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Abstract: A sudden dam failure is usually simulated by the rapid removal of a gate in laboratory
tests and numerical simulations. The gate-opening time is often determined according to the
Lauber and Hager instantaneous collapse criterion (referred to as the Lauber–Hager criterion),
which is established for a rectangular open channel with a dry bed. However, this criterion is
not suitable for non-rectangular channels or initial wet-bed conditions. In this study, the effect of
the gate-opening time on the wave evolution is investigated by using the large eddy simulation
(LES) model. The instantaneous dam-break, namely, a dam-break without a gate, is simulated for
comparison. A gate-opening criterion for generating dam-break flow in a non-rectangular wet-bed
channel is proposed in this study, which can be used as an extension of the Lauber–Hager criterion
and provides a more comprehensive and reasonable estimate of the gate opening time.

Keywords: gate-opening time; criterion; dam-break wave; non-rectangular channel; wet-bed; LES

1. Introduction

Dam-break floods usually cause considerable economic and loss of life [1–4]. Due to its practical
importance and difficulty for obtaining the field data, extensive studies on dam-break floods have
been carried out using laboratory experiments, numerical simulation, and theoretical analysis [5–10].
The propagation of the dam-break wave is significantly affected by the cross-sectional shape of
channels [7,11]. Wang et al. [12] conducted laboratory experiments to investigate the difference of
dam-break wave evolution in both the rectangular and triangular channels. Their results showed
that the propagation velocity of the negative wave in the triangular channels was smaller than
that in the rectangular channels. When the ratio of initial downstream water depth over initial
upstream water depth is smaller than 0.4, no extra negative waves propagate towards upstream in the
triangular channel.

Dam failure time has a significant impact on the evolution of dam-break floods, such as frontal
velocity and the free water surface. Lauber and Hager [13] experimentally investigated the dam-break
flows in a horizontally smooth rectangular dry bed channel. They defined the gate-opening criterion
time tLH for an instantaneous dam failure, as follows (referred to as the Lauber–Hager criterion in
this paper):

tLH ≤
√

2hu/g (1)

where hu = the initial upstream water depth, g = the gravitational acceleration. The Lauber–Hager
criterion is widely adopted for simulating an instantaneous dam-break in the recent studies of
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dam-break flows [14–20]. Ye et al. [17] numerically simulated the influence of the moving gate
on the dam-break flow. They showed that the gate movement had an important influence on the
dam-break process, which cannot be ignored in the dam-break study. Even if the gate movement
satisfies the Lauber–Hager criterion of an instantaneous dam-break, applying the gate movement to
the numerical simulation of dam-break will produce a considerable difference compared with the
no-gate situation. Von Häfen et al. [21] analyzed the effect of the gate-opening time based on the
Lauber–Hager criterion on the dam-break flow in a rectangular dry bed channel. They found that the
difference between the dam-break waves generated with and without a gate was significantly large
near the dam. Such difference decreased with the increasing distance from the gate.

The shape of the channel cross-section and whether the downstream is wet-bed has a great
influence on the opening time of the gate in the instantaneous dam-break. Zanuttigh and Lamberti [11]
assumed the variation of the channel width as a power-law variation and investigated the effect of
the cross-sectional shape on the dam-break wave propagation along channels. At the same relative
flow depth difference, an increase in the power-law index results in a decrease in celerity, whereas
both the velocity and the front speed increase. Wang et al. [22] established the analytical solution of
the one-dimensional shallow water equations to simulate the instantaneous bank break flow under
the triangular wet-bed. They also compared their solution with the known analytical solution of the
rectangular channel. They found that with the changes in the ratio of dimensionless distance to time,
the dimensionless depth in the triangular channel was larger than that in the rectangular channel.

The influence of gate motion on dam-break flow in rectangular and non-rectangular channels
(taking a triangular channel as an example) is studied by numerical simulation in this paper.
The downstream tailwater causes the displacement of the dam-break water flow to fall from the
upstream is no longer simply the value of the upstream water depth. However, the Lauber–Hager
criterion only considers the initial upstream water depth; it may not provide a gate opening time
satisfying the requirement of instantaneous dam-break for the non-rectangular channels or initial
downstream wet-bed. In order to make up for this deficiency, a new criterion is proposed to meet the
instantaneous dam-break gate opening time of the non-rectangular wet-bed channels, which is the
innovation of this article. At the same time, any test or numerical simulation that requires the use of a
gate to simulate an instantaneous collapse process can refer to the standard proposed in this article.

2. New Criterion for the Gate Motion

The cross-section of the natural river channel is often non-rectangular, and tailwater usually exists
downstream of a dam. In this paper, the cross-section of the non-rectangular channels is generalized
as a trapezoidal section, and the rectangle and triangle are special trapezoids. As the widely used
criterion of gate opening time for instantaneous dam-break (i.e., the Lauber–Hager criterion) was
established for the rectangular channels with dry bed downstream, it is necessary to extend this
criterion to non-rectangular channels and consider the influence of the downstream tailwater.

Assume that the direction indicated by the arrow in Figure 1 is the motion path of the upstream
water falling into the downstream at the gate. It can be seen that this displacement is exactly the same
in the rectangular channel. However, the size of the displacement in the trapezoidal channel is not
the same, such as the domain of the red arrow in Figure 1b shows a linear change in its displacement.
This displacement is characterized by the difference between the upstream and downstream average
water depths in the present study. Using the initial static water depths upstream and downstream of
the dam, a new gate-opening criterion time tnew for the channel with a non-rectangular cross-section is
proposed as:

tnew ≤
√

2∆h/g (2)

∆h = hu − hd =
Au

Bu
−

Ad
Bd

(3)
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where ∆h = the difference between the average water depths at upstream and downstream sections;
hu = the average depth of upstream section; hd = the average depth of downstream section; Au and
Ad = the cross-sectional areas of upstream and downstream water bodies, respectively; Bu and Bd = the
initial upstream and downstream water surface widths, respectively. This new gate opening time will
be used in the numerical simulation to compare with the results obtained by using instantaneous dam
failure and the Lauber–Hager criterion.
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Figure 1. Pathways of water particles released from the upstream to downstream water surfaces with a
wet-bed in: (a) A rectangular channel; (b) a trapezoidal channel.

3. Numerical Model

3.1. Governing Equations

The FLOW-3D [23] has been widely used in hydrodynamic calculations [24,25] and dam-break
wave simulations [26,27]. FLOW-3D uses the complete Navier-Stokes equations to simulate the fluid
motion. The governing equations are:

∂(uiAi)

∂xi
= 0 (4)

∂ui
∂t

+
1

VF

(
u jA j

∂u j

∂x j

)
= −

1
ρ
∂P
∂xi

+ Gi + fi (5)

where ui and uj = the mean velocity components in the orthogonal Cartesian coordinates; ρ and
P = the fluid density and the pressure; Ai and Aj = the fractional areas open to flow in three orthogonal
Cartesian coordinates; VF, Gi and fi = the fractional volume open to flow, the body accelerations and
the viscous accelerations in x, y and z directions, respectively.

3.2. Turbulence Modeling

Previous studies [28–30] show that the large eddy simulation (LES) model can obtain more
accurate results when applied to the simulation of the dam-break flow phenomenon. The LES directly
solves large scales, and the small scales are modeled by a turbulence closure model. LES can provide
a reliable prediction of the dam-break flow with reasonable computational time by eliminating the
minimum turbulence length scale.

The filtering operation in LES can be implicit or explicit. The filter length represents the
characteristic length of the grid size as Equation (6). In LES, sub-grid-scale closure is used to
parameterize the effects of smaller-scale eddies. The Smagorinsky-type closure is the most commonly
parameterized, and the sub-grid-scale stress tensor is parameterized as Equation (7) [31,32].

∆ = (∆x∆y∆z)1/3 (6)
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τi j −
1
3
δi jτkk = −2υtSi j = −2(Cs∆)

2
∣∣∣Si j

∣∣∣Si j (7)

where ∆x, ∆y and ∆z = the grid sizes in x, y and z directions; τij = the sub-grid stress tensor; δij = the
Kronecker delta; υt = the sub-grid viscosity; Sij = strain rate tensor;

∣∣∣Si j
∣∣∣ = the magnitude of the strain

rate; and Cs = the Smagorinsky constant.
With the Tru-VOF [33] method, the value of empty cells is 0, the value of full cells is 1, and the

value of cells containing free surfaces represents the ratio of fluid volume to cell volume. According to
the volume ratio of fluid to cells and the position of fluid in surrounding cells, the water surface is then
described as a first-order approximation. Using the Tru-VOF method, FLOW-3D [23] can track the
free-form surfaces in time and space.

3.3. Computational Domain, Boundary, and Initial Conditions

Figure 2 is the sketch of the model for both the triangular and rectangular channels. The slope of
one sidewall is 45◦, and the other sidewall is vertical in the triangular channel. The dashed lines in the
triangular and rectangular channels represent virtual wave gauges. As there is no fluid entering the
reservoir, the upstream boundary is set as a wall. The downstream boundary is set to outflow because
the downstream end of the channel remains open. The top boundary is set to symmetry to consider
the atmospheric pressure on the free surface. The bottom boundary and the sidewall of the channel are
taken as the wall. The tangential velocity and normal velocity at the solid boundary are zero, due to
the no-slip condition. The calculation domain of the rectangular channel is −8.37 m to 9.63 m in the
x direction, 0 m to 1 m in the y direction, and 0 m to 0.5 m in the z direction. The calculation domain of
the triangular channel is the same as the rectangle in the x and z directions, and 0 m to 0.5 m in the
y direction, as shown in Table 1. The computational domain is selected to ensure that the dam-break
flow can be completely simulated with a reasonable computational cost. The initial upstream water
level is 0.4 m, and the downstream water level is 0, 0.04, 0.08, 0.12 and 0.16 m (i.e., α = hd

hu = 0, 0.1, 0.2,
0.3, and 0.4), respectively.Energies 2020, 13, x FOR PEER REVIEW 5 of 14 
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Table 1. Computational domain and boundary conditions.

Cross-Section Blocks’ Domain (m)
[x; y; z] xmin xmax ymin ymax zmin zmax

Rectangle [−8.37~9.63; 0~1; 0~0.5] No-slip Outflow No-slip No-slip No-slip Symmetry
Triangle [−8.37~9.63; 0~1; 0~0.5] No-slip Outflow No-slip No-slip No-slip Symmetry

3.4. General Moving Objects

A gate is arranged at x = 0 m, and the General Moving Objects [34] model is used to simulate
the gate motion. The gate is lifted with constant acceleration in z direction until the distance of gate
displacement is greater than the upstream water depth. The gate acceleration, a is calculated as:

a =
2hu

t2
0

(8)

where t0 = the gate opening time (i.e., tnew or tLH). For the tLH criterion, the opening time of the gate does
not change with the downstream water depth, and a maintains as 9.81 m/s2 for both the rectangular
and triangular channels. Each water depth ratio in the tnew criterion corresponds to a different gate
opening time and different gate acceleration. Specifically, the gate acceleration a corresponding to the
α of the triangular channels from 0 to 0.4 is 19.62, 21.80, 24.53, 28.03, and 32.70 m/s2, respectively; and
the values of a corresponding to the rectangular channels from 0 to 0.4 are 9.81, 10.90, 12.26, 14.01
and 16.35 m/s2, respectively. It can be seen that for the same α value, the value of a in the triangular
channels is twice as much as that in the rectangular channel.

3.5. Sensitivity of Grid Size

The sensitivity of grid size on the simulation accuracy is performed in the rectangular and
triangular channels. FLOW-3D [23] uses a structured mesh to define cells, and the resolution is
controlled by the value specified for the size of cells, the total cells, or the total of the cells specified in
each of the coordinate directions.

Three grid sizes (i.e., ∆x = ∆y = ∆z 0.009 m, 0.02 m and 0.03 m) in the rectangular channel
and three total of the cells specified in each of the coordinate directions in the triangular channel
(i.e., (I) ∆x = 0.018 m, ∆y = 0.0125 m and ∆z = 0.01 m, (II) ∆x = 0.015 m, ∆y = 0.01 m and ∆z = 0.005 m,
(III) ∆x = 0.015 m, ∆y = 0.0067 m and ∆z = 0.005 m), are used for analyzing the dependence of the
simulation accuracy on the grid size. Finally, taking the computational time and the accuracy of the
numerical simulation results into account, ∆x = ∆y = ∆z = 0.02 m is used as the grid sizes of the
rectangular channels, and the corresponding number of grids is 1,125,000, as shown in Figure 3a;
while set in (II) as the grid size of the triangular channels, the number of grids is 6 million, as shown in
Figure 3b.Energies 2020, 13, x FOR PEER REVIEW 6 of 14 
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4. Results

4.1. Model Validation

For validation, the numerical model has been applied to the dam-break cases of the rectangular
and triangular channels under α = 0.3. The simulated water surface profiles along the channel are
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compared with the measurements of Wang et al. [12]. For the convenience of analysis, the following
dimensionless hydraulic parameters are defined:

X = x/hu (9)

T = t(g/hu)
1/2

(10)

H = h/hu (11)

where t = time; x = the distance along flow direction originated from dam site; h = the water depth;
X, T, and H = the dimensionless position, time, and water depth, respectively.

Figure 4 shows the comparison of simulated (red lines) and measured (black lines) water surface
profiles at different times for triangular (Figure 4a) and rectangular (Figure 4b) channels, in which the
determination coefficient R2 between the numerical and experimental results is determined using the
following expression:

R2 = 1−

n∑
i=1

(hs − hm)
2

n∑
i=1

(hs − hm)
2

(12)

where hs = the simulated water depth, hm = the measured water depth, hm = the measured average
water depth. It is seen that the simulated water surface profiles agree well with the measurements
for both the triangular and rectangular channels, indicating that the numerical model can accurately
simulate the propagation of dam-break waves.Energies 2020, 13, x FOR PEER REVIEW 7 of 14 
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4.2. Water Depth at Fixed Position

The pattern of dam-break flows varies along the channel. Figure 5 shows the stage hydrographs
of the dam-break water flow at different positions based on two opening times (i.e., tnew and tLH).
The initial condition for the rectangular channel is the same as that for the triangular channel. The case
of the instantaneous dam-break without a gate is plotted in Figure 4 for comparison. The instantaneous
dam-break shows that the reservoir water immediately collapses at the start of the simulation.
Rapid change of water surface in the reservoir and the downstream reach is seen. It can be seen from
Figure 4 that the instantaneous dam-break flow (i.e., without gate) is faster than that with tnew, while the
dam-break flow using tnew is faster than that using tLH. Figure 5 also reveals that the dam-break flow
during each gate opening time has different phase phenomena in the propagation of the dam-break
wave. Additionally, the water surface within the reservoir fluctuates weakly, while strong fluctuation
of water surface is observed to occur at the downstream reach.Energies 2020, 13, x FOR PEER REVIEW 8 of 14 
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(d) downstream of the dam in a triangular channel.

4.3. Influence of the Gate Motion

This section focuses on the error evolution between dam-break with gate and instantaneous
dam-break. The relative root mean square errors (RRMSE) between instantaneous dam-break and
numerical test (with gate) are used:

RRMSE =
1

hu

√√√√ n∑
i=1

(hwg − hng)
2

n
(13)

where hwg = the water depth with gate; hng = the water depth without gate; n = the number of samples.
Two types of RRMSE (i.e., RRMSEx and RRMSEt) are used based on its variation with either distance
or time. The RRMSEx is a mean error over time and is calculated along the x-axis at the locations of
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virtual probes presented in Figure 2 i.e., x = −8.37, −8.0, −7.0, −6.0, −5.0, −4.0, −3.0, −2.0, −1.0, −0.8,
−0.6, −0.4, −0.2, 0, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 9.63 m. The RRMSEt is a mean
error over the channel length and calculated using the water surfaces along the channel at a series
of moments.

Figures 6 and 7 show the evolution of the RRMSE of the triangle (the left column) and the rectangle
(the right column) with the x-axis and time. Due to limited space, this article selects α = 0, 0.2, and 0.4 as
examples for analysis. For the dry bed conditions, as expected, RRMSEx reaches the maximum near the
gate and decreases with the increase of the distance away from the gate. RRMSEt has a sharp increase
and significantly decreases at the early stage of dam-break, which may be caused by the interaction
between the gate and the water flow. RRMSEt then gradually decreases with the time, because the fully
open gate does not affect the flow longer at the later stage of dam-break. This finding is consistent with
that obtained by Von Häfen et al. [21] for the rectangular channel with a dry-bed condition. In their
paper, the upstream water depth hu = 0.5 m, according to the above formula, the gate opening time is
0.2822 s, and the gate acceleration a = 12.5568 m/s2. In our study, the upstream water depth hu = 0.4 m,
the corresponding gate opening time is 0.2855 s, and the gate acceleration a is 9.8147 m/s2. Therefore,
in Figures 6d and 7d, the results of Von Häfen et al. [21] are slightly lower than those of this paper.
The RRMSE corresponding to the tnew standard is less than that corresponding to the tLH for the dry
bed condition of the triangular channel.

For the wet-bed conditions, RRMSEx reaches the maximum near the gate and decreases with the
increase in the distance from the gate for both the triangular and rectangular flume. It is seen that
RRMSEx corresponding to different gate opening times has a small difference in the upstream, and the
downstream RRMSEx is generally larger than the upstream RRMSEx. RRMSEt has a sharp increase at
the initial stage in which the removal of the gate takes place and gradually decreases with the time
when the gate no longer affects the dam-break flow. Some slight fluctuations of RRMSEt are observed,
resulting from the interaction of the initial downstream water and the dam-break flow released from
the reservoir.

For the same initial conditions, the difference of RRMSE between the tnew criterion and the
Lauber–Hager criterion of the triangular channel is larger than that of the rectangular channel. It can
be concluded that the advantage of the tnew criterion in the triangular channel is more significant under
the same conditions. The difference between the results associated with the two gate-opening times
(i.e., tnew and tLH) becomes larger with increasing the value of α. This demonstrates that tnew criterion
is required to define the instantaneous dam-break for a non-rectangular channel. From Figures 6 and 7,
we can see that under the condition of the triangular channel with wet-bed, the new criterion proposed
in this paper significantly differs from the Lauber–Hager criterion, implying the requirement for the
new gate opening time criterion, as well as the novelty of this work.

4.4. Wave Front Velocity

The wave front velocity represents the speed at which the dam-break flood wave reaches a certain
downstream section. The wave velocity is normalized using the following formula:

Cs =
s√
ghu

(14)

where Cs = the dimensionless wave front velocity; s = the mean wave velocity, which is calculated by
the formula s = x/t, where x is the distance of wave propagation, and t is the time required for the wave
to travel to x.

Figure 8 shows the wave front velocity against the dimensionless time T. For both the triangular
and the rectangular channels, take α = 0.3 and hu = 0.4 m as an example. Figure 8a,b, respectively,
represent dimensionless wave front velocities of the rectangular and the triangular channels. It can be
seen that the evolution speed of the dam-break flood waves also increases with the increase of the
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gate opening speed for both the rectangular and the triangular channels. It can also be seen from
Figure 8a,b that, under the same initial conditions(i.e., α = 0.3 and hu = 0.4 m), the rectangular channel
is less affected by the opening of the gate, but the opening time of the gate in the triangle has a greater
impact on the flood wave of dam-break. In the triangular channel, the gate has an obvious blocking
effect on the flow of dam-break.
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5. Discussion

The Lauber–Hager criterion can well define the instantaneous dam-break for the rectangular dry
bed and is not applicable for defining the dam-break flow with non-rectangular or/and initial wet-bed
channel. A rectangular channel and a 45◦ right triangle channel at different gate opening velocities
(i.e., tnew and tLH) and their effects on dam-break waves are investigated in this study. Comparing with
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the Lauber–Hager criterion, the simulation results of the tnew criterion are closer to instantaneous
dam-break. Especially when the water depth ratio increases gradually and the channel cross-section
shape is non-rectangular, the tnew criterion can reduce the influence of gate on dam-break wave.
The water depth ratio simulated in this study is from 0 to 0.4 with a triangular channel. Further study
is required for the water depth ratio being greater than 0.4 and the cross-section of the channel being
other shapes.

The influence of the upstream initial water depth on the dam-break wave is yet to be investigated
because it has been kept constant in this study. Theoretically, the larger the initial water depth in the
upstream, the greater the impact of the gate on the dam-break wave. However, the specific quantitative
impact needs to be studied in more detail.

This research mainly focuses on the instantaneous dam-break that collapses quickly. The study
reveals that the effect of the failure geometries and failure time on the dam-break flood is different.
Therefore, the influence of the failure geometries can be considered in the study of the gradual collapse
of earth-rock dams and barrier dams, providing a better solution for the emergency rescue.

6. Conclusions

Currently, the practice of evaluating the influence of gate on a dam-break wave is based on the
study by Lauber and Hager [13] in the rectangular dry bed channel. To extend the work of Lauber and
Hager [13], a new criterion of gate-opening time is proposed in this study for generating dam-break
waves in a non-rectangular channel with downstream wet-bed conditions. This new criterion provides
a reasonable determination of the gate-opening time. As an example, the influence of gate-opening time
on the propagation of the dam-break wave in the rectangular and triangular channels is analyzed by
using LES. Through the numerical simulations on the dam-break flows for several scenarios, the water
surface profiles along the channel and stage hydrographs at several positions are obtained, and the
wave front velocities of dam-break under various gate opening times are also obtained. The following
conclusions are drawn:

(1) In the triangular channel, the dam-break simulated by removing a gate with the proposed criterion
time (i.e., Equation (2)) approximates the instantaneous dam-break better than the Lauber–Hager
criterion time. In particular, the Lauber–Hager criterion is invalid for generating the dam-break
flow in wet-bed channels. The gate-opening time adopted in the laboratory facility should be
determined based on the channel cross-sectional shape and the downstream/upstream water
depth ratio.

(2) At the initial stage of dam-break, the wave front velocity under the influence of the gate is much
smaller than that of the instantaneous dam-break. This means that the gate has a great blocking
effect on the dam-break flood. For the same condition, the opening time of the triangular channel
is significantly affected by the gate compared with the rectangular channel. In non-rectangular
channels, even if the gate is opened quickly, the influence of the gate cannot be ignored.

(3) The gate motion leads to the variation of RRSME, representing the difference between the water
depths related to the instantaneous dam failure and the dam-break generated by lifting a gate.
The RRSME increases with the increase of the gate-opening time and decreases with the increase
of the distance from the gate. This is particularly pronounced near the gate.

(4) The Lauber–Hager criterion provides a conservative estimation of the gate opening time in the
rectangular dry bed.
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