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Abstract. Debris flows often cause devastating damage to
property and can injure or kill residents in mountainous ar-
eas. The construction of check dams in debris-flow valleys
is considered a useful strategy for mitigating the damages
downstream. In this paper, a new type of spillway struc-
ture with lateral contraction was proposed to distribute de-
bris flows after the check dam storage filled up. Four dif-
ferent lateral contraction ratios of the spillway were con-
sidered in experiments that investigated debris-flow patterns,
scour characteristics, and energy dissipation rates when de-
bris flows passed through the spillway. The results indicated
that lateral contraction considerably influenced the exten-
sion of debris-flow nappes. The drop length of the nappe
at η = 0.7 (η means lateral contraction ratio) was approxi-
mately 1.4 times larger than at η= 0.4. The collision, fric-
tion, and mixing forces between the debris-flow nappes and
debris flows in downstream plunge pools dissipated much of
the debris-flow kinetic energy, ranging from 42.03 to 78.08 %
at different contraction ratios. Additionally, based on a di-
mensionless analysis, an empirical model was proposed to
predict the maximum scour depth downriver of a check dam.
It indicated that the results calculated by the model exhibited
good agreement with the experimental results.

1 Introduction

Debris flows are formed by poorly sorted, water-saturated
materials that mobilize in upstream regions of valleys and
surge down slopes in response to gravitational attraction
(Iverson, 1997). Large-scale debris flows were triggered by

intensive rainfalls after the 5.12 Wenchuan earthquake, in-
cluding the Zhouqu debris flow, the Wenjia gully debris flow,
and the Hongchun gully debris flow (Wang, 2013; Yu et al.,
2013; Tang et al., 2015). On 8 August 2010, a large de-
bris flow occurred in the Luojiayu gully, northern Zhouqu
County, Gansu Province. The flow destroyed six villages,
blocked the Bailongjiang River, resulting in the formation
of a lake that inundated over half of Zhouqu County, and
displaced or killed 1765 people (Cui et al., 2013). Usually,
large-scale debris flow events involve substantial erosion up-
stream (Ni et al., 2012; Yu et al., 2013), and large volumes
of solid materials are transported from the initiation zone to
downstream areas.

The construction of check dams is considered one of
the most effective ways to store solid materials and control
soil erosion in a valley. This structural countermeasure is
commonly used to stabilize bank slopes, flatten the gradi-
ents of valleys, reduce flow velocity, and decrease the peak-
discharge of debris flows (Lenzi, 2002; Mizuyama, 2008; Re-
maître et al., 2008; Remaître and Malet, 2010). Two main
types of check dams are applied to control debris flows (i.e.,
closed-type and opened-type). Opened-type dams trap boul-
ders, cobble, and gravel, allowing small particles, fine sedi-
ments, and water to pass through the dams (Abedini et al.,
2012). Closed-type damns not only trap the coarse parti-
cles but also retain most small particle materials (Heumader,
2000; Lien, 2003). Generally, the dam storage volume of a
closed-type check dam is quickly filled with debris-flow ma-
terial when a large debris flow occurs. The sequent debris
flows directly overflow the check dam, which can lead to se-
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rious scour on and around the foundation of the check dam
(Fig. 1).

Flow patterns and scour caused by the discharge of clear
water or sediment flows has been well studied in hydraulic
engineering. The characteristics of free-falling nappes be-
hind the spillway of a gravity dam were investigated and the
drop length of the free jet was predicted based on the en-
ergy equation in which the energy dissipation was neglected
at two chosen cross sections (Toombes et al., 2008). Exper-
imental investigations of aeration associated with overflow
dams with curved surfaces were carried out, and empirical
correlations predicting the aeration efficiencies of these dif-
ferently shaped spillways were developed (Chu et al., 2014).
An interpolation formula for predicting scour depth was pro-
posed based on experimental data. It indicated that the max-
imum scour increased with increasing discharge and de-
creased with increasing downstream tail water depth (Ad-
duce et al., 2005). In addition to the discharge and down-
stream tail water depth, the characteristic grain size and the
plunge angle were also considered for scour depth predic-
tion (Bormann and Julien, 1991). Considerable attention has
been given to the flow patterns and scour caused by clear
flows or sediment flows behind dams. However, few studies
have investigated the debris-flow patterns and scour features
behind check dams (Pan et al., 2013), especially for spill-
way structures with lateral contraction. The flow patterns and
scour features caused by debris flows are different from those
caused by clear water or sediment flows due to different flow
densities, cohesion, and particle volume concentrations. The
investigation on characteristics of debris flows discharging
and scouring with the new spillway (Y -type spillway) can
enrich our knowledge of scour control for debris-flow miti-
gation.

In this paper, a new spillway structure with lateral contrac-
tion is proposed. Experiments with different spillway con-
traction ratios were conducted to study the characteristics of
debris-flow nappes and scour after debris flows overflowed
the check dam. For each experimental test, video cameras
were used to record the trajectories of debris-flow nappes.
The energy dissipation rate was analyzed due to the varying
lateral contraction ratios. Finally, an empirical model based
on dimensionless analysis was proposed to predict the maxi-
mum scour depth downriver of a check dam.

2 Experimental setup

The experiments were performed at the Dongchuan De-
bris Flow Observation and Research Station (DDFORS) in
Dongchuan District, Yunnan Province, China. Generally, the
experimental flume consisted of a hopper, a gate, a rectangu-
lar channel, and the downstream erodible bed (Fig. 2a). The
rectangular channel was approximately 4.0 m long, 0.4 m
wide, and 0.4 m high, with a slope of 8◦ (Fig. 2b). A check
dam made of steel material was located at the end of the rect-

Figure 1. An example of foundation scour downriver of a check
dam.

angular channel. The shape of the spillway inlet was a 0.20 m
wide by 0.10 m high rectangle. The outlet was shaped like
a capital letter “Y ”. The top width of the outlet was equal
to that of the inlet. The bottom width ranged from 0.06 to
0.12 m due to the different contraction ratios of the spillway.
The dimensions of the spillway are shown in Fig. 2c.

The lateral contraction ratio η is defined as follows:

η =
B − b

B
, (1)

where B is the width of the spillway inlet and b is the width
of the spillway outlet. When b=B, η= 0.

The storage of the check dam was filled with the solid ma-
terials from Jiangjia ravine, with a slope of 3◦. The diameter
of the solid material was smaller than 20.0 mm. Its particle
size distribution is shown in Fig. 3. Particle size distribution
may affect the debris-flow density and flow motion along the
channel. The solid materials used in this experiment were
prepared according to the sample of typical debris flows and
excluded particles larger than 20.0 mm due to the limitations
of the experimental conditions. The diameter of the solid ma-
terials in the erodible bed was also smaller than 20.0 mm. In
addition, the clay and fine particles (smaller than 1.0 mm)
were excluded to avoid the effects of matric suction on the
development of the scour hole. The particle size distribution
of the erodible bed materials is also shown in Fig. 3.

In each experimental test, a laser range finder (LRF) was
set at the end of the erodible bed to monitor the depth of
the debris flow during the entire process, as shown in Fig. 4.
The LRF measured the distance between the original bot-
tom and the laser receiver. When debris flows flowed over
the channel bottom, the LRF measured the distance between
the debris-flow surface and the laser receiver. The distance
difference was the flow depth. The measurement range of the
LRF was up to 30.0 m, with an accuracy of ±0.001 m. The
sampling frequency of the LRF was about 31.0 Hz. The el-
evation difference between the initial position and the flow
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Figure 2. Experimental setup.

Figure 3. The particle size distribution of samples for the debris
flows and erodible bed.

surface was the measured flow depth. The Froude number in
our experiment ranged from 1.14 to 1.16. It meant that the
debris flows in the experiments were supercritical flow. An
example of the measured results is shown in Fig. 5. It re-
veals that although the debris-flow process is not steady over
time, the debris flow over a short period can be considered
steady flow. Therefore, the energy conservation equation de-
rived based on the steady flow assumption can be applied to
analyze the energy dissipation rate of a debris flow.

3 Experimental results and analysis

3.1 Flow patterns of different contraction ratios

When debris flows overflowed the spillway with a high lat-
eral contraction ratio (η= 0.7), the flow depth and veloc-
ity increased dramatically. The debris-flow nappe clearly ex-
tended in the flow direction. Furthermore, the debris flows
near both side walls, which were forced to change direction
by the walls, collided at the outlet when the debris flows over-
flowed from the spillway (Fig. 6a). Decreasing the lateral
contraction ratio caused the flow depth and velocity to de-
crease at the same flow discharge. Therefore, the drop length
of the debris-flow nappe decreased in the flow direction. The
drop length at η= 0.7 was approximately 1.4 times than at
η= 0.4 (Table 1). Lateral contraction not only affected the
drop length but also broadened the nappe width due to the
collision of debris flows at the outlet (Fig. 6b–d). When
η= 0.5, the broadening ratio κ (κ is the ratio of nappe width
to the outlet width) reached its maximum value (κ = 2.93 in
Table 1). The nappe width was equal to that of the spillway
(κ = 1.0) when there was no lateral contraction at the spill-
way.

If debris flows flowing out of the spillway are considered
free-motion point masses under the influence of gravity, the
trajectory of a debris-flow nappe can be expressed as follows
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Table 1. The main parameters of the debris flow nappe for different contraction ratios.

Items (a) (b) (c) (d)

Width of the outlet b/mm 60.0 80.0 100.0 120.0
Lateral contraction ratio η 0.7 0.6 0.5 0.4
Width of the nappe WNappe/mm 137.2 231.6 292.6 320.6
Broadening ratio κ(κ =WNappe/b) 2.29 2.90 2.93 2.67
Length of the nappe away from the outlet xa/m 0.43 0.34 0.33 0.31
Length of the nappe close to the outlet xc/m 0.25 0.21 0.21 0.18

Notes: B is constant for each spillway type (B = 200.0 mm).

Figure 4. Photograph of the LRF system (the photograph was taken
in the downstream direction).

(Fig. 7):

y = xtgϕ+
g

2v2
1 cosϕ2

x2 (2)

x =
v2

g
cosϕ

(√
sin2ϕ+

2gy
v2 − sinϕ

)
ϕ ≥ 0. (3)

When ϕ= 0, Eq. (2) simplifies to Eq. (3):

x =

√
2v2y

g
, (4)

where v is the initial velocity of the debris flow flowing out
of the spillway, ϕ represents the angle of the initial veloc-

Figure 5. An example of a debris-flow hydrograph.

ity in the horizontal direction, and y is the water elevation
difference.

Equation (3) indicates that the nappe extension in the hor-
izontal direction x is proportional to the initial velocity v and
square root of the water elevation difference y. From Fig. 6
and Table 1, we found that when η= 0.7, the nappe exten-
sion was longest in the flow direction. From this point of
view, a high lateral contraction ratio increased the distance
between the plunge point and the dam toe, which effectively
protected the dam foundation from scouring. The hydraulic
characteristics of the nappe away from the spillway at dif-
ferent lateral contraction ratios were shown in Figs. 8 and 9.
Figure 8 indicates that increasing the lateral contraction ratio
decreased the width of the debris-flow nappe. Furthermore,
the higher lateral contraction of the spillway strengthened the
collision between flows at the spillway outlet. Air bubbles
were entrained in the debris flows when the continuum of the
debris flows was broken. Figure 9 shows the extent of the
debris-flow nappes. The distribution of the flow velocity in
the vertical direction at the outlet increased with increasing
flow depth due to the effects of boundary friction. Therefore,
the longest flow nappes were formed by the debris flows with
relatively large velocities at the flow surface.

3.2 Debris-flow scour features downriver of a check
dam

The scour features of debris flows downriver of a check
dam represent one of the most important indexes, which de-
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Figure 6. Various debris flow patterns at different lateral contraction ratios (the pictures on the left were taken from a downstream view).

Figure 7. A diagram of dynamic parameters of debris flows.

termines the scour depth at the dam foundation. Figure 10
shows the effects of lateral contraction on the formation of
scour holes in an erodible bed. For the same curvature of the
spillway surface, decreasing the contraction ratio decreased
the maximum scour depth and caused the location of the
maximum scour point to shift toward the dam toe due to the
decreased debris-flow velocity. The maximum scour depth
and its location farther from the dam toe for η= 0.7 were ap-
proximately 1.3 and 1.4 times, respectively, larger than for
η= 0.4. Although a high lateral contraction ratio extended
the debris-flow nappe, it also increased the scour depth in
the erodible bed to some extent. In addition, debris-flow den-
sity has some effect on the scour depth. Figure 11 indicates
the scour depth caused by debris flow with a density of
1200 kg m−3 is a bit larger than that caused by debris flow
with a density of 1500 kg m−3 at a certain lateral contrac-
tion ratio (Fig. 11). It was explained that the debris flow with
lower particle concentration (lower debris-flow density) ini-
tialized and carried more bed materials than that with higher
particle concentration (higher debris-flow density) when the
other factors were fixed (such as longitudinal slope of gully,
debris-flow scale, lateral contraction ratio of the spillway).

3.3 Energy dissipation at different contraction ratios

Generally, different energy dissipaters such as the plunge
pool (Pagliara et al., 2010; Duarte et al., 2015) or step-pool
systems (Yu et al., 2007; Wang et al., 2009, 2012) are re-
quired to dissipate the kinetic energy of the surplus flow and
prevent the dam foundation and riverbed from scouring when
sudden changes to the channel slope occur. The energy dis-
sipation process of the check dam was estimated using the
Bernoulli Eq. (4). The rationale behind using this equation
was previously mentioned.

The Bernoulli equation between two reference cross sec-
tions is written as follows:

Z1+h1+α1
v2

1
2g
= Z2+h2+α2

v2
2

2g
+hw. (5)

If 1Z=Z1−Z2, then Eq. (4) can be transformed into
Eq. (5):

1Z+h1+α1
v2

1
2g
= h2+α2

v2
2

2g
+hw. (6)
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Figure 8. The transverse expansion of a debris flow nappe at differ-
ent lateral contraction ratios.

Table 2. The energy dissipation rates at different contraction ratios.

Scales Density (ρ= 1.50 g cm−3)

η= 0.7 η= 0.6 η= 0.5 η= 0.4

V = 0.16 m3 66.43 % 57.48 % 52.34 % 42.03 %
V = 0.10 m3 75.37 % 72.94 % 60.58 % 67.97 %
V = 0.06 m3 78.08 % 73.70 % 63.61 % 71.75 %

Mean value 73.29 % 68.04 % 58.84 % 60.58 %

The energy dissipation coefficient ζ can be expressed as fol-
lows:

ζ = 1−
h2+

v2
2

2g

1z+h1+
v2

1
2g

, (7)

where Z1 and Z2 are the elevations of reference cross sec-
tions #1 and #2 (Fig. 2b), h1 and h2 are the depths of debris
flows at reference cross sections #1 and #2, v1 and v2 are the
velocities of the debris flows at references cross sections #1
and #2, α1 and α2 are the kinetic energy correction coeffi-
cients (α1=α2= 1) (Adamkowski et al., 2006),1Z is the el-
evation difference between the two reference cross sections,
and hw is the water head loss.

Table 2 indicates that the collision and friction forces be-
tween the debris-flow nappes and debris flows in the plunge
pool dissipated the kinetic energy of the flows, ranging from
42.03 to 78.08 % at different contraction ratios. In the case of
V = 0.16 m3, the energy dissipation rate decreased gradually
when the contraction ratio changed from 0.7 to 0.4 because

the high contraction ratio increased the number of debris-
flow collisions when it passed through the spillway. In the
cases of V = 0.10 m3 and V = 0.06 m3, the energy dissipa-
tion rate also decreased with decreasing contraction ratios
except at η= 0.4. The mean value of the energy dissipation
rate demonstrated a good positive correlation with the lateral
contraction ratio. In addition, for the same contraction ratio,
the energy dissipation rate increased gradually with decreas-
ing debris-flow scale.

3.4 The empirical equation for estimating the
maximum scour depth

Many empirical equations have been proposed to predict the
maximum scour depth over the last several decades (Bor-
mann and Julien, 1991; Adduce et al., 2005; Pan et al., 2013).
The main parameters include the unit discharge, character-
istic particle size of the erodible bed, water elevation dif-
ference and clear water and debris-flow densities. However,
most of the empirical equations neglect dimensional homo-
geneity (the empirical equations should be dimensionally ho-
mogeneous). For new type of spillway, the lateral contraction
ratio is an important parameter for predicting the maximum
scour depth. For a debris flow, the maximum scour depth is
mainly determined by the following parameters:

hd = f (q,g,ρd,ρw,d90,η. . .) , (8)

where hd is the maximum scour depth, q is the unit dis-
charge of the debris flow, g is the acceleration due to gravity,
ρd and ρw are the debris-flow density and clear water den-
sity, respectively (two debris-flow densities were considered,
including, ρd= 1200 kg m−3 and ρd= 1500 kg m−3), d90 is
the characteristic particle size for erodible bed materials, and
η is the lateral contraction ratio.

Based on a dimensional analysis, the dimensionless pa-
rameters with clear physical meanings are developed as fol-
lows:

hs

d90
= k

(
q

d90
√
gd90

)a1(
ρd

ρw

)a2

(η)a3, (9)

where hs/d90 is dimensionless scour depth, k is a coefficient,
ai is an index (i= 1, 2, 3), q

d90
√
gd90

is the dimensionless dis-
charge, and ρd/ρw is the dimensionless density.

According to the experimental data, the regression equa-
tion can be expressed as follows:

hs

d90
= 3.15

(
q

d90
√
gd90

)0.51(
ρd

ρw

)−0.1363

(η)0.7583. (10)

The regression equation suggests that the flow density had
relatively small effects on the depth of the scour hole. How-
ever, the debris-flow discharge and the lateral contraction
had strong effects on the maximum depth of the scour hole,
which directly determined the kinetic energy of the flow in

Nat. Hazards Earth Syst. Sci., 16, 2433–2442, 2016 www.nat-hazards-earth-syst-sci.net/16/2433/2016/



H. Chen et al.: Effects of Y -type spillway lateral contraction ratios on debris-flow patterns 2439

Figure 9. The trajectory of a debris flow nappe.

Figure 10. The shapes of the scour hole downriver of a check dam (V = 0.16 m3, ρ= 1.50 g cm−3).

the downstream erodible bed. The validation tests were also
performed using the physical experimental model shown in
Fig. 2, but under different conditions. Additional experimen-
tal data provided in the literature (Ben Meftah and Mossa,
2006) were used to verify the reliability of the regression
equation. The predicted results exhibited good agreement
with the experimental results. The absolute error was smaller
than 15.0 % in most cases (8.33 %), as shown in Fig. 12.

4 Conclusions and discussions

4.1 Conclusions

The characteristics of debris flows overflowing the new type
of spillway were analyzed at different lateral contraction ra-
tios. The energy dissipation rate and an empirical model for
predicting the maximum scour depth were also studied in this
paper. The following conclusions were drawn from this anal-
ysis.
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Figure 11. Comparison of scour depth at different debris-flow densities.

Figure 12. Comparison between predicted and experimental data.

1. Flow patterns were mainly determined by the lateral
contraction ratio. At a high lateral contraction ratio, the
spillway effectively extended the debris-flow nappe and
increased the distance between the plunge point and the
dam toe. The drop length of the nappe at η= 0.7 was
approximately 1.4 times higher than that at η= 0.4.

2. The plunge pool downriver of a check dam inevitably
dissipated the kinetic energy of the debris flow after
overflowing the check dam. The collision and friction
between the debris-flow nappe and the debris flow in
the plunge pool dissipated the kinetic energy of the flow,
ranging from 42.03 to 78.08 % at different contraction
ratios. Generally, increasing the contraction ratio in-
creased the energy dissipation rate at the same debris-
flow scale.

3. An empirical model was proposed to predict the max-
imum scour depth downriver of a check dam. The re-
sults indicated that the predicted results exhibited good
agreement with the experimental results. The absolute
error was smaller than 15.0 % in most cases.

4.2 Discussions

The characteristics of debris flow nape and scour downriver
of a check dam with different spillway were experimentally

investigated in this article. Although the size of the model
in our experiments is relatively small, the experimental re-
sults can still account for the interaction between the de-
bris flows and erodible bed under certain hydraulic structure.
When the experimental data are used to predict debris-flow
motion and scour feature downriver of a check dam in pro-
totype, the effects of physical model scale should be consid-
ered. The scaling effect is mainly induced by dissatisfaction
of mobility similitude of model sediment in physical model
experiments and it leads to discrepancies between the esti-
mated and actual scour results. Just like the experimental
investigation on the scale effect in pier-scour experiments,
the bed-particle mobility similitude (Ettema et al., 1998; Et-
tema and Melville, 1999) or the flow-strength similitude (Lee
and Sturm, 2009) should be satisfied to weaken or eliminate
the scaling effect for debris-flow scour when the experimen-
tal results are extrapolated to predict prototype performance.
Additionally, the experimental results obtained in large-scale
models are undoubtedly closer to the prototype results than
those in small-scale models.

When debris flows occur in the mountainous areas with
forest the driftwood carried by debris flows is a common phe-
nomenon. The debris flows combined with driftwood will
speed up blockage and jamming of a check dam. Once the
spillway is blocked by the driftwood the subsequent debris
flows will overflow from the crest of a check dam, which
will cause extensive scour downriver of a check dam. There-
fore, it is also necessary to investigate the behavior of debris
flows with driftwood and propose some reasonable structural
or non-structural countermeasures to mitigate the effects of
debris flows with driftwood on the operation of a check dam
in the future.
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Appendix A: List of symbols

ai The index for the dimensionless parameter (–)
b The width of the spillway outlet (m)
B The width of the spillway inlet (m)
d90 The characteristic particle size for erodible bed materials (m)
k The coefficient for the dimensionless equation (–)
h1 The depth of debris flows at reference cross sections #1 (m)
h2 The depth of debris flows at reference cross sections #2 (m)
hd The maximum scour depth (m)
hw The water head loss (m)
g The acceleration of gravity (m s−2)
q The unit discharge of the debris flow (m3 s−1)
v The initial velocity of the debris flow flowing out of the spillway (m s−1)
v1 The velocity of debris flows at reference cross sections #1 (m s−1)
v2 The velocity of debris flows at reference cross sections #2 (m s−1)
V The scale of debris flow in the experiments (m3)
x Trajectory in the horizontal direction (m)
y The water elevation difference (m)
Z1 The elevation of reference cross sections at #1 (m)
Z2 The elevation of reference cross sections at #2 (m)
1z The elevation difference between the two reference cross sections (m)

Greek letters

α1 The kinetic energy correction coefficient for v1 (–)
α2 The kinetic energy correction coefficient for v2 (–)
ρd The density of debris flows (kg m−3)
ρw The density of clear water (kg m−3)
ζ The energy dissipation coefficient (–)
η The lateral contraction ratio (–)
ϕ The angle of the initial velocity in the horizontal direction (◦)
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