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Abstract
The present study focuses on the emergency response measures for landslide dams. This work presents a series of centrifuge 
model tests conducted on the draining processes of barrier dams that are based on the grain composition of the Tangjiashan 
landslide dam. The effects of diversion channels with trapezoid, triangular, and compound sections on the discharge, pro-
cess, and size of the residual dam are discussed. The characteristics of the flow erosion during the process of discharge in 
the different channels are analyzed based on hydrodynamics. The results suggest that a diversion channel with a compound 
section has a higher initial discharge efficiency and lower peak flow, and the flow process curve corresponds to a “chunky-
type.” The draining from this type of a diversion channel could clearly reduce the flood pressure of the river downstream 
and make the entire process smoother. Thus, the excavation of a diversion channel with a compound section is an efficient 
and safe method for landslide dam emergency mitigation.
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Introduction

Landslide dams, presented as a natural blockage of a river by 
the hill slope-derived mass movement, are rather common 
events in hilly and mountainous areas worldwide (Davies 
2002; Dai et al. 2005; Becker et al. 2007). Intense rainfall, 
rapid snow melts, volcanic eruptions, and earthquakes are 
the most common landslide dam trigging factors (Do et al. 
2016). As a type of natural rockfill dam, landslide dams are 
extremely prone to failure, and most of them eventually col-
lapse (Dunning et al. 2006). According to statistics, nearly 
90% of landslide dams collapse in a year and result in severe 

flooding (Kuang 1993). A landslide dam may fail owing to a 
variety of processes including overtopping, instability of the 
dam slope or piping, as shown in Fig. 1. However, a previous 
study showed that overtopping was the main failure mode 
for landslide dams breaching, which was also the mode in 
the later stage irrespective of its starting cause (Ermini and 
Casagli 2003; Zhong et al. 2016). 

The catastrophic breach triggered by dam-break floods 
requires appropriate emergency methods to prevent the dis-
astrous consequences for residents located downstream. Tac-
coni et al. (2016) collectively reviewed approximately 300 
landslide dam events that occurred in Italy. Bonnard (2011) 
reviewed the measures for preventing potential catastrophes 
caused by a landslide dam-break and concluded that the best 
approach was to excavate a diversion channel, which could 
be traced back to 500 years ago when the villagers of Servoz, 
Monte Blanc, France, excavated a channel to drain a lake at 
Massif de Plate. After the Mayunmarca rockslide, occurred 
in 1974 in Peru, a 3-m-deep channel was excavated in the 
dam to drain the impounded lake at a flood discharge of 
approximately 11,000 m3/s (Kojan and Hutchinson 1978). 
In China, a successful intervention occurred in 2008 when 
the emergency excavations of a 13-m-deep channel through 
the famous Tangjiashan landslide dam, which was created 
during 2008 Wenchuan earthquake of the Southwest Sichuan 
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Province of China, reduced a dam breach from an estimated 
potential flow of 46,000 m3/s to a measured peak flow of 
6500 m3/s (Yin et al. 2009; Xu et al. 2009).

Much efforts have been expended to understand the mech-
anism of a dam-break including soil erosion and open chan-
nel hydraulics. Some examples are the National Dam Safety 
Program (NDSP) project conducted by the Federal Emer-
gency Management Agency (FEMA), USA (Corns 2010), 
CADAM Project that is a concerted action project funded 
under the EC FP4 program (Morris 2000), IMPACT project 
conducted by the European Community during 2001–2003, 
and FLOODsite project that is also a European Commission 
funded integrated project conducted in 2004 (Morris and 
Hassan 2005; Bruijn et al. 2009). For the emergency miti-
gation work at landslide dams, however, it is still not clear 
which type of diversion channel, or section form, should be 
adopted.

Diversion channel excavation, as a common method in 
emergency risk elimination of barrier dams, could reduce 
the volume and head of the released water during dam 
breaching and create a controlled flood. Therefore, in the 
present study, the authors focus on the impact of the diver-
sion channel section type on the landslide dam draining 
effect. Given the advantage of simulating a prototype stress, 
centrifugal model tests are conducted to simulate the drain-
ing process of a landslide dam. The effect of three types of 
channel sections, namely, trapezoidal, triangular, and trian-
gle–trapezoid compound, on the landslide dam breaching 
process is studied. To better understand the process caused 
by soil erosion, a hydrodynamic analysis is performed, and 
the velocity distributions in different channel sections are 
used to verify the conclusions.

Test materials and method

A model test is an important method for studying the dam-
break of an earth-rock dam. Model tests of the landslide 
dam draining process are performed based on the dam-
break centrifugal model test system of the Nanjing Hydrau-
lic Research Institute (NHRI). The main equipment of the 
system is a 400-gt large-scale geotechnical centrifuge (as 
shown in Fig. 2), with performance indicators that are listed 

in Table 1. The test system is equipped with a special model 
box, whose internal effective size is 1.2 × 0.4 × 0.8 m3.

Test materials

The landslide dam materials have the characteristics of a 
wide grading range, strong heterogeneity, and loose nature, 
which are highly different from those of artificial dams (Beth 
et al. 2007). Considering the wide grading of a landslide 
dam material, the grading curves from five boreholes of the 
Tangjiashan landslide dam are referenced during the prepa-
ration of the model dam material (Chen et al. 2014; Liu et al. 
2010). After grain size averaging, the maximum particle size 
of the test material is controlled at 20 mm. According to the 
average grading curve of the Tangjiashan landslide dam, an 
equivalent substitution method is adopted to replace the par-
ticle sizes larger than 20 mm with that of 0.075–20 mm. The 
grading curve of the model dam material is shown in Fig. 3.

Fig. 1   Failure modes of landslide dam. a Overtopping, b instability of slope, c piping

Fig. 2   Geotechnical centrifuge (NH-400 gt)

Table 1   Performance indicators 
of geotechnical centrifuge (NH-
400 gt)

Performance index Value

Capacity 400 gt
Maximum acceleration 200 g
Maximum load 2 t
Effective radius 5 m
Maximum radius 5.5 m
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According to the gradation of the model dam material, the 
content of each grain group could be easily obtained. After 
sifting, weighting, and stirring, the model dam material is 
ready for the model dam construction. The basic parameters 
of the model dam material are presented in Table 2.

Model preparation

The centrifugal model test system is equipped with a special 
model box, and the model dam is constructed in the box, as 
shown in Fig. 4. The angle of the downstream slope has a 
major impact on the process of break flow and breach devel-
opment, and so, the design of the model dam should satisfy 
the requirement that the downstream slope angle be small 
enough similar to the real situation. According to the inter-
nal dimensions of the test box, the downstream slope ratio 
is 1:3.5, which is the average downstream slope ratio of the 
Tangjiashan landslide dam, whereas the upstream slope ratio 
is 2:1. The top width and height of the model dam are both 
20 cm each. From Fig. 5, it can be seen that the rectangular 
sharp crested weir, which is 20 cm in height, is extremely 
high to release the tail water. The washed geo-material of 
the model dam would accumulate downstream and prevent 
further failure development in the test. Therefore, the bottom 
of the test box is raised by 15 cm using compacted clay and 
a waterproof board with a thickness of 13 and 2 cm, respec-
tively. The clay consists of particles in sizes of 0.075–20 mm 
and < 0.075 mm, and the mass contents of the two particle 

groups are both 50%. To ensure that the waterproof board 
does not settle during the test, the cushion is compacted 
before placing the board. The tail water, which is 5 cm in 
depth, is used for the weir flow calculation in the down-
stream of the model dam. The design of the model dam is 
shown in Fig. 5.

Testing method

In landslide dam emergency mitigation research, the objec-
tive of the optimization of the diversion channel is to design 
a section form with a minimum excavation and peak flow 
and maximum initial flow and capacity of the notch cutting 
(Chen et al. 2015). In actual projects, a diversion channel 
with section form of a converse trapezoid is often adopted, 
such as in the Tangjiashan landslide dam (Liu et al. 2009) 
and the Karli and Tung Barrier Lakes created by the Pakistan 
2005 earthquake of magnitude 7.6 (Schneider. 2008). We 
understand that the section form of triangle is a special case 
of the trapezoid form, and the bottom width of the diversion 
channel would influence the draining process. Accordingly, 
centrifugal tests for the draining process of a landslide dam 
with three types of initial channel sections, namely, trap-
ezoidal, triangular, and compound trapezoid–triangle, are 
performed. The details are shown in Fig. 6, from which it 
can be noted that the three types of initial channel sections 
have the same area, implying that they have the same earth 
excavation quantity.

After the construction of the model dam, according to 
the cross-section size shown in Fig. 6, the initial diversion 
channel is excavated through the model dam as shown in 
Fig. 7. During model testing, the centrifugal acceleration is 
set to 30 g to simulate the draining process of a 6-m-high 
landslide dam. According to the inflow of the Tangjiashan 
barrier lake, the water supply in this test is set to 0.02 m3/s.
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Fig. 3   Gradation of model dam and the Tangjiashan landslide dam

Table 2   Parameters of model dam material

Index Median 
diameter (d50, 
mm)

Restricted 
particle diam-
eter (d60, mm)

Dry density 
(ρd, g/cm3)

Porosity (n, 1)

Value 1.7 4.9 1.59 0.4
Fig. 4   The basket of the centrifuge and the test box
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Data acquisition

The flux of the breach flow is a critical parameter to study 
the breaching mechanism of a landslide dam; hence, it is 
necessary to measure this parameter accurately (Lobovsky 
et al. 2013). In the past, a flowmeter was usually placed 
on the drainage outlet of the model box to monitor the 

export flow. However, as the diameter of circular outlet 
was extremely large, the tube could not be filled with 
water. In addition, the drainage water always carried a 
large number of fine particles that could easily block the 
pressure-sensitive elements. Therefore, the flux measured 
by the flowmeter was strongly distorted.

Fig. 5   Overall layout inside the 
test box

Fig. 6   Design of initial diversion channel. a Trapezoid, b triangle, c compound
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In this work, the downstream side of the test box is designed 
to be a rectangular sharp crested weir, which is used to monitor 
the water flow. There are two pore pressure meters embedded 
in the dam heel to measure the water depth in front of the 
weir. Under the condition of Ng centrifugal acceleration, the 
flux process of the dam-break flow can be inverted from the 
water depth in front of the weir by using the following equation 
(Zhao et al. 2016):

where L is the width of the weir, g is the gravitational accel-
eration; H is the water head before the weir without near 
velocity; σc and σf are, respectively, the lateral contraction 
coefficient and flux coefficient, and these two coefficients 
could be calculated by the Belezinski formula (Andrea et al. 
2017) as follows:
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where P is the height of the rectangular weir and B is the 
inside net width of the test box. Every parameter is known, 
except water head H before the weir, and H could be 
obtained from the two pore pressure meters. Furthermore, 
the data acquisition of the pore pressure relies on the Iso-
lated Measurement Pods (IMP) data acquisition module and 
Industrial Personal Computer (IPC). Eight IMP collection 
modules are used to provide 80 data acquisition channels, 
and real-time data monitoring could be achieved through 
the computer.

Test results

Through a series of centrifugal tests, the status of the diver-
sion channel and the flood in the channel could be acquired. 
In particular, the elapsed time and breach flow are analyzed 
on the prototype scale according to the centrifugal accelera-
tion (30 g).

Draining process

The draining processes of the channels with three differ-
ent cross-section types are shown in Fig. 8, and the elapsed 

Fig. 7   The model dam and the three types of initial breaches. a Profile of the model dam, b trapezoidal diversion channel, c triangular diversion 
channel, d compound diversion channel
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time, in the figure, starts from the supply of water in the 
reservoir. As can be seen from the figure, the flux of the 
three channels is small at the beginning, and maintained at 
approximately 1.5 m3/s. When the discharge starts 0.50 h 
later, the flow rate of the compound channel increases 
sharply, and the growth rate is 0.076 m3/s2. Approximately 
0.62 h later, the growth rate of the flow in the compound 
groove slows down. Then, the flux of the triangular channel 
increases. The growth rate, which is approximately 0.20 m3/
s2 in magnitude, is much faster than that of the compound 
channel. Concurrently, the flow of the trapezoidal channel 
also starts to increase significantly. However, the differ-
ence is that the trapezoidal channel flow growth is not as 
rapid as that of the triangular and compound channels in 
the beginning, and the value is approximately 0.0063 m3/s2. 
The reason for this phenomenon is that the bottom eleva-
tion of the three groove types, i.e., trapezoidal, triangular, 
and compound trapezoid–triangle, is reduced in turn, and 
the water head increases successively. Thus, the flow of the 
compound and triangular channel increases in a shorter time, 
and the flow of the trapezoidal channel, in contrast, grows 
slowly. Approximately 1.19 h later, the flow of the triangular 
channel reaches its peak, which is approximately 45.7 m3/s. 
The peak time and flux of the trapezoidal channel are 1.21 h 
and 58.6 m3/s, respectively, and the same for the compound 
channel are 1.38 h and 40.1 m3/s, respectively. Subsequently, 
the downstream slopes of the model dams become coarse, 
and the times when the flow of the trapezoidal, triangular, 
and compound trapezoid–triangle channel begins to decrease 
are 1.8 h, 1.6 h, and 2.0 h, respectively.

Total discharge process

It is known that if the elapsed time is on the x-axis and the 
flux of the breach flow is on the y-axis, the total charge until 
elapsed time t is the area enclosed by the curve of the breach 
flow process and lines of y = 0 and x = t. Thus, according 

to Fig. 8, the total discharge process of the different section 
forms could be obtained as shown in Fig. 9. The rules for the 
total discharge process are similar to those of the breach flow 
process. Approximately 0.55 h later, starting from the sup-
ply of water in the reservoir, the dam begins to be scoured, 
and simultaneously, the discharge of the compound channel 
increases sharply. This implies that the channel with a com-
pound section could discharge the water at a relatively high 
speed in the initial stage and release the reservoir water at 
an earlier time. Subsequently, the triangular and trapezoidal 
channels begin to release water in turn. According to the 
three curves between the time of start and end of the erosion 
in Fig. 9, it can be seen that the slopes of the trapezoidal, 
triangular, and compound channel decrease in turn. It is 
indicated that draining process of the trapezoidal channel is 
rapid and that of the compound channel is much gentler than 
of the other two. The compound channel reaches a relatively 
larger total discharge, approximately 206,000 m3 in value 
and that of the trapezoidal and triangular channels is 212,000 
and 164,000 m3, respectively.

Breach remaining

The breaches remaining with the three different sections are 
shown in Fig. 10. It is important to note that all the three 
diversion channels are excavated in the middle of the dam 
crest. However, the erosion intensity, during the process of 
overtopping, is high on the right side of the breach, which 
results in a residual breach located near the right dam abut-
ment. The reason for this phenomenon is that downstream 
of the model is placed in the basket near the center side of 
the centrifuge, which can also be seen in Fig. 4. When the 
basket rotates in a clockwise direction, it provides a small 
acceleration to the model, which points to the left of the 
dam. The value of the acceleration being small, the accuracy 
of the test results will not be significantly affected. From 
Fig. 10, it can be seen that the shape of all the breaches with 
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different initial section types is an “inverted trapezoid,” and 
the final width of the breach is larger than the final depth of 
the breach. [The relationship between the final width and 
depth of the breach can be found in ref. (Zhang et al. 2009; 
Morris et al. 2002).] Specific sizes of the breaches remaining 
are shown in Table 3.

From Table 3, the same conclusion can be obtained. 
The trapezoidal channel has the largest peak flow and 
the most intense erosion, and the width expansion of the 
trapezoidal channel is larger than of the other two. The 
triangular channel has the largest depth cutting distance. 
The compound channel has the lowest peak flow, and 

accordingly, the erosion strength on it is small. Thus, the 
width expansion of the compound channel is small. Owing 
to the section shape of the compound channel, it has a 
relatively large depth cutting distance, and it releases more 
water in the reservoir.

According to the draining processes, and the total dis-
charges and sizes of the breaches remaining with different 
initial sections, it is indicated that channel with a com-
pound section has a relatively larger total discharge with 
a lower peak flow, and its flow curve can be named as 
“chunky-type.” Compared with the other two types, the 
discharge process of the channel with the compound sec-
tion is more rapid and safe.

Fig. 10   Breach remaining of three drainage channels with different section forms. a Trapezoidal diversion channel, b triangular diversion chan-
nel, c compound diversion channel

Table 3   Sizes of breach with 
three section types discharge 
channels

Section type Size of breach remaining Breach extended distance

Top width (m) Bottom 
width (m)

Depth (m) Top width (m) Bottom 
width (m)

Depth (m)

Trapezoidal 9.3 8.1 1.6 6.9 7.5 0.7
Triangular 7.5 4.8 2.4 5.1 4.8 1.275
Compound 6.3 2.4 2.7 3.9 2.4 1.2
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Hydrodynamic analysis

Three channels have the same initial top width, i.e., 2.4 m. 
According to Table 3, the top width of the trapezoidal 
channel is the largest, followed by those of the triangular 
and compound channels. From the theory of open channel 
hydrodynamics (Han and Easa 2016; Abrari et al. 2016), 
the flow velocity at the bottom of the trapezoidal chan-
nel is approximately the same as that of the flow on the 
bilateral walls. It is known that the flow velocity of the 
water flow is positively related to the scouring capacity; 
therefore, rates of width expansion and vertical cutting 
of the trapezoidal channel are almost similar at the initial 
draining stage. However, as the boundary layer velocity is 
slow at the bottom of the trapezoidal channel, the erosion 
of the depth cutting is weak. Therefore, the breach remain-
ing in the trapezoidal channel is shallow in depth and large 
in the top and bottom widths. For the triangular channel, 
the flow velocity at the bottom is much faster than that 
on the bilateral walls, so that the erosion at the bottom is 
stronger than that on the sidewalls; therefore, a channel of 
this type has a faster notch cutting. The breach remaining 
in the triangular channel is narrow in width and deeper 
than that of the trapezoidal channel. The flow velocity 
distribution of the compound channel is similar to that of 
the triangular channel. However, the compound channel 
has a faster flow at the bottom and slower at the sidewalls. 
Thus, the compound channel has the strongest erosion in 
the depth direction, and accordingly, the maximum depth 
of the breach remaining in the channel.

From the law of soil erosion, the lower parts of the trian-
gular and compound channels are all triangle shaped, and 
they have smaller areas of interaction between the soil and 
water at the same flow depth, implying that they have smaller 
wetted perimeters χ. Therefore, the shape of the channel in 
the lower part strengthens its erosion, and these two types of 
draining channels achieve the objective of rapidly decreasing 
the reservoir water. However, the notch cutting and width 
expansion of the triangular channel is extremely fast, result-
ing in a large water head difference. Thus, the triangular 
channel has a higher peak flow, and the discharge process is 
difficult to control. In comparison, the notch cutting of the 
compound channel is fast at the beginning, which is benefi-
cial for improving the discharge efficiency and decreasing 
the reservoir water in the initial stage of the discharge. The 
upper part of the compound channel, in the shape of a trap-
ezoid, has an obvious effect on preventing the horizontal 
expansion. The width expansion of the compound channel 
could be limited to a lower speed, and the peak flow could 
be decreased further. Thus, the breach remaining in the com-
pound channel has a smaller width expansion and larger cut-
ting depth after draining.

Concluding remarks

The section type of a landslide dam diversion channel has 
a major effect on the draining process and total discharge. 
Based on the grading curve of the Tangjiashan landslide 
dam, centrifugal model tests on the draining efficiency of 
the diversion channels with trapezoidal, triangular, and com-
pound sections are conducted. The test results prove that the 
diversion channel with a compound section could release 
water rapidly with a lower peak flow and reach a higher 
total discharge. The curve of the draining process is of the 
“chunky-type.” During a landslide dam emergency drainage, 
a diversion channel with a compound section could improve 
the efficiency at the initial stage, lower the peak flow, and 
reduce the flood pressure of the river channel downstream. 
Owing to the larger total discharge after draining, the diver-
sion channel with a compound section could lower the water 
level rapidly to the maximum. Therefore, the excavation of 
a diversion channel with a compound section is an efficient 
and safe method in the emergency risk elimination of bar-
rier dams.
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