (Fig. 11). Figure 11 shows an overall good 369 

agreement except for Tests 5 and 6 that stand out of the rest. Tests 5 and 6 were conducted with the 370 

highest levels of floodplain confinement and the breach expansion process might be excessively altered 371 

in this case. 372 

Tests 3 to 8 cover merely the whole breach evolution path, meaning that the breach at the end of the test 373 

is indeed stabilized. In contrast, without floodplain confinement, and for Qi > 0.040 m3/s the breach 374 

width reaches only 25 to 45 % of the estimated final width, corresponding to 3 to 12 % of the breaching 375 

time.  376 

 377 
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Figure 11. Normalized breach width vs. normalized time 378 

5. Conclusion 379 

This paper has addressed flow overtopping-induced breaching of non-cohesive homogenous fluvial 380 

dikes. A series of laboratory experiments were performed to investigate the effects of floodplain 381 

backwater (i.e. tailwater) on the breach discharge and geometry. Results were compared with previous 382 

observations on fluvial dike breaching under free floodplain conditions for a range of inflow discharges 383 

in the main channel. Combination of all datasets shed light on the relative influence of the main channel 384 

flow velocity and momentum and of the transversal flow energy line on the breach expansion.  385 

The experimental observations highlighted three stages in the dike breaching process: gradual start of 386 

flow overtopping and slow initiation of dike erosion (Stage 0), fast breach deepening and widening with 387 

highly transient flows (Stage 1), and flow quasi-stabilization with or without sustained breach expansion 388 

(Stage 2). The reduced energy gradient through the breach channel promoted its stabilization. The 389 

deviation of the breach channel centerline was particularly affected and the shift toward downstream 390 

was considerably reduced for high levels of floodplain confinement. During Stage 2, the breach 391 

widening can be described by a formulation that relates the dimensionless breach width to a 392 

dimensionless time, the inlet Froude number and floodplain confinement level. Results revealed a high 393 

sensitivity of the stabilized breach width and duration to these two parameters. However, the proposed 394 

formulation is derived from a restricted number of experiments with the same dike composition (non-395 

cohesive sand of 1 mm in diameter). Stage 0 was cut off from the breach evolution analysis and Stage 396 

1 was moderately modeled by the equation.  397 

Stages 0 and 1 remain of particular relevance and should be further analyzed. Characterization of Stage 398 

0 is crucial to predict the dike breach triggering and to plan emergency intervention. Similarly, breach 399 

evolution during Stage 1 should be improved to reduce uncertainty in flood risk estimation in the near 400 

field of the dike, as fast increase of the breach discharge occurs during Stage 1. Finally, the effects of 401 

other parameters on the breaching processes have to be investigated, such as dike materiel and geometry, 402 

main channel geometry and inflow discharge unsteadiness. These topics are under investigation through 403 

experimental and numerical modelling. 404 

Notation 405 

Amc = cross-sectional main channel flow area (m2) 406 



Backwater Effect on Fluvial Dike Failure     20 

d50 = grain size such that 50% of the sample is finer than d50 (mm) 407 

Fi = Froude number in main channel prior to overtopping (-) 408 

Fu = Froude number in the upstream part of the channel (-) 409 

Fd = Froude number in the downstream part of the channel (-) 410 

g = gravity acceleration (m/s2) 411 

g’ = submerged specific gravity (m/s2) 412 

hd = dike height (m) 413 

hc = critical flow depth in the main channel (m) 414 

kd  = Erodibility coefficient (cm3/N/s) 415 

ldc = dike crest width (m) 416 

Ld = dike length (m) 417 

Lmc = main channel length (m) 418 

lmc = main channel width (m) 419 

p = porosity (-) 420 

Qb = breach discharge (m3/s) 421 

Qd = drainage discharge (m3/s) 422 

Qi = main channel inflow discharge (m3/s) 423 

Qi0 = channel filing inflow discharge (m3/s) 424 

Qo = channel outflow discharge (m3/s) 425 

Si, So = dike side slopes (channel side and floodplain side respectively) (-) 426 

t = time (s) 427 

t* = dimensionless time (-) 428 

t0 = time at the end of Stage 0 (i.e. time of beginning of Stage 1) (s) 429 

teq = estimated breach equilibrium time (s) 430 

teq* = estimated dimensionless breach equilibrium time (-) 431 

vb* =  dimensionless breach widening velocity (-) 432 

vb,eq* = dimensionless stabilization breach widening velocity (-) 433 

wb = breach width (m) 434 

wb,max   breach maximal width, defined as the distance between the breach sides (m) 435 
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wb* = dimensionless breach width (-) 436 

wb,eq = estimated equilibrium breach width (m) 437 

wb,eq* = estimated dimensionless equilibrium breach width (-) 438 

x = longitudinal distance (m) 439 

y  lateral distance (m) 440 

z = elevation (m) 441 

zb = elevation of the breach lowest point (m) 442 

zw = averaged water level in the main channel (m) 443 

Zfp = fixed floodplain water level (m) 444 

Zfp* = dimensionless fixed floodplain water level (-) 445 

α = coefficient (-) 446 

 = exponent (-) 447 

 = water density (kg/m3) 448 

b = bulk density (kg/m3) 449 

s = sand density (kg/m3) 450 

τcr = critical shear stress (N/m2)  451 
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