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Preface

The first International Conference on Embankment Dams (ICED 2020) was the
inaugural conference of Technical Committee TC210 on Embankment Dams
(Chair, Limin Zhang) of the International Society of Soil Mechanics and
Geotechnical Engineering (ISSMGE). It was organised by Tsinghua University and
the Hong Kong University of Science and Technology under the auspices of
TC210. The conference was also supported by the Chinese Institution of Soil
Mechanics and Geotechnical Engineering, Chinese National Committee on Large
Dams, China Renewable Energy Engineering Institute, China Institute of Water
Resources and Hydropower Research, TC304 on Engineering Practice of Risk
Assessment and Management of ISSMGE, and the Risk Assessment and
Management Committee of the American Society of Civil Engineers.

ISSMGE’s Technical Committee 210 on Embankment Dams consists of over 40
leading experts on embankment dams from around the world. The committee aims
to promote co-operation and exchange of information concerning research and
developments in geotechnical issues of dams; develop guidelines and bulletins for
the design, construction, and safe operation of embankment dams; assist with
technical programs of international and regional conferences organised by the
ISSMGE; and interact with industry and overlapping organizations working in
areas related to TC210’s specialist areas.

The past few years witnessed several major dam failures: The Gongo Soco
tailing dam failure on 25 January 2019 in Brazil that claimed the lives of nearly 300
people; the Mount Polley open-pit copper and gold mine tailing dam failure in
British Columbia, Canada on 4 August 2014, which released 10 million cubic
metres of water and 4.5 million cubic metres of slurry; the failure of the Xe-Pian
Xe-Namnoy dam in Laos on 23 July 2018 that affected both Laos and Cambodia
and killed 39 people; the Jinsha River landslide dam failures in October and
November 2018 in China, which endangered a series of cascade reservoirs along
the river with a peak flow rate of 33,900 m3/s; and the Yarlung Tsangbo Grand
Canyon landslide failure in October 2018, which affected China, India, and
Bangladesh. In the light of the occurrence of these major dam failure incidents, the
theme of this inaugural TC210 conference was “Dam Breach Modelling and Risk
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Disposal”. Recent developments in research and practice in embankment dam
safety and risk management are presented and discussed, stimulating fruitful sci-
entific and technical interactions among the fields of soil mechanics, engineering
geology, hydrology, fluid mechanics, structural and infrastructural engineering, and
social sciences.

The proceedings of the ICED 2020 include eight keynote papers, three ISSMGE
Bright Spark lecture papers, one invited paper, and 30 accepted technical papers
from 12 countries and regions. Each accepted paper in the conference proceedings
was subject to review by two peers. These papers cover five themes: (1) case
histories of failure of embankment dams and landslide dams; (2) dam failure pro-
cess modelling; (3) soil mechanics for embankment dams; (4) dam risk assessment
and management; (5) monitoring, early warning, and emergency response.

One of the highlights of this conference was the ISSMGE TC210 International
Workshop on Prediction of Jinsha River Dam Breaching and Flood Routing,
coordinated by Prof. Zuyu Chen of China Institute of Water Resources and
Hydropower Research. Five graduate student teams were invited to predict the
breaching process of two recent landslide dams on the Jinsha River and the flood
routing along the river and to compete for the “Best Prediction Team Award” from
the ISSMGE TC210. The workshop aimed to synthesise the state of the art of dam
beaching and flood routing analysis, evaluate the capabilities of various analysis
tools based on a common ground of the Jinsha River dam breaching case, and
suggest new topics for future studies.

The credit for the proceedings goes to the authors and reviewers. The publication
of the proceedings was financially supported by the National Key R&D Program of
China (Grant No. 2018YFC1508601).

February 2020 Jian-Min Zhang
Limin Zhang

Co-chairmen of the Regional Organising Committee
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Improvement to the Analytical Method for Dam
Breach Flood Evaluation

Zuyu Chen1(B), Lin Wang2, Xingbo Zhou3, and Shujing Chen4

1 Department of Geotechnical Engineering, China Institute of Water Resources
and Hydropower Research, Beijing 100048, China

chenzuyu@cashq.ac.cn
2 College of Water Resources and Hydropower Engineering, Xi’an University of Technology,

Xi’an 710048, China
ruoshuiya@163.com

3 China Renewable Energy Engineering Institute, Beijing 100120, China
zhou_xingbo@126.com

4 National Academy for Mayors of China, Beijing 100029, China
chenshujing1991@163.com

Abstract. This paper describes the improvements to the existing dam breach
analysis methods based on back analyses of several giant barrier lake breaches.
The main improvements include a hyperbolic soil erosion model, an empirical
approach to lateral enlargement modeling, and a numerical algorithm that adopts
velocity increment to allow straight forward calculation for the breach flood hydro-
graph. It has been shown that the calculated peak flow using this improved method
is less sensitive to the input parameters. The new method has been incorpo-
rated into an Excel spreadsheet DB-IWHR which is transparent, open-source,
self-explanatory and downloadable on the web.

Keywords: Dam breach · Flood evaluation · Soil erosion

1 Introduction

Evaluation of the breach flood of earthen dams and levees due to overtopping is a subject
of common concern that attracted a large volume of researchworks [1–6]. However, their
physical models and numerical approaches are still unmatured to-date. Chen et al. [7]
discussed the difficulties involved in establishing the physical model that couples the
disciplines of soil erosion in hydraulics and slope stability in soil mechanics. Further,
shortage of field monitoring hydrographs of dam breaches makes it difficult to validate
the analytical approaches developed by various researchers.

China has recently experienced a large number of barrier lake break cases with
several well-documented field measured breach hydrographs [8–11]. This has allowed
an in-depth study and improvements to the existing dam breach analytical methods. The
research outcomes were incorporated into an Excel/VBA spreadsheet that provides an
easy and quick access for practicing engineers to work during an impending dam failure
emergency. A comprehensive review of this work has been presented in a latest paper
[7]. This paper summaries the key novel technical approaches in its work.

© Springer Nature Switzerland AG 2020
J.-M. Zhang et al. (Eds.): ICED 2020, SSGG, pp. 3–23, 2020.
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2 Soil Erosion Models

2.1 Relationship Between the Erosion Rate and Shear Stress

The relationship between the rate of soil erosion and the shear stress is a fundamental
problem that has great impact on the dam breach analytical results. The relevant studies
include the effort in developing better soil erosionmodels and apparatuses for performing
the erosion tests [12].

The decrease in the channel bed elevation due to erosion per unit time, ż, can be
related to the shear stress τ on the eroded bed surface, as follows:

ż = �z

�t
= �(τ) (1)

where z is the channel bed elevation and t is time. The function �(τ ) proposed by
researchers can be divided into the following categories.

Linear Relationship. This model is expressed as

ż = �z

�t
= aL(τ − τc) (2)

where τ c is the shear stress associated with the incipient velocity Vc, and aL is the
detachment rate coefficient [6, 13–15].

Power Law Relationship. There are a number of computer programs using the rela-
tionships based on the sedimentation dynamics, such as BREACH [5], BEED [16], and
MIKE11 [17]. In general, the power relationship is [18]

ż = �z

�t
= �(τ) = a1(τ − τc)

b1 (3)

where ż is the erosion rate in 10−3 mm/s, τ is in Pa, t is in second, and a1 and b1 are
coefficients either regressed from the test results or based on experience. Zhou et al. [19]
compares the predicted soil erosion rates from 16 models with the measured rates in
Tangjiashan Barrier Lake, as shown in Fig. 1.

Hyperbolic Relationship. The preceding mentioned linear and power models have
been developed via extensive testing works based on the theory of sedimentation dynam-
ics and validated mostly in laboratory at low flow velocity for finematerials. It is difficult
to verify these models in a real dam breach, in which the flow velocity can reach 5 m/s
or more and the eroded soils contain large rock fragments. As shown in Fig. 1, it can be
seen that at low shear stress, the predictions from these models more or less agree with
the measured data. However, for the maximum flow velocity when the corresponding
shear stress is near the peak, the power law relationship continues to predict high erosion
rate. Further, the soil erosion rate is very sensitive to even a small change in the exponent
b1 in Eq. (3).
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Fig. 1. Comparison of measured soil erosion rates with predicted rates by 16 models in Tangji-
ashan Barrier Lake. NOTE: According to the data of Tangjiashan barrier lake, the input parameters
of this Figure are: water density, ρ = 1000 kg/m3; ρs = 2650 kg/m3; the medium size, d50 =
5 mm; roughness coefficient, n = 0.025; void ratio, e = 0.36; flow velocity, V = (2.36, 2.50, 3.99,
4.61, 5.90) m/s and the corresponding the depth of water in channel, h = (6.94, 7.49, 8.06, 8.19,
11.86) m.

In performing the back analysis for the Tangjiashan Barrier Lake, the authors
proposed a hyperbolic relationship (Fig. 2) that takes the following form [1]:

ż = �(τ) = v

a + bv
(4)

where v is the shear stress with reference to its critical component τ c

v = k(τ − τc) (5)

with a unit of Pa for τ and 10−3 mm/s for ż. k is a unit conversion factor, normally takes a
value of 100. The hyperbolic curve has an asymptote represented by 1/b as v approaches
infinity, and 1/a represents the tangent of this curve at v = 0.
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Fig. 2. Relationship between soil erosion rate and shear stress in the hyperbolic model.

The proposed model can be interpreted as a combination of the linear relationship
with a ‘truncation’ at a certain high flow velocity. Approximately, 1/a equals aL in
Eq. (2). The asymptote 1/b represents the ‘strength’, which has been referred to as the
‘maximum possible erosion rate’ in this study. This is based on the understanding that
for most structural materials, when the shear strength is sufficiently large, the erosion
rate ‘yields’. Use of this model can prevent the calculated erosion rate becoming too
large at high flow velocity. Hence, the computation results are less sensitive to the input
parameters in the model. Further, since both 1/a and 1/b have sound physical meanings,
use of these parameters can be based on common sense, which can be improved with
increased knowledge. The authors collected some laboratory testing results to support
this model [20].

2.2 Soil Erodibility Test

A variety of testing facilities have been developed as reported by Foster et al. [21],
Temple [22], Shaikh et al. [23], Hanson and Simon [24], Wan and Fell [25], Zhu et al.
[26], Chang and Zhang [27], and Wu [6] conducted field jet index tests to measure the
erodibility of broadly graded landslide deposits and found the soil erosion resistance
coefficient of Tangjiashan materials is in a range between 0.2 × 10−3 and 1.2 × 10−3

mm/s/Pa.
A new apparatus, called Cylindrical Erosion Test Apparatus (CETA) has been devel-

oped by the authors’ research group, as shown in Fig. 3 (Refer to Ma [28]). It includes
a cylindrical, stainless steel container with an internal diameter of 1,040 mm. There are
three glass windows to allow for visual inspection during the test. The propeller is driven
by a speed adjustable motor with a maximum rotating speed of 1400 r/min. Similar to
EFA, the soils under test is contained in a 160 mm long, 80 mm wide box, which can be
lifted up to 150 mm manually as the erosion proceeds. Using a pitot tube and the FP111
direct-reading velocity meter, the reel rotating rate has been calibrated to relate to the
flow velocity on the soil/water surface (refer to Fig. 4). Figure 5 shows the test results
of a medium size sand with d50 = 8 mm. The dry density is 1.8 g/cm3.
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Fig. 3. The Cylindrical Erosion Test Apparatus (CETA).

Fig. 4. Parts of CETA: (a) Speed adjustable motor (b) propeller (c) manually operated slot (d)
box containing soils fixed in the slot.
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0.0 0.4 0.8 1.2 1.6 2.0
0.0

0.4

0.8

1.2

1.6

2.0

1/a = 0.24
1/b = 2 mm/s

Δz
/Δ

t  
(m

m
/s)

Velocity (m/s)

.

Fig. 5. Erodibility test results of sandy soil. NOTE: The solid line represents a regression curve
based on the hyperbolic model. The asymptote 1/b was postulated due to the limitation of
insufficiently large flow velocity.

3 Modeling Lateral Enlargement

3.1 Slope Stability of the Channel Banks

During the breach, the banks of the discharge channel collapse due to soil erosion that
cut the toes. The wedge slide method has been commonly used in various dam breach
models to model the processes in destabilizing the bank and widening the discharge
channel (Singh and Scarlatos [29]). From the geotechnical point of view, the straight-
line slip surface employed in this method is not representative of the actual failures
observed in the field. It is better to replace the straight lines with a more generalized
shape, such as a circular arc. Apart from this limitation, Wang et al. [30] also discussed
the other drawbacks in the existing dam breach models, such as:

(1) A majority of the existing models fails to consider the existence of a vertical cut at
the slope toe which is the key factor that destabilizes the bank.

(2) The method of determining the critical slip surface has not been clearly formulated.
Wang et al. [30] discussed the proposedmethod byOsman and Thorne [31] who did
consider the locations of the toe cut and the critical slip surface. However, they tried
to find the critical toe-cutting depth by the derivatives with respect to the cohesion
value of the material, which is physically unacceptable from geotechnical point of
view. It is necessary to adopt the well accepted knowledge in soil mechanics that the
critical slip surface is obtained by finding the minimum factor of safety associated
with the geometrical coordinates that define the shape and location of the failure
surface [32, 33].

(3) The pore water pressure has been invariably ignored in the analysis. The dam body
prior to a breaching failure is normally saturated if the material is impervious, such
as the earth core or tailings. Hence, in the analysis, the pore pressure development
that causes sudden changes in the stress field need proper treatment, both in effective
stress and in total stress [34–36].
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3.2 Improved Approaches

In view of the drawbacks, Wang et al. [30] have made the effort to improve the model
based onmodern geotechnical expertise which includes: (1) stability analysis with circu-
lar slip surfaces using Bishop’s simplified method, (2) assignment of a vertical cut at the
toe, (3) a search technique to find the minimum factor of safety and the critical depth of
toe cutting, and (4) an option for determining total stress and effective stress. Figure 6(a)
shows an example that is circular slip surface of modeling lateral enlargement.

Although the lateral enlargement simulation offers better geotechnical background
(Fig. 6(a)), the details of the 10 steps of circular arcs as input to a computer program are
too tedious for a dam breach analysis. Wang et al. [30] found that without too much loss
in accuracy, the circular arc can be simplified as a straight line as shown in Fig. 6(b).

(a) 

(b) 

Fig. 6. Modeling lateral enlargement: (a) circular slip surfaces (b) straight line simplifications.
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Based on an extensive regression work, Chen et al. [37] suggested an empirical
hyperbolic relationship to determine the channel width associated with the channel bed
elevation z, refer to Fig. 6(b).

B = B0 + 2�z + 2h tan (β − π

2
) (6)

where

�z = z − z0 (7)

and

β = β0 + �β = β0 + �z

m1�z+m2
(8)

β is the slope of the channel bed, z0 and β0 are initial values of bed elevation and bank
inclination respectively. m1 and m2 are parameters of the hyperbolic relationship which
are functions of cohesion c, coefficient of friction tanϕ and the soil bulk density γ .
Empirical charts for determining m1 and m2 have been provided by the authors.

4 Numerical Modeling of Sam Breach Flood

4.1 Governing Equations

The numerical model considers the balance of water quantity, the continuous vertical
toe cutting and lateral enlargement, which can be formulated as follows.

Conservation of Energy and Mass. This condition necessitates the balance between
the volumes of inflow through the breach, which is normally calculated by the broad-
crested weir flow equation, and the reduction of the reservoir storage per unit time, as
follows:

Q = CB(H − z)3/2 = �W

�H

�H

�t
+ q (9)

where C is the discharge coefficient whose theoretical value is 1.7 m1/2/s [29]. Earlier
studies have used values of C ranging from 1.3 to 1.7 [38]. H is the reservoir water
elevation (Fig. 7, Chen et al. [1]), and q is the natural inflow into the reservoir.

H'
H

z

h V

Fig. 7. Flow over a broad-crested weir.



Improvement to the Analytical Method for Dam Breach Flood Evaluation 11

Constitutive Model of Soil Erodibility. The formula describing the rate of channel bed
erosion has been given in Eq. (4) in which the shear stress can be calculated using
Manning equation, as follows:

τ = γ R′ J = γ n2V 2

R′ 13
≈ γ n2V 2

h
1
3

(10)

where γ is the density of water, n is the roughness coefficient (= 0.025 m−1/3·s in
this study), J is the slope of the channel, and R′ is the hydraulic radius that can be
approximated by h if the channel width B is sufficiently larger than the average flow
depth h.

Determination of Water Depth Behind the Weir. The water level normally drops at
the entrance of the weir if the flow is not submerged by the tailwater. Therefore, it is
necessary to determine the flow depth h as shown in Fig. 7. Assuming the steady, uniform
flow through the discharge channel, using Manning equation, Singh and Scarlatos [29]
developed the following formula to determine h:

h =
(

nQ

BJ 0.5

)0.6

(11)

Use of this equation requires an input of J which is difficult to be properly defined
in a dam breach problem. Experience has shown that this parameter is very sensitive to
the calculated peak flow. Chen et al. [1] found that Eq. (11) can be further elaborated as

h =
(

nQ

BJ 0.5

)0.6

=
(
nC(H − z)1.5

J 0.5

)0.6

= n0.6C0.6(H − z)0.9

J 0.3
(12)

The exponent of (H − z) in Eq. (12), which is 0.9, is very close to unity. Therefore,
the depth can be approximately estimated by the following simplified relationship:

h = m(H − z) (13)

m = h

H − z
≈ n0.6C0.6

J 0.3
(14)

m is called the water drop ratio which has sound physical meaning. The value of m can
therefore be assigned based on experience. Chen et al. [1] found that the calculated peak
flow is not sensitive to the value of m, if it is between 0.5 and 0.8. The velocity can then
be determined by

V = C(H − z)3/2

h
(15)
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4.2 Algorithm

The breach hydrograph can be obtained by solving the equations in Sect. 4.1. However,
they are highly nonlinear and coupled; the authors’ following treatments have greatly
facilitated the numerical algorithm.

Integration Based on Velocity Increments. Equations (1), (9), and (15) allow H, z,
and V to be solved at a particular time step�t. However, these equations are highly non-
linear with concerns of numerical tractability. The new method performs the integration
based on a velocity increment that completely linearizes of the governing equations and
leads to a straight forwards calculation for the flow hydrograph.

At the velocity step from V0 to V0 + ΔV, the average velocity is

V̄ = V0 + �V/2 (20)

A variable s is defined as (�z – �H) which can be calculated by

s = �z − �H = 2(
mV

C
)2 − 2(Ho − zo) (21)

from which the average velocity can be determined by

V̄ = Cm−1

√
(Ho − zo + s

2
) (22)

The increment in channel elevation �z is first calculated by

�z = s

1 − L
(23)

where

L = mV̄ Bo(Ho − zo + 0.5 s) − q

�(τ̄ )Ẇ
(24)

The other variables can be readily calculated once �z is determined.

Transition Through the Threshold at Peak Velocity. The key technology of this new
method includes a criterion that detects the threshold at which the velocity attains its
maximum Vm. It has been found that both (1− L) and s in Eq. (23) approach zero at this
particular point. Equation (23) is not applicable due to the limited calculation precision
provided by the computer. Instead,�z is calculated based on the Taylor series expansion
for a value of V0 less than Vm as follows:

Vo = Vm − dV

dz
�z + 1

2

d2V

dz2
�z2 = Vm + 1

2

d2V

dz2
�z2 (25)

from which we obtain

�z =
√
2(Vo − Vm)

d2V/dz2
=

√
− 2�V

d2V/dz2
(26)

In DB-IWHR, Eq. (26) will be used when the spread sheet calculation finds the value
L is sufficiently close to unity, in a range between 0.985 and 1.015. Figure 8 gives the
flow chart of the algorithm [37].
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4.3 Computer Software

The numerical algorithm has been realized by an Excel spreadsheet supported by VBA.
To assist in inputting the required parameters, the spreadsheet ‘Input’ will guide a user
to fill up the cells as described in Fig. 9. They are self-explanatory, requiring minimal
tutorials. By pushing the bottom “Back to ‘Calculation’ sheet”, the software turns to the
main sheet ‘Calculation’.

In sheet ‘Calculation’, the user will check the input and press ‘Re Calculation’ to
start the computation (Fig. 10).

DB-IWHR and its illustrating examples are available for downloading at: https://
github.com/ChenZuyuIWHR/DB-IWHR.

4.4 Suggested Values of Input for Preliminary Studies

Dam breaches often happen without early warning. This has made it difficult to perform
field and laboratory tests to define thematerial properties. The following empirical ranges
of various input parameters based on the authors’ experience have been suggested for
field engineers in their quick response to an impending dam failure:

Fig. 8. Flow chart of the algorithm.

https://github.com/ChenZuyuIWHR/DB-IWHR
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Fig. 9. Sheet ‘Input’ of DB-IWHR.

(1) The discharge coefficient C of a broad-crested weir is between 1.3 and 1.7 m0.5/s
[38]. For dams made of rock debris and earthen material, it may be taken to be
around 1.45 and 1.50, respectively.

(2) It has been suggested that the water head drop ratio, m, should be 0.5 [39, 40]. In
viewof the decreasing poolwater level and the rising downstream riverbed elevation
Chen et al. suggested a more reasonable range for m ranged between 0.8 and 0.6.

(3) It is the responsibility of experiencedgeologists to suggest the dammaterial property
parameters (γ , c, and φ), but conducting quick and simple field or laboratory tests
would be useful, if time permits.

(4) Determining soil erosion parameters is themost difficult task. It is suggested to refer
case records of similar nature and past experience. Table 1 gives some empirical
suggestions for preliminary studies.

Table 1. Suggested values of a and b for preliminary studies [20].

Erodibility Soil materials a b

1 Very high Fine sand, Non-plastic silt 1.0 0.0001–0.0003

2 High Medium sand, Low plasticity silt 1.1 0.0003–0.0005

3 Medium Jointed rock (spacing < 30 mm), Fine gravel, Coarse
sand, High plasticity silt, Low plasticity clay, All
fissured clays

1.2 0.0005–0.0007

(continued)
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Table 1. (continued)

Erodibility Soil materials a b

4 Low Jointed rock (30–150 mm spacing), cobbles, Coarse
gravel, High plasticity clay

1.3 0.0007–0.001

5 Very low Jointed rock (150–1500 mm spacing), Riprap 1.3 0.001–0.01

6 Non-erosive Intake rock, Jointed rock (spacing > 1500 mm) 1.3 0.01–0.1

Fig. 10. Sheet ‘Calculation’ of DB-IWHR.
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5 Case Study

5.1 Breach of Tangjiashan Barrier Lake

To illustrate the technical details described in this paper, this section uses the Tangjiashan
landslide dam as a case study. The authors have in fact used this case previously [1] by
investigating the breach hydrograph with the 13 m deep emergency diversion channel.
This study, however, investigates the breach hydrographwithout the emergency diversion
channel. These comparative studies are useful when a decision has to be made.

The right part of the Tangjiashan dam is 105 m high with a crest elevation of 753 m
above the sea level. The storage capacity of the reservoir is 3.2 × 109 m3. Construction
of a diversion channel enables the water in the reservoir to be drained at the lower
elevation of 740 m, thereby reducing the volume of released reservoir water to 2.8 ×
109 m3. On one occasion after the reservoir water overflowed into the channel, the
measured peak flow breaching the dam was 6,500 m3/s, as compared to the peak flow
of 7,160 m3/s from the back analysis [1]. Various advanced instruments were used to
measure the hydrograph of the breach, followed by a field survey and laboratory tests
of geotechnical properties of the dam material [8]. This study continues the evaluation
of the peak flow for the dam with no diversion channel, i.e., the reservoir water starts to
drain at the elevation of 753 m.

Target Case. The inputs for the current case study are almost the same to the previous
study and are summarized in Table 2.

Table 2. Input parameters for the current case study.

Item H0 qin C m Vc a b c φ

Parameters 753 m 80 m3/s 1.43 0.8 2.7 m/s 1.2 0.0007 25 kPa 22°

NOTE: The relationship between the pool water level and storage can be found

in Liu et al. (2010) and is approximated by W = [p1(H − Hr )
2 + p2(H −

Hr )+ p3]× 106 in m3, where, p1, p2, p3 are 0.61, 1.983, 44 respectively, and
Hr = 700

Figure 6 shows the calculated results for the current case study with the inputs γ sat =
24 kg/m3, c′ = 22°, and φ′ = 25 kPa. The model carried out the calculations for the 10
steps of circular failure to the elevation 727 m. After that, the width of the channel was
not widened further because the rock of the right abutment was exposed as indicated by
Chen et al. (2015). Figure 6(a) shows the processes of a typical failure.

For the current case study, zend = 727 m has been used to obtain Bend = 69 m, β0 =
143°, and βend = 169.5°. These results have been applied to Eq. (8) to determine the
width of the water surface at a particular channel bed elevation.

Illustration of the Computation. Table 3 shows the condensed contents of DB-IWHR
calculations.
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Line 61 starts the calculation with the conditions:H0 = 753 m, Vc = 2.7 m/s,�V =
0.08 m/s, z0 = 750.42 m and B0 = 16.23 m. The calculated �z as shown in Column 15
is 0.155 m, with z = 750.273 m, H = 752.999 m, �t = 384 s for the next step, as shown
in Columns 17, 18, and 19, respectively.

Line 62 performs the second round of integration based on the new values of H, z,
and V. The calculation proceeds until Line 133 at which the velocity reaches its peak
value.

Line 133 represents the transition point after which a negative�V has been assigned.
The value of L is 1.003, which is close to unity (Column 14), and s is 0.024. Equation (23)
results in an abnormal value of �z = −7.659 m (Column 15), which is due to the insuf-
ficient precision in performing the division between two very small values by Eq. (23).
Hence, the Taylors formulation (Eq. 26) was used, giving �z = 0.788 m (Column 16).

Line 134 continues the integration with the negative input of �V.
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Fig. 11. Case study Calculations: (a) regressions for the erosion parameters (b) flow discharge.
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Line 309 indicates the termination of the calculation at V = 2.701 m/s which is equal
to the incipient Vc of 2.7 m/s, as specified by Eq. (26).

The Solid line in Fig. 11(b) shows the DB-IWHR calculation results of the target
case.

5.2 Sensitivity Analyses

Due to the large number of uncertainties in a dam breach flood analysis, investigation on
the impact of different input values is considered as part of the analytical work. In the
target case with the channeled dam, Chen et al. [1] performed the sensitivity analyses on
six parameters C, m, a, b and c, φ. This study has added one more parameter, the initial
breach width Bo. Four sets of ‘a and b’ based on the measured data have been selected as
shown in Fig. 11(a). Curve 1 (the target case), 2, 3 represent the mean, upper and lower
bound of the regressions. Curve 4 is a postulated one whose value of 1/b, the maximum
possible erosion rate, is doubled to the target case. The results shown in Table 4 indicate
that 1/b is the most sensitive parameter, compared to the others.

A comparative study has been given to a linear model as described by Eq. (2).
Following the similar process, three sets of aL have been selected representing the mean,
upper and lower bound of the regressions as shown in Fig. 12(a). Figure 12(b) shows
the calculated hydrographs that display quite large deviations both in terms of the shape

Table 4. Sensitivity analyses based on various characteristic parameters.

Variable Value Occurring time Discharge Deviation

tm (h) Qm (m/s) %

Target case Sensitivity studies

Initial width of the
breach, B0 (m)

16 30 12:19 10286.76 −3.6%

50 12:23 9796.24 −8.81%

Ratio of water head drop,
m

0.8 0.5 9:29 11198.60 4.8%

0.6 11:28 11366.13 6.2%

Coefficient of
broad-crested weir flow,
C

1.43 C1 = 1.35 12:20 10605.05 −0.5%

C1 = 1.65 14:28 10258.95 −3.9%

Coefficient of soil
erosion, a and b

a = 1.2,
b = 0.0007

a = 1.0, b = 0.0005 11:08 13,664.90 22.0%

a = 1.0, b = 0.0010 14:26 7,536.02 −41.4%

a = 1.0, b = 0.00035 10:02 16818.08 38.8%

Cohesion and friction
angle, c (kPa) and φ (°)

φ = 22°
c = 25 kPa

c = 25 kPa
φ = 26°

12:23 9705.51 −9.83%

c = 35 kPa
φ = 22°

12:22 9546.29 −11.66%

NOTE: Qm = peak flow, tm = time at peak flow, Deviation = (Qm − Qm,t )/Qm , where Qm,t

is 10,659 m3/s, the peak flow of the target case.
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and the magnitude of peak flow. The previous report [1] discussed the concerns on
sensitivities related to the power relation model. This gives a reason of adopting the
hyperbolic model (Fig. 12).
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Fig. 12. Sensitivity study calculations with the linear model: (a) regressions for the erosion
parameters. (b) flow discharge.
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6 Conclusions

The improvements to the existing dam breach analysis methods described in this paper
include a new soil erosion model, an empirical hyperbolic model for lateral enlarge-
ment modeling, and a novel numerical algorithm that allows straight forward calcula-
tion for the breach flood hydrograph. The new method has been incorporated into the
Excel spreadsheets DB-IWHR, which perform the dam breach flood calculation and the
lateral enlargement calculation respectively. These spreadsheets are transparent, self-
explanatory and ready for group sourcing development on the web. The main highlights
are:

(1) The hyperbolic soil erosion model developed in this study includes the parameter
1/a which is close to the relevant coefficient in the traditional linear model, and the
parameter 1/b which is a ‘truncation’ at large shear stress. The new model makes
the calculated peak flow less sensitive to the input parameters. In addition, these
twoparameters have soundphysicalmeaning.Therefore,with increasedknowledge,
their applicable values for various soils can be improved in practice. As a newmodel
with limited experience of practical application, the authors would suggest users be
cautious when using this model. It is advantageous to adopt different soil erosion
models and make comparative studies. DB-IWHR allows another 5 representative
models for users to select.

(2) The procedures of modeling lateral enlargement has been updated by modern
geotechnical expertise on slope stability analysis However, the solutions have been
simplified to a series of trapezoidal cross sections in order to facilitate the calculation
without substantial loss in accuracy.

(3) The new method developed in this study uses velocity increment during the inte-
gration of the governing equations, thus allowing a straightforward solution. The
calculation procedure has been incorporated into an Excel spreadsheet, providing
easy, transparent access to practitioners.

(4) The results of this study show that the erosion rate parameter 1/b is themost sensitive
input that affects the calculated peak flow.Other parameters are less sensitive, which
only cause 5 to10% variations in the peak flow.
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Abstract. The Saddle Dam D at the Hydroelectric Power project Xe-Pian Xe-
Namnoy in the Lao People’s Democratic Republic failed on July 23, 2018. An
Independent Expert Panel (IEP) was established to investigate into and report on
the failure of the embankment dam. The Executive Summary of the IEP final
report (Anton J. Schleiss, Jean-Pierre Tournier, and Ahmed F. Chraibi, Report of
Independent Expert Panel (IEP), Xe-Pian Xe-Namnoy Project - Failure of Saddle
Dam D, Final Report. 20 March 2019) is presented here.

Keywords: Dam failure · Embankment dam · Tropical residual soils

This final report on the failure of Saddle Dam D of Xe-Pian Xe-Namnoy hydropower
project summarizes the findings of the Independent Expert Panel (IEP) based on the
available supporting information and the observations made by the IEP during the site
visits carried out in the beginning of October 2018 and end of November 2018. Fur-
thermore, it considers the results of the recommended geotechnical investigations, made
available in January 2019, and the numerical sensitivity analysis of the dam stability.

According to the available sequence of photographs and the reporting of the event,
the observed movements of the sliding mass are of complex geometry. Nevertheless, the
IEP is convinced that the main evidence of the incident at its beginning is a rotational
sliding involving the lateritic foundation. Themost important weakness in the foundation
triggering deep sliding has developed along the deepest area of the saddle, respectively
the highest section of the dam. Thus, the foundation of the Saddle Dam D was without
doubt involved in its failure.

According to the site visit observations, the monitoring data analysis and the review
of the available photographs, before, during and after the failure, as well as the results
of geotechnical investigations, the IEP considers that the root cause of the incident is
related to the high permeability of the foundation. The high permeability was above
all favored by the presence of canaliculus interconnected path having high sensitivity
to erosion. In fact, the geotechnical investigations revealed, that the foundation of the
Saddle Dam D is very heterogeneous with a predominance of clayey sandy-silty soils.
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Numerous passages rich in sand and even gravel leading to low core recoveries and
higher permeability values have been observed.

The mechanism of failure of the Saddle Dam D was most probably triggered by the
following successive sequences:

1. Due to the presence of high permeability horizons in the foundation, as confirmed
by the investigations, groundwater level at the downstream toe was close to the sur-
face generating resurgence in the vegetated area where topography declines rapidly.
This hypothesis is supported by the observation made downstream of the very sim-
ilar Saddle Dam E, where evidence of resurgence with some internal erosion was
observed.

2. With continuing resurgence in the vegetated area downstream of the dam toe, regres-
sive erosion has developed in the foundation resulting in the formation of ducts that
collapsed from time to time, especially in the deepest section of the saddle where
the highest seepage gradients occur. The resulting softening of the laterite triggered
the speeding up of the settlement and the appearance of the first cracks on the dam
crest.

3. When the erosion and softening in the foundation reached a certain extent, the static
dam stability was no longer ensured and a deep rotational sliding at the highest
section of the embankment developed. Simultaneously, converging embankment
movements occurred from the lateral border of the sliding mass towards the middle,
resulting in a bumping up of the downstream embankment face and the subsidence
of the track in front of the dam toe.

4. When the remaining thin upstream edge of the embankment crest breached, the
embankment was overtopped and the catastrophic uncontrolled release of water
from the reservoir washed away the central section of the Saddle Dam D and its
foundation.

Even if July 2018 was the wettest month over the record since 2008, with some
1350 mm falling up to the 29th of July, and the highest daily rainfall event occurring on
July 22 with 438 mm, the flood event at the spillway operating with some 680 m3/s just
before Saddle Dam D failure was only in the range of a 10 to 20 years flood. Yet, the
reservoir was still well below the maximum operation level at the failure incident and
the embankment has to withstand safely the probably maximum flood event. Thus, the
failure incident cannot be considered as “force majeure”.

The failure could have been prevented by an appropriate treatment of the foundation
aiming at providing the required water tightness, filtration and drainage. Furthermore,
an early and correct interpretation of the monitoring data and a reinforced detailed visual
inspection in the downstream toe region of the embankment, would have allowed to take
actions trying to save the Saddle Dam D and/or at least trigger the warning earlier.

Since the bottom outlet has only a small capacity mainly for the release of environ-
mental flow, there was no immediate possibility to control or to lower the level of the
reservoir when the first signs of failure were observed. There remained only the possi-
bility of removing by blasting and breaching the spillway labyrinth wall reaching almost
6 m height. Without having any control on the reservoir level during operation, at least
in the most upper part by spillway gates eventually together with the powerhouse, such
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a concept is not acceptable according to the best international practice. In view of the
catastrophic consequences in case of failure, this is particularly important for reservoirs,
which volume is contained by several large embankment dams like for the Xe-Namnoy
reservoir.

Saddle Dams E and F as well as the part of Xe-Pian Dam founded on lateritic
soil, have similar foundation conditions compared to the failed Saddle Dam D. From
the monitoring assessment, they already exhibit a comparable sudden acceleration of
settlement and increase in the downstream hydrostatic pressures which are linked to
the foundation quality. These dams have to be reviewed and appropriate rehabilitation
measures have to be defined to ensure the safety requirements preventing any undesirable
behavior.

The evolution of the groundwater level in any topographical depression present in
the near downstream region of both Xe-Pian and Xe-Namnoy dam has to be monitored
by piezometers or at least included in the visual inspection program.

The timely (re-)construction of new Saddle Dam D and rehabilitation of the afore-
mentioned dams is of paramount importance in order to allow a safe reservoir filling
during the next rainy season. The concept and design of the new saddle dam has to be
robust in view of the very limited construction time, uncertainty of foundation and safety
requirements. Furthermore, the new Saddle Dam D should be equipped with two high-
capacity outlets which allow to control the reservoir level at least in its most upper 20 m
during wet season. The reinforcement of Saddle Dams E and F as well as Xe-Pian dam
requires relevant information on the depth and the quality of their lateritic foundation.
Thus, prior to the detailed definition of the reinforcement works to carry out, specific
and thorough investigations are necessary.

Lessons learnt from the incident comprise, among others:

• The delicate and very heterogeneous nature of Lateritic soils: they may contain highly
permeable and erodible horizons, canaliculus conveyingwater on a long distance, they
soften when saturated and may be sensitive to significant settlement. Since Laterite
formations are residual soils, which may even have a potential of collapse when they
are not permanently saturated. Investigations in lateritic soil should include large and
deep open trenches. Positive cutoff is the most adapted seepage control arrangement
in this type of foundation;

• During the first reservoir filling, highly experienced dam engineers should be mobi-
lized on the site (or in permanent contact with) to carry out immediate interpretation
of monitoring data and to inspect the dam and its surroundings. Experienced eyes are
very important in early detection of undesirable behaviors;

• Easy access paths and vegetation-free space has to be ensured downstream of the dam
in order to allow a comfortable visual inspection and early intervention in case of
danger.

The IEP recommends that all large hydropower and damprojects are reviewed during
the design and construction phases by an independent international panel of experts.
Furthermore, a dam safety concept should be put into operation in Laos PDR by creating
a dam safety supervisory authority based on a legal framework in the country.
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Abstract. Cemented Material Dam (CMD) is a new type of dam first proposed
in the world by the first author in order to solve overtopping failure problem of
embankment dam and to decrease the cost of concrete dam. Methods have been
investigated to build the Jinjigou CMD with soft rock material for the first time
in the world. Mix design of materials and in-situ direct shear tests have been
introduced. Meaningful results have been achieved.
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1 Introduction

CementedMaterial Dam (CMD for short) is a new dam type developed in a way different
from the Embankment Dam or the Concrete Dam. CMDwas proposed by the first author
in 2009 based on the practices of hardfill dams [1], Cemented Sand and Gravel (CSG)
dams [2] and Cemented Sand, Gravel and Rock (CSGR) dams [3]. Cement, fly ash
and additives are used to cement soil, sand, gravel, stone and other materials together
to form new dam materials with enhanced strengths and shear resistance [4]. Its main
design concepts are to optimize the functional structures of the dam by selecting proper
materials to adapt different part requirement of the dam, at the same time to adjust the
dam structure for better use of local materials [5]. CMD has several significant technical
advantages such as high resistance against overtopping to guarantee dam safety, high
adaptability to geological terrain, low requirements for materials and construction, full
usage of excavationmaterial for environmental reasons, and high construction efficiency.

CMD has been developed rapidly in dam construction practices in recent years. Up
to now, more than 40 CMD projects have been built in China and other countries. Cof-
ferdams, such as Jiemian [6], Hongkou, Gongguoqiao, Dahuaqiao, etc. have been built
and proved safe for overtopping floods. The 32 m high Hongkou cofferdam withstood
8 m overtopping flood and operated safely. The Dahuaqiao cofferdam 57 m in height is
the highest cofferdam up to now. It was safe also after experiencing overtopping floods.
The Qianwei CMD is a successful case built on the non-rock foundation with a height
of 14 m. The Shoukoubu (61 m), Shunjiangyan and Maomaohe dams are the represen-
tative CMD projects, and play an important role in practice [3]. Good results have been
achieved in over 40 projects and the CMD dam type has been recognized worldwide.
The Jinjigou dam was built with soft rock materials and is the first CMD in the world.
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2 The Jinjigou CMD Constructed with Soft Rock Material

The Jinjigou CMD is located in Yingshan County, Sichuan Province, with a total storage
capacity of 11.2 million m3, which is an important water supply project. In order to
decrease the cost and to use local sand and gravel, the designer adopted the CMD type
after comparing with a RCC dam scheme. The Jinjingou CMD has a maximum height
of 33.0 m, a crest length of 72.0 m, and a crest width of 8.0 m. The upstream slope of
the dam is 1:0.35 and the downstream slope is 1:0.75. A 0.6 m thick reinforced concrete
layer was placed as an impervious layer and enriched cemented material was placed as
downstream protection layer. The typical cross section is shown in Fig. 1.

Fig. 1. Typical section of the Jinjigou CMD

2.1 Mix Design of Material

Natural sand and gravel could be used but it is located 60 km away and is limited in
supply. Sandstone at the dam site is abundant but itsmechanical strength is lower than the
value defined by the specification for RCCdams (lower than 30MPa). According to tests,
apparent density of the sandstone is 2440~2500 kg/m3, the softening coefficient is 0.71
and the crushing value is 20.2%. To make full use of excavated sandstone, laboratory
tests and in-situ tests were carried out to study the possibility of using crushed soft
sandstone.

The compacted density test results of full-gradation large-size specimens show
that the density of cemented material with full crushed sandstone aggregates is only
2270 kg/m3. In view of the fact that the compacted density is not large enough for the
stability against sliding, the feasibility of mixed aggregate of crushed sandstone and
riverbed gravel was studied. The results of the different mix proportion of lab tests are
listed in Table 1.
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Table 1. Mix proportion and 180-day compressive strength of wet-sieved specimen

Percentage
of
sandstone
(%)

Sand
ratio
(%)

Cement
(kg/m3)

Flyash
(kg/m3)

Water
(kg/m3)

VC(s) Water-binder
ratio

Compressive
strength
(MPa)

100 25 60 60 100 1.9 0.83 5.8

71.25 25 60 60 98 2.5 0.82 5.8

50 28 60 60 85 5.6 0.71 11.4

40 27 60 60 84 5.0 0.7 11.8

30 32 60 60 93 10.6 0.78 14.2

The results of the material property test show that the compressive strength of wet-
sieved specimen decreases with the increase of the percentage of sandstone aggregate.
Among them, the compressive strength of cementedmaterialmadewithmixed aggregate
of crushed sandstone and riverbed gravel (50%:50%, 40%:60%, or, 30%:70%mass ratio)
was 11.4~14.2 MPa, which met the requirements of design strength (8 MPa at 180 d).
Taking all the factors into consideration, the optimal scheme is that the proportion of
sandstone aggregate in the mixed aggregate was 50%.

The in-situ tests (as shown in Fig 2) indicate that the material has good perfor-
mance and the mix proportion is reasonable. At the same time, it also provides a rea-
sonable construction procedure, technical parameters and quality control process for the
construction.

Fig. 2. In-situ tests
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2.2 In-situ Direct Shearing Test

The interlayer shear capacity of the surface is a key factor that affects the stability
against sliding of CMDs [7]. There are limited experimental data on the shear strength
of CMD because it is very complicated and costly. The in-situ direct shear tests of
CMD were carried for different percentages of sandstone aggregate and at the same
time different interlayer surfaces have been tested also, such as the surfaces between
dam body interlayers, the contact surface with concrete, and the contact surface with
enriched cemented material.

Test Results. On the left bank of the dam, a rock foundation pit was excavated at the
Jianshaozui platform as an experimental site. It is divided into three test sections with
five layers of CMDmixed with 50%, 60% and 70% sandstone. Each layer is about 50 cm
thick. Due to rainfall, cold joints are formed between layers. The cold joints are brushed
with a high-pressure water gun and paved with M15 cushion mortar with a thickness of
10–15 mm. The mix design of CMD is shown in Table 2.

Table 2. Mix design for in-situ direct shearing test

Percentage
of
sandstone

Water Cement Fly ash Admixture Sandstone
aggregate

Riverbed
gravel
(5~40 mm)

Artificial
sand

50% 85 60 60 1.2 1057 558 555

60% 90 65 65 1.35 1255 441 439

70% 90 70 70 1.4 1457 264 393

M15 280 222 222 4.44 / / 1210

Enriched
cemented

600 1184 / 11.8 / / /

Note: unit of material is kg/m3.

C15 concrete and enriched cemented materials were placed in the fourth layer of
the test section, and every test section is cured to an age of 90 d. Shear piers with a size
of 50 × 50 × 50 cm were cut in the preset area of the fifth layer. As shown in Fig. 3,
interference to the shear piers should be avoided in the production process of the shear
piers. At the same time, a single-point friction test was carried out on some test pieces.
The tests are shown in Table 3. Each group of direct shear test has 4 test piers, totaling
6 groups and 24 test piers.
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Fig. 3. Schematic of in-situ direct shearing test

Table 3. In situ direct shear tests

Percentage of sandstone Shear plane Serial number Group number

50% Dam body interlayer B5:5 1 set (4 cells)

60% Dam body interlayer B6:4 1 set (4 cells)

Contact surface with C15
concrete

C6:4 1 set (4 cells)

Contact surface with enriched
cemented material

F6:4 1 set (4 cells)

70% Dam body interlayer B7:3 1 set (4 cells)

Contact surface with C15
concrete

C7:3 1 set (4 cells)

In the test, the horizontal pushing method is adopted, and the shear is carried out
under the condition of artificial immersion saturation. The distance between the shear
center of each specimen and the preset shear plane is controlled within the range of
3–5 mm. The maximum normal stress of the shear plane is 1.0 MPa, which is located at
the center of the preset shear plane and perpendicular to the shear plane, and is applied
in 3–5 stages. The shear stress direction is parallel to the predetermined shear plane and
is applied in 8–10 grades according to the estimated maximum value.

Shear Characteristic Analysis. The typical sections of the shear piers are shown in
Fig. 4. It can be seen that about 10~25 cm thick of the upper part is dense, while the
lower part is less dense, and the coarse aggregate in some parts is concentrated.
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Fig. 4. The typical sections of the shear specimens

The failure pattern of the shear plane is relatively complex. The typical cut surface
is shown in Fig. 5. The shear failure modes are basically complicated. It happened along
the shear plane, above the shear plane or under the shear plane.

Fig. 5. The typical failure of the shear piers

Shear Behavior Analysis. The curves of shear stress~displacement and shear
stress~normal stress at typical measuring points are shown in Figs. 6, 7, 8. The direct
shear test results are shown in Table 4.
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Fig. 6. Shearing resisting curve of dam body interlayer (B5:5)

Fig. 7. Shearing resisting curve of contact surface with C15 concrete (B6:4)

Fig. 8. Shearing resisting curve of contact surface with enriched cemented material (B6:4)
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Table 4. In-situ direct shear test results

Percentage of
sand-stone

Test number Shearing
resisting

Residual
strength

Shear

f ′ c′(MPa) fR cR
(MPa)

f c
(MPa)

50% B5:5 1.10 0.38 0.81 0.24 0.81 0.18

60% B6:4 1.08 0.34 0.81 0.30 0.85 0.11

C6:4 1.04 0.53 0.95 0.30 0.88 0.06

F6:4 1.05 0.40 0.99 0.25 0.91 0.05

70% B7:3 1.02 0.26 0.91 0.24 0.87 0.09

C7:3 0.99 0.28 0.94 0.20 0.89 0.10

The cemented material with sandstone has an obvious peak strength state and a
residual strength state, and the peak strength is about 10%~30% higher than the residual
strength, showing a plastic~brittle failure mode. That shows a strong shear resistance at
the layer or contact surface. Thus, it can also be explained that it has a strong ability to
resist the risk of crash. When the proportion of sandstone aggregate is more than 60%,
the phenomenon of coarse aggregate concentration is obvious in the lower part of placed
layer, and the shear failure happened from the shear plane to the above. Therefore, the
reasonable sandstone percentage selected is very important to ensure the stability against
sliding of layers.

The curves of shear stress~displacement have an obvious linear ascending stage,
indicating that the cemented material with sandstone has a certain shear capacity. From
the perspective of the trend, with the increasing of the percentage of sandstone aggregate,
the shear strength of the layer or contact surface gradually decreases. It can be seen from
the test results that the shear friction decreases from 1.10 MPa to 0.99 MPa, and the
shear cohesion decreases from 0.53 MPa to 0.26 MPa, which is consistent with the
coarse aggregate concentration. The more concentrated the coarse aggregate, the lower
the shearing strength.

3 Conclusion

Test results for the JinjigouCMDbuilt with soft rockmaterials indicate that the cemented
material made with mixed aggregate with crushed soft sandstone and riverbed gravel
has good performance and the mix design is reasonable. The stability against sliding can
be guaranteed. CMD can be used in soft sandstone areas.
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Abstract. This keynote paper concisely summarizes some recent research
advances on liquefied gravity flows and their consequences, with focus on coastal
and submarine landslides-induced tsunamis. The review of large-scale coastal
mass movements worldwide highlights the importance of such liquefied sediment
flows on tsunami generation. The dynamics of liquefied gravity flows is char-
acterized by the multi-phased physics that involves the phase change process in
which the transitory fluid-like particulate sediment reestablishes a grain-supported
framework during the course of flowage. The integration of fluid dynamics and soil
mechanics approaches is indispensable in order to facilitate a rational prediction
of the phenomena concerned. The relevant features and the concept for the analyt-
ical framework of the dynamics of liquefied gravity flows are described. The paper
then presents and discusses the cascading mechanisms behind the 2018 Indonesia
Sulawesi earthquake and tsunami disasters. These will facilitate a better under-
standing of the richness of the physics involved, and promote multidisciplinary
studies for disaster prevention and mitigation.

Keywords: Costal and submarine landslide · Liquefaction · Gravity flow ·
Tsunami · Sulawesi earthquake · Cascading mechanisms

1 Introduction

The 2011 off the Pacific Coast of Tohoku earthquake and tsunami devastated the eastern
part of Japan and resulted in more than 15,000 fatalities. The damage to infrastructures
were broadly divided into the damage along the coast and at river mouths by the tsunami
and the damage inland and along the coast by the seismic motion, where the latter
was closely linked with the occurrence of liquefaction. Indeed, the spatial scale of the
liquefaction damage caused by this earthquake was the largest recorded anywhere in
the world, extending about 500 km along the eastern Japan [1]. The relevant feature of
the Tohoku earthquake lies in its long duration (~200 s) that was about 10 times longer
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than that of the 1995 major Kobe earthquake. This fact has led to the development
of a new liquefaction prediction and assessment method capable of considering the
influence of the waveforms and durations of earthquakes [2], which led to upgrading of
the technical standards in Japan [3]. Among the infrastructures, dams behaved generally
well, suffering only minor to moderate damage, a single exception of which was the
Fujinuma embankment dams that failed due to a large slide during the Tohoku earthquake
[4, 5]. By contrast, the Tohoku earthquake tsunami affected a 2,000 km stretch of Japan’s
Pacific coast and propagated more than 5 km inland with a maximum inundation height
of 19.5 m [6]. The tsunami caused significant damage and destruction of breakwaters,
whose failuremechanismswere owing to the coupling processes of overflow and seepage
[7].

The 2018 Indonesia Sulawesi earthquake and tsunami disasters, which resulted in
more than 4,000 fatalities, were indeed cascading disasters that involved the phenomena
of liquefaction, landslides and tsunami. The focal mechanism of the earthquake was
strike-slip faulting, being unlikely to produce significant tsunamis, the earthquake in
fact caused devastating tsunamis. This earthquake brought about extensive liquefaction
and liquefaction-induced flow slides inland as well as at coastal land [8–10].

This paper presents anddiscusses the cascadingmechanismsbehind the 2018 Indone-
sia Sulawesi earthquake and tsunami disasters. This is based on our recent studies on
liquefied gravity flows and tsunamis [8, 11–13]. Below, the paper is organized as follows.
Large-scale coastal mass movements and their impacts will first be outlined, with focus
on the submarine landslide-induced tsunamis. The relevant features and the concept for
the analytical framework of the dynamics of liquefied gravity flows will then be pre-
sented. This is followed by the description and discussion of the cascading mechanisms
of the 2018 Indonesia Sulawesi earthquake and tsunami disasters.

2 Review of Large-Scale Coastal Mass Movements and Their
Impacts: Submarine Landslide-Induced Tsunamis

A plenty of large-scale coastal mass movements and their impacts have been reported
to date. Some representative examples are outlined below, showing the submarine
landslide-induced tsunamis.

The volcanic activity of Stromboli Island in 2002 induced submarine landslides that
caused a tsunami, inflicting damage on housing and infrastructureswith no fatalities [14].
The submarine landslide off Papua-NewGuinea in 1998 caused a tsunami that resulted in
2,200 deaths [15]. The Great Alaskan earthquake that took place in Seward and Valdez,
Alaska in 1964 induced submarine landslides and tsunamis. The submarine landslides-
generated tsunamis caused the loss of more than one hundred lives and properties, such
that almost 90% of the lives lost in the earthquake were attributed to tsunamis, and about
80% of those deaths were caused by the submarine landslides-generated tsunamis rather
than tectonically generated tsunamis [16]. The Grand Banks earthquake in 1929 induced
submarine landslides that caused a tsunami. A submarine cable broke over a distance
of 1,000 km from its source, and the submarine landslide-induced tsunami devastated a



38 S. Sassa

small village in Newfoundland with dozens of fatalities [17, 18]. The Storegga Slides
that took place offshore Norway about 6000 BC caused tsunamis that were recorded all
along the coasts of the Greenland-Norwegian Sea [19]. In Japan, a major earthquake in
1596 caused an extensive submarine landslide that gave rise to the total collapse and
sink of Uryu Island located in the Beppu Bay of Oita Prefecture, Japan. This submarine
landslide caused a tsunami that resulted in numerous casualties with the death of over
700 people, according to historical records [20]. Notably, liquefaction-induced subma-
rine landslide has been reported to cause the devastating tsunami. Other documented
submarine landslide-induced tsunamis involve the 2009 event where the Suruga Bay
earthquake induced a submarine landslide that caused a tsunami with a height more than
double the tectonically induced tsunami [21]. More recently, the Haiti earthquake in
2010 induced extensive liquefaction in the river delta area that caused coastal landslides
and tsunamis [22]. This earthquake was of strike-slip faulting and hence, rather than
tectonically induced tsunamis, the liquefaction-induced coastal landslides caused the
most severe tsunamis locally [22].

3 Dynamics of Liquefied Gravity Flows

This section describes some relevant features of the dynamics of liquefied gravity flows.
With reference to Fig. 1, a gravity flow of liquefied sediment is triggered by signifi-
cant coastal liquefaction, which is followed by the collapse and flow of the liquefied

(b) High-density gravity current

Entrainment of ambient
fluid and sediment

Particle
segregation

Vortex

(c) Deposition

Void ratio profile

Soil stratification
Grading structure

(a) Submarine Landslide

Liquefied
sediment

Triggered by 
earthquake,
wave loading or 
other    
environmental 
forcings

Liquefied
sediment

(a) Coastal and submarine landslide

(b) High-density gravity flow

Fig. 1. Relevant features of liquefied gravity flows
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Fig. 2. Theory for submarine liquefied sediment flows [11, 12]

soil under gravity. It is categorized as a coastal/submarine landslide that transforms
itself into a high-density gravity flow and subsequently flows out over a long distance,
leading to re-deposition. The concurrence processes and the dynamics of liquefied grav-
ity flow that may have a significant impact on tsunami generation described above are
governed by two-phase physics [11, 12]. Indeed, pore water migration and associated
solidification accompanies the process of flowage leading to redeposition, affecting the
dynamics of liquefied gravity flows (Fig. 1). Namely, a solidified region develops in
the course of flowage, reestablishing a grain-supported framework. Highly concentrated
sediment flows above the solidification front. In contrast, the region above the flow sur-
face is effected by turbulence/vortex and entrainment of ambient water, since this region
contains only dilute sediment clouds in suspension.
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The definition of the theory for the dynamics of liquefied gravity flows is shown in
Fig. 2. A body of submerged granular soil undergoes liquefaction and collapses under
gravity. The liquefied flow then undergoes hindered settling and advection of grains
while undergoing progressive solidification (Fig. 1). Progressive solidification is a sort of
phase-change process that allows transitory fluid-like particulate sediment to reestablish
a grain-supported framework during the process of flowage [11, 12]. The pore water
pressure p at a generic point in the sediment may be divided into two components. That
is to say,

p = ps + pe (1)

where ps is the hydrostatic pressure and pe represents the excess pore pressure due to
contractancy (i.e., tendency for volume reduction under shearing) of the sediment. The
domain of liquefied flow is formulated based on a two or three dimensional system of
Navier-Stokes equations considering the effect of the excess pore pressure Pe, accom-
panied by the equations for hindered settling and advection of grains during the course
of liquefied flow, while the domain undergoing solidification is formulated based on a
two or three dimensional equation of consolidation [11, 12]. The liquefied flow domain
and the solidifying domain are consistently coupled through a thin transition layer with
zero effective stress yet having marginally discernable stiffness, as shown in Fig. 2. By
introducing the transition layer, one can reproduce the phase change in which the transi-
tory fluid-like particulate sediment reestablishes a grain-supported framework involving
effective stress, thereby enabling the advance of the solidification front. The evolution
of the flow and solidification surfaces are traced as part of solution by using a volume-
of-fluid (VOF) technique. Here the soil undergoing solidification has zero velocities
and acts as being an obstacle to the flowing liquefied soil. The details of the related
numerical scheme are summarized in [11]. The analytical framework called LIQSED-
FLOW described above has been validated against a set of two-dimensional flume tests.
It consistently simulates the dynamics of liquefied gravity flows leading to redeposi-
tion. Indeed, the predicted features of flow stratification, deceleration and redeposition
following the occurrence of liquefaction conform well to the experimentally observed
features of the liquefied flows [11, 23]. The LIQSEDFLOW was also applied to a field
event where a major earthquake on November 8, 1980 triggered extensive liquefaction
and submarine flow slides that ranged 20 km along and 1 km across shelf on a very gentle
0.25° slope on the Klamath River delta, California [24]. The predicted flow dynamics
and the associated morphology of the 1980 submarine slide are found to be consistent
with the field evidence, and demonstrate the crucial role of the two-phase physics in the
formation of scarps and terrace in submarine liquefied sediment flows [12].

4 Cascading Mechanisms of the 2018 Indonesia Sulawesi
Earthquake and Tsunami Disasters

The cascading mechanisms behind the 2018 Indonesia Sulawesi earthquake and tsunami
disasters are discussed below. As shown in Fig. 3, the earthquake with a moment mag-
nitude of 7.5 was of strike-slip faulting whose fault length was over 150 km. It caused



Cascading Mechanisms Behind the 2018 41

extensive liquefaction and liquefaction-induced flow slides at three major areas inland
where several hundredmeters to kilometer scale flow-out distances were observed. Sassa
and Takagawa [8] suggested that the basic mechanism at work in the liquefaction and
liquefied flows may be described as follows. First, alluvial thick loose deposits of sand
with high groundwater level were subjected to a strong ground shaking of the Mw =
7.5 earthquake with its shallow focal depth of <10 km. Second, the ground contained a
certain amount of silt and clay, with essential fractions being sand, and these may have
enhanced the flowability of the liquefied soil. Third, the presence of confined ground-
water imposed osmotic pressure, namely, seepage, on the occurrence of liquefaction
and further promoted the flowability of the liquefied soil. All these factors may have
helped the substantial liquefied flows occur on a very gentle inland slope of around
only 1° (Fig. 3). Here, the above mechanism proves to be the case, based on the results
of our recent experiments on liquefied gravity flows [13], where a submerged granular
slope was subjected to a strong ground shaking in the presence and absence of percola-
tion (osmotic pressure) and with and without involvement of fines. Figure 4 illustrates
the experimental setup for earthquake-induced liquefied flows in a centrifuge [13]. The
centrifuge test results on the flowability of liquefied soils under earthquake loading are

Fig. 3. (a) Spatial distribution of the epicenters of the Sulawesi earthquake and aftershocks within
3 days [25]. (b) The fault crosses the Palu Bay and Palu city in the North-South direction [26].
(c) The areas of tsunami inundation and landslides are marked (satellite image: [27]). Destructive
tsunamis struck the coastal area (d) and kilometer-scale landslides (e) occurred in several places
(photos: [28], both locations are shown in (b) and (c), respectively). Adapted from Fig. 1 of Sassa
and Takagawa [8].
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Fig. 4. Experimental setup for earthquake-induced liquefied flows in a centrifuge. Adapted from
Takahashi et al. [13].

shown in Fig. 5. The flow speeds as well as the flow-out distances increased substantially
depending on the presence of osmotic pressure and fines contents. Indeed, the flow speed
and the flow-out distance of the liquefied sands with certain fines contents and osmotic
pressure were more than ten times higher and fivefold greater than those of liquefied
sands, respectively. These results could account for how such substantial liquefied flows
ensued on a very gentle slope of 1° as described above.

Extensive liquefaction and liquefaction-induced flow slides took place not only
inland but also along the coast. In fact, Sects. 2 and 3 of this paper have shown that
significant coastal liquefaction can result in a gravity flow of liquefied soil that can
cause a tsunami. A comparison with the 2010 Haiti earthquake tsunami described above
indicates that essentially the same occurred at both coasts [8]. Namely, the strong strike-
slip fault earthquake caused liquefaction, triggering the total collapse of the coastal land
and its flow that resulted in a substantial tsunami. A notable difference between the 2010
Haiti earthquake and the 2018 Sulawesi earthquake is that such liquefaction-induced
total collapse and the subsequent flow of coastal land occurred not only at one place,
as in the Haiti earthquake, but at several (at least nine) places, simultaneously causing
multiple substantial tsunamis throughout the bay and coastal areas [8]. The comparison
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between the Haiti case [22] and the Sulawesi case [8] shows that the spatial area of col-
lapse of the coastal landslides in the Sulawesi case was about ten times greater than that
of the Haiti case that generated a substantial tsunami with the maximum flow depth of
3 m and a greater inundation height at the coast. Confronting the locations of the coastal
retreats with those of tsunami generations [8, 29], as shown in Fig. 6, indicates that all of
the locations of themultiple tsunami generations, alongshore distributions and directions
conform to the locations, distributions and directions where the coastal lands collapsed
and flowed due to the occurrence of liquefaction. Hence, the above results and discus-
sion demonstrate that the strong strike-slip earthquake induced extensive inland/coastal
liquefaction that caused flow slides inland in the former, and coastal and submarine
landslides in the latter, as characterized by liquefied gravity flows, which resulted in
multiple tsunamis. It is a subject for future study to clarify how coastal and submarine
landslides-induced tsunamis could be quantitatively compared with tectonically induced
tsunamis.
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Fig. 6. Liquefied gravity flow-induced tsunamis. Adapted from (b) and (c) of Fig. 4 of Sassa
and Takagawa [8]. (a) Comparisons of satellite images before and after the earthquake (E, F:
[27]). Significant coastal retreat areas are indicated by white arrows. (b) Aerial photos of multiple
tsunami occurrence at the areas E and F, taken just after the earthquake byMafella [29]. Interpreted
sketches are shown aside. The black arrows indicate tsunami fronts and the arrows with numbers
7–9 match those with the same numbers in the satellite images of areas E and F in (a). White caps
of breaking waves are shown on the land side of the tsunami fronts.
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5 Conclusions

The paper has concisely summarized some recent research advances on liquefied gravity
flows and their consequences, with emphasis on the coastal and submarine landslides-
induced tsunamis. Large-scale coastal mass movements worldwide have been reviewed,
which highlight the importance of such liquefied sediment flows on tsunami generation.
The dynamics of liquefied gravity flows is characterized by the multi-phased physics
involving the phase change process in which the transitory fluid-like particulate sedi-
ment reestablishes a grain-supported framework during flowage. The integration of fluid
dynamics and soil mechanics approaches is indispensable for a rational prediction of the
relevant concurrent phenomena. The paper has then presented and discussed the cascad-
ing mechanisms behind the 2018 Indonesia Sulawesi earthquake and tsunami disasters.
It is hoped that these may facilitate a better understanding of the richness of the physics
involved and promote multidisciplinary studies for disaster prevention and mitigation.
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Abstract. The ICOLD Embankment Dams Technical Committee is one of the
most active among the ICOLD TC. The paper presents a short resume of the last
eight (8) Bulletins published, on the ongoing proposed Bulletins and an update of
the activities of the working groups.

1 Part A – A Brief Review of the Last Already Published Bulletins

1.1 Embankment Dams on Permafrost A Review of the Russian Experience
(Bulletin 133)

Zoneswhere permafrost is found (cryolitic zones) are characterized by a rigorous climate
and complicated topographic, geological and hydrogeological conditions. During the
construction of hydraulic structures in these zones, we are faced with a number of
specific problems, not existing outside these zones. Therefore, it is reasonable to give an
insight into the structural features and the engineering characterizing the operation and
repair of dams built in these zones; particularly on the experience gained in exploration,
design, construction and operation.

The operation of hydropower plants built in the regions of the Polar North proved
highly efficient. The possibility to build highly efficient hydropower stations is pro-
vided by deep-water rivers, relatively favorable engineering-geological conditions and
a low agricultural value of the flooded areas. The specific natural conditions and the
lack of developed transport connections with industrial regions give preference to dam
construction using local materials. Embankment dams are built with soils using a homo-
geneous or non-homogeneous type of design and various materials as the impervious
part of the dam. The main type of embankment dams, especially high dams, is earth and
rockfill with a central core and sometimes an inclined core, and an effective drainage
of the downstream shell to improve structural stability and prevent frost penetration and
icing inside the dam. Rockfill dams with impervious elements of steel, asphalt concrete
and polymer materials are also promising. It is possible to make an impervious core by
grouting a coarse gravel soil with a clay-cement or a clay binder.

The regions with permafrost occupy over 25% of the total land area on the earth and
65% of the territory of Russia. The current paper presents the analysis of natural condi-
tions in cryolitic zones of Russia, the special features of the layout, type and structure
of fill dams, the ice and water discharged through the spilling structures and the spe-
cial parameters of fill dam technology. Typical examples are given of dam deformation,
repair and reconstruction, as well as operation in a severe climate.
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1.2 Weak Rocks and Shales in Dams (Bulletin 134)

Shales together with calcareous rock predominate among the sedimentary rock in the
earth’s crust. It is estimated that shale constitute about 50% of the rocks exposed at or just
below the earth’s surface. There are therefore many potential dam sites on shale or other
weak rocks. In the past such sites have often been avoided because of the uncertainties
and reports of the difficulties of constructing dams on weak foundations and of weak
rock fills. This bulletin aims to assist dam engineers Io develop such sites effectively in
future. It advise on the means of using these materials by developing an understanding
of their properties and by learning from the experiences of others in their successful use.
It provide information for the international dam community on the use of weak rock and
shales as a dam building material. It is predominantly about weak rock and shales used
as fill in dam but because foundations on shales often present challenge some reference
is made to shales in the foundations of dams.

However, the bulletin is not a completely comprehensive manual giving guidance on
the use of weak rocks in dam fill and many aspects will need to be investigated further
following the guidance given in other ICOLD Bulletin and the many references listed at
the end.

1.3 Concrete Face Rockfill Dams – Concepts for Design and Construction
(Bulletin 141)

The concrete face rockfill dam, CFRD, had its origin in the mining region of the Sierra
Nevada in California in the 1850s. Experience up to 1960 using dumped rockfill, demon-
strated the CFRD to be a safe and economical type of dam, but subject to concrete face
damage and leakage caused by the high compressibility of the segregated dumped rock-
fill. As a result, the CFRD became unpopular, although rockfill had been demonstrated
to be a high strength and economical dam building material. Partly in response to these
problems, the earth core rockfill dam, with compressible dumped rockfill, was devel-
oped. The dumped rockfill was found to be compatible with the earth core and its filters.
With the advent of vibratory roller compacted rockfill in the 1950s, the development
of the CFRD resumed. During the 1965–2000 development period, many CFRDs were
adopted to replace a previously selected arch, gravity or earth-core-rockfill dam type.
Reason s for the change included the late discovery of adverse foundation conditions
for a concrete dam, cost, or lack of appropriate core material for an earth-core-rockfill
dam. Today, the CFRD is an established major dam type to be included in initial project
feasibility studies.

The bulletin 70 “Rockfill Dams with Concrete Facing” was published in 1989. Sev-
eral symposium were held on CFRD during the decade of the 1990s and the Barry
Cooke Volume was published in 2000. The update bulletin 141 contains eleven chapters
devoted to design concepts, analysis, foundation treatment, instrumentation, construction
and performance. The CFRD dam has many attractive features in design, construction
and schedule. However in the beginning of the 2000s, the leakage performance of the
CFRD has been criticized in the literature and several causes were suggested for the
high leakage rates. Particular design details and/or construction defects lead to larger
absolute and differential deformations of the face slab, which can then lead to face slab
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cracking. Avoiding these causes by means of appropriate selection of filter and rockfill
materials, upstream and downstream shell placement in thinner layers along with gen-
erous use of water during compaction, elimination of rock protrusions downstream of
the perimeter joint, and avoiding inappropriate shell construction sequences, will lead
to smaller deformations and a reduction in face slab cracking. One of the purposes of
this bulletin is to emphasize that careful selection of design and construction details is
extremely important to avoid face cracking and embarrassing leakage rates.

1.4 Cutoffs for Dams (Bulletin 150)

Dams are constructed to retain or store water. To minimize the flow of water through the
dam/foundation system special impervious zones or elements must be designed and con-
structed. Dams constructed of concrete can be considered practically impervious, except
for possible leaky joints. Embankment or fill dams require a zone of low permeability
soil, asphalt, or concrete, which can be placed either in the interior of the dam or with
the latter two materials also on the upstream face. Flow of water through the foundation
below the dam is controlled by the prevailing geological conditions. Seepage through
pervious strata (alluvial deposits, residual soils, etc.) can be controlled by a barrier or
cutoff consisting of a sequence of impervious elements (piles, panels) reaching down
to a stratum of much lower permeability, usually rock. Seepage through rock is usually
controlled by single or multiple row grout curtains. Rock, however, can also be highly
pervious, for example in the case of karst, which may reach to great depth, or when rock
is intensely broken or crushed in regions of high tectonic stresses. For such cases cutoffs
may be more appropriate than grout curtains.

This Bulletin is limited to foundation treatment methods using cutoff-type barriers.
Due to recent experiences, high emphasis is given to alluvial deposits throughout this
document; however, different materials, such as pervious residual soil, pervious laterites
and saprolites, highly fractured and weathered rock, and karst may require cutoff. The
construction of cutoffs hasmade significant advances during the last two decades,mainly
through the development of more powerful machinery for drilling and excavation, but
also through the introduction of new concepts and techniques, such as jet grouting and
deep soil mixing. The concept of diaphragm wall techniques using a cutter to provide
continuous excavation originated in Japan in 1980. Rapid developments in Europe fol-
lowed and cutter wheels with rock-roller bits were introduced around 1990. Since then,
cutoff depths exceeding 100 m with vertical deviation of less than one percent have
been accomplished. In addition, there has been development of the materials used for
the sealing elements, such as plastic concrete. These less rigid materials provide better
compatibility with the in-situ ground conditions surrounding the cutoff wall elements.

The following types of cutoffs are presented in this bulletin:

• Diaphragm walls
• Vib walls
• Pile walls
• Superimposed concreted galleries
• Jet grouting
• Deep mixing
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These methods are first briefly described and then more explicitly in different chap-
ters. In addition, the practical application of each method is illustrated by selected case
histories. These case histories also demonstrate how certain difficulties specific to a
particular dam site have been dealt with.

1.5 Tropical Residual Soils as Dam Foundation and Fill Material (Bulletin 151)

Dam construction across the world has recently acquired an accelerated pace as needs
for water supply and renewable energy sources have increased in many countries. Many
of these countries are located in areas where tropical residual soils are abundant. Unlike
transported soils, residual soils originate from the in situ weathering and decomposition
of the parent rock,which has not been transported from its original setting. The conditions
present in humid and tropical climates provide the adequate moisture and temperature
conditions to transform, throughweathering processes, the underlying rocks into residual
soils faster than they can be removed by erosion. The main difficulty in dealing with
these soils for engineering purposes is that their characteristics are very different from
those of transported soils. Furthermore, concepts and methodologies typically used in
geotechnical engineering were developed in regions dominated by temperate climates.
As a consequence, many of the concepts of soil and rock behavior and properties, and
geological conditions have been conditioned by earth materials found there.

Despite these inconveniences, the widespread presence of residual soils does not
allow us to avoid them, but challenges us, to deepen our understanding and knowledge
about them to be able to accept and employ them to our advantage in future projects.
Success on this challenge is determined by a proper understanding and appreciation of the
engineering properties of these soils andweathered rock encountered. The purpose of this
bulletin is to illustrate how these materials have been accepted and used in dam projects
without imposing selection of better knownmaterials that could jeopardize the economic
viability of a project. The intention is not to provide detailed geological descriptions or
characterization methods. The geologic literature offers a plethora of articles on these
issues. The bulletin rather focuses on the dam engineering implications of dealing with
residual soils. To understand the properties of tropical soils requires rigorous study of
their composition and structure, both of which are unique consequences of the climate
conditions that prevail during their formation. Therefore, the formation, composition,
and the micro and macro structures of tropical residual soils are reviewed first follow
by a description of the unique aspects of soil profiles, sampling and testing, engineering
properties, design criteria, construction techniques and registered behavior. Finally, an
extensive gathering of case histories around the world of dams built on or with residual
soils are presented to illustrate these topics in a pragmatic matter.

1.6 Internal Erosion in Existing Dams, Levees and Dikes and Their Foundations

Internal erosion occurs when soil particles within an embankment dam or its foundation
are carried downstream by seepage flow. It starts when the erosive forces imposed by the
hydraulic loads exceed the resistance of the materials in the dam to erosion. The erosive
forces are directly related to reservoir water level and the highest hydraulic loads occur
when the water level in the reservoir is high during floods.
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Internal erosion and piping in embankments and their foundations is the main cause
of failures and accidents at embankment dams. For new dams, the potential for internal
erosion can be controlled by good design and construction of the core of the dam and
provision of filters to intercept seepage through the embankment and the foundations.
Howevermanyexistingdams, dikes and leveeswere inadequately zoned andnot provided
with filters or have filters or transitions which do not satisfy modern filter design criteria,
and are susceptible to internal erosion failure, with a risk of internal erosion increasing
with ageing. Accordingly, the reassessment of the safety of these dams is an important
issue.

This has been recognized by the European Club of ICOLDwhich devoted aWorking
Group to the problem and much research has been carried out in recent years to better
understand the physical processes and mechanics of internal erosion. This has built upon
the knowledge gained from many years of earlier research and successful design of new
dams. As the state of the art of internal erosion of dams, dikes and their foundations is an
evolving science, readers should look in the literature for new developments following
the production of this bulletin which is presented in two volumes.

1.6.1 Volume 1 (Bulletin 164)

The volume 1 of the bulletin deals predominantly with internal erosion processes and
the engineering assessment of the vulnerability of a dam to failure or damage by internal
erosion, with a brief oversight of monitoring for and detection of internal erosion and
remediation to protect dams against internal erosion. It includes a comprehensive listing
of the Terminology used in internal erosion. Many references are also given, including
ICOLD publications related to internal erosion.

This volume 1 gives a statement of the problem, explaining why internal erosion is
a threat to existing dams and the importance of assessing the vulnerability of individual
dams to it. Then it goes through the overall process of erosion from initiation, through
continuation (or arrest) of erosion, through progression, and on to breach, unless erosion
is detected early enough by appropriate monitoring systems, to allow timely intervention
to halt or slow the development of a breach and failure. Volume 1 provides methods to
estimate the water level at which internal erosion will initiate and lead to failure in the
four initiating mechanisms: concentrated leaks, suffusion, backward erosion and contact
erosion.

1.6.2 Volume 2: Cases Histories, Investigations, Testing, Remediation and Surveil-
lance (Bulletin 164a)

The volume 2 of the bulletin presents case histories of internal erosion failures and
incidents. It advises andgivesmore details on the investigations, the appropriate sampling
and testing that can be used to provide the data needed to carry out and support the
analyses and decisions that engineers must make to determine and improve, if necessary,
the vulnerability of dams to internal erosion. It also advises on detection and remediation,
if analyses have demonstrated that it is necessary, and on surveillance and monitoring
systems to check and confirm the continuing ability of the dam to resist internal erosion
in the long-term.
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This volume 2 provides, also, details of laboratory tests which measure properties
of erosion and filter capability of soils, monitoring methods including several newly
developed techniques and information on case studies relevant to the subject. It concludes
with a comprehensive list of internal erosion references adding to those in volume 1.

1.7 Asphalt Concrete Cores for Embankment Dams (Bulletin 179)

Approximately 5000 years ago, a small dam was built in the Indus river valley, using
asphalt as a mortar between stones. That was one of the first utilization of asphalt as an
impervious material. However, the first “modern” asphalt concrete core dam, mechani-
cally placed and compacted, was built in Germany in 1962. This method expanded first
in Europe, particularly in Germany and Austria. Since the last fifteen years, this type of
dam is gaining in popularity. Comprehensive research in the technology and develop-
ment of asphalt concrete core machinery has been done. The Committee has decided to
update the Bulletin which was published in 1992. That ambitious task was taken by spe-
cialists from Austrian, German, Norwegian, Chinese and Canadian national committee
representatives.

As of today, nearly 200 asphalt concrete core embankment dams (ACED) have been
built worldwide with excellent field performance or are under construction in different
countries around the world. Among them, the 170 m high Quxue Dam in China is the
highest; however even higher ACEDs are under design. There are now more than 50
years of successful experience for this dam type. The gain of popularity, particularly
the last fifteen years, in the water retaining, hydropower and mining industries, follows
the excellent recorded field performance and behavior for this type of dam, and also
comprehensive researches in the technology and development of asphalt concrete core
machinery. This bulletin covers the state-of-the-art of current practice after the impor-
tant development in design and construction during the last 25 years. It addresses all
aspects of the design, construction, performance and operation. Characteristics of asphalt
concrete cores, requirements for the mix design, laboratory testing and quality control
are discussed. Technical specifications are also presented and proposed. Finally, several
typical case histories with characteristics and performance are given in Appendices.

2 Part B – A Brief Review of the Works in Progress

2.1 Geotextiles in Dams

A brief recognition of the history of dam engineering over the past 4 000 years shows
that filter technology is a relatively young science of less than a 100 years old with
the formalization of the Terzaghi criteria for non-cohesive granular filters in the early
20th century. The implementation of this filter technology contributed to a substantial
improvement in dam safety from before 1950 to the period that followed. The advance-
ment of granular filter technology for fine grained cohesive soils and geotextile filter
technology has been commensurate since the 1980s. While both granular and geotextile
filters have controversial issues, there are also many similarities to be found in case his-
tories which analyses their inadequate performance. Nevertheless the change in water
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resource quality with time is also to be recognized. The further advancement in tech-
nology of geotextile filters and polymer science has led to a significant improvement in
understanding the beneficial use of geotextiles as filters as well as the limitations thereof.

So, it was decided to update the 1986 Bulletin 55 “Geotextiles as Filters and Transi-
tions in Fill Dams”. Since 1986 significant developments in the materials of geotextiles
occurred and various applications of geotextiles have been developed. The SouthAfrican
National Committee took the lead of that revision with the participation alongwith coun-
tries contributing case histories. A first draft version was proposed for comments to all
the national committees. This whole process of revision and comment is not yet com-
pleted. Hence it may be concluded that geotextiles may be used as primary filters in
non-critical situations and could be used as adjuncts to granular filters in some critical
situations in dams. This Bulletin will contain the latest characteristics of geotextiles as
well as natural filters and includes applications in dams for these materials with several
case histories.

2.2 Cofferdams

The existing Bulletin 48 “River control during dam construction” was published in 1986
and focused mainly on construction for new dam. It was proposed to update and expand
the topic on “Water management for dam construction and rehabilitation” with the intro-
duction of the concept of risk evaluation and assessment. Various type of cofferdams
should be presented. It was also decided to work jointly with the technical committee
on “Operation, Maintenance and Rehabilitation of Dams” for that bulletin. A working
group is being formed and the US National Committee will lead and develop the bulletin
from USSD guidance. Members are asked to send also guidance from their country. The
principle of owner design will be preferred.

2.3 Materials for Cutoffs

At the Vienna ICOLD Congress in 2018, a workshop was organized by the committee
with the European Federation of Foundation Contractor (EFFC), the Deep Foundation
Institute (DFI) and well-known specialists such as Trevi and Bauer to present the latest
new material and materials used for the treatment of foundations particularly for the
cutoffs. Trevi has presented also their special 250 m deep test excavation which was
carried out as trial for possible solution for Mosul dam. A lot of advancement has
been done in the technology of support and drilling fluids. Since several years, more
and more companies (contractors and suppliers) use polymers in foundation works as
replacement of bentonite but the knowledge is not shared and if the drilling fluids are not
managed and balanced properly it could have an impact on the foundation quality. It was
proposed that a working group, led by Dave Paul (USA), with the support of specialized
organizations and companies makes an update and complement of the Bulletin 150 on
Cutoffs, particularly on the materials used for cutoffs. It will cover all types, except soil
mixing.Members are asked to send case histories andparticularly records of performance
of installed cutoffs.
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2.4 Deformations and Cracking in Embankment Dams

The recent publishedBulletin 164 on internal erosion outlines the current state of practice
for assessment of the various mechanisms of internal erosion and piping, and provides
guidelines for the estimation of width and depth of cracks. These are a guide only. It
was decided that the development of these guidelines will be very helpful in providing
tools to reduce the uncertainty in the estimation of cracks and the potential for hydraulic
fracture and also improve outcomes for assessment of internal erosion and piping by
concentrated leak erosion. Focus would be mainly on deformation associated with for-
mation of potential transverse crack and hydraulic fracture mechanisms but settlement
and deformation in general during and post-construction will be treated.Methods will be
described for interpretation of surveillance records to assist in the crack assessment pro-
cess, including evaluation of strains and likelihood of strain concentration and potential
for formation of low stress zones susceptible to cracking and hydraulic fracture. These
methods (in conjunction with judgement based methods) include numerical ones for
assisting with evaluation of the stress and strain conditions within embankment dams.
A working group, led by G. Hunter (Australia), is in charge of that proposed bulletin
which will be a complementary to the Bulletin 164 and will include also a summary
of case histories where cracks, particularly transverse ones, within embankments have
been described.

2.5 Updating the CFRD Bulletin

According to the development of some new technologies and the construction of very
high (above 200 m) CFRD, particularly in China, it will be important to have an update
document on CFRD. This document will include the new developments regarding the
compression failure of vertical joints in the upstream face slab, the guidance on analysis
and practice to avoid cracking on concrete face particularly on high dams in narrow
valleys. A working group is being formed with A. Marulanda (Colombia), J.J. Fry
(France) and CHINCOLD to work on that document.

2.6 Compaction of Earth Fill in Embankment Dams

At the 2019meeting in Ottawa presentations have done regarding compaction and show-
ing how different functions of fills in embankment dams led to different compaction
processes comparing those normally used in earthworks to limit settlement in road or
railway embankments for example. In embankment dams, recommendations are gener-
ally made to limit differential settlements between shells, transitions, filters and core.
The meeting suggested and agreed that the proposed bulletin must be in two volumes
or separate bulletins, one covering the earth fill (core material) and one for the other
material (sand, gravel, rockfill). The French committee will lead the volume on core
material.
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Abstract. This paper presents the soil’s internal erosion in earthen embankments
due to seepage with various physicochemical fluid characteristics and flow condi-
tions. The paper includes two components: (1) experimental study on the relative
and interactive effects of fluid’s viscosity, pH, and ionic strength on the incip-
ient motion of a single granular particle under laminar flow condition, and (2)
bench-scale piping erosion progression of sand considering the same seepage’s
physicochemical characteristics under turbulent flow. An innovative experimental
setup was designed and constructed that can simultaneously adjust fluid’s viscos-
ity, pH, and ionic strength and provide repeatable test results on particle’s incipient
motion and soil erosion rate index. This research showed the relative and inter-
active effects of three physicochemical characteristics (viscosity, pH and ionic
strength) of permeating fluid on particle mobilization and on piping erosion of a
sandy soil. This paper suggests in the field evaluation of piping in earthen embank-
ments, if the subsurface seepage is known to possess different physicochemical
characteristics from those of tap water or distilled water, the fluid’s properties
should be considered in the laboratory tests of piping.

Keywords: Particle mobilization · Piping erosion · Viscosity · pH · Ionic
strength

1 Introduction

Permeating fluids through earthen dams or levees may have various physicochemical
characteristics such as viscosity (due to temperature variation and particulate concentra-
tion), ionic strength (due to seawater invasion), and pH. Various combinations of these
characteristics can be significantly different from those of tap water, which is used in
most laboratory erosion testing to understand erosion behavior of soils. The past experi-
mental research has demonstrated that permeating fluids consisting of de-ionized water
and various concentrations of sodium chloride (thus different ionic strength) can induce
different erosion behaviors [1–3]. The studies conducted by Hubbe [4, 5], Sharma et al.
[6], and McDowell-Boyer [7] attempted to understand the hydrodynamic forces that are
required to dislodge particles from flat surfaces. These studies pointed out that the hydro-
dynamic forces vary with flow rate, particle size, particle elasticity, ionic strength, pH,
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and the London-van derWaal forces and electrical double layer forces between colloidal
particles and the surface of the solid matrix. They concluded that larger particle size,
lower pH, and higher ionic strength increase the critical hydrodynamic force required
for particle dislodging, resulting in less erosion. Previous researchers also conducted
erosion tests on soil columns using permeating fluids of varying ionic strength. Sherard
et al. [8], Arulanandan et al. [1], and Reddi et al. [2] reported that higher content of dis-
solved salts in the water (i.e., higher ionic strength) resulted in lower erosion of clayey
soil.

Particle mobilization is a fundamental aspect in the process of soil erosion and
involves the balance of forces acting on individual grains within a soil matrix. Some of
the potential forces involved in the mobilization process include self-weight, buoyancy,
hydrostatic fluid pressure, inter-particle contact and electrical forces, rotational resis-
tance, and shear forces [9–11]. The condition for incipient motion of particles is known
as the critical or threshold condition and is shown to be affected by fluid’s physicochem-
ical characteristics. After soil particles mobilization, the subsequent erosion behavior
can still be influenced by seepage’s physicochemical properties. Knowledge of the near-
threshold flow conditions is important for a variety of applications ranging from civil
and environmental engineering to stream ecology [12]. Threshold conditions for particle
mobilization (entrainment) also depend on flow conditions. In laminar flow, horizontal
hydraulic drag force (or hydraulic shear stress) is known as the driving force to overcome
resistance between the particle and the bed (smooth or rough) beneath. In turbulent flow,
particle mobilization occurs when turbulent lift force overcomes gravity [13, 14].

The past research preliminarily revealed the individual effects of a fluid’s viscosity,
pH, and ionic strength on the mobilization of colloidal particles and the erosion of
clayey soils. Whether and how these physicochemical characteristics affect the incipient
motion of granular particles (individual grain diameters on the order of millimeters)
and subsequent erosion process such as piping erosion is unknown. The effect of these
physicochemical characteristics may also be interactive in that the magnitude of their
individual effectsmay be dependent on the levels of the other characteristics. The relative
and interactive effects of fluid physicochemical characteristics on the incipient motion
of granular particles under laminar flow condition and piping erosion progression under
turbulent flow condition are presented in this paper.

2 Experimental Methodology on Particle Mobilization

2.1 Experimental Setup

The experimental setup, as shown in Fig. 1, includes a flow cell that houses a single
spherical test particle, constant-head upstream and downstream reservoirs that create a
hydraulic head difference to drive the flow through the flow cell, a microscopic video
camera and image capturing system to monitor the test particle mobilization. The test
particles were polished soda-lime glass spheres specially designed andmanufactured for
applications requiring maximum uniformity between particles and minimum variation
in sphericity. The particles had densities of 2.5 g/cm3 ± 0.1 g/cm3 and diameters of
0.69 ± 0.02 mm. The high uniformity of these particles was expected to help reduce
the variance introduced when different experimental runs were performed with different
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test particles or with the same test particle placed in a different orientation with respect
to the particle bed and the approaching flow. The flow cell includes two components: a
rectangular, open-topped box and a removable top plate. The box had inner dimensions
of 2.50 cm (high)× 7.62 cm (wide)× 21.50 cm (long). The upstream side of the flow cell
was packed with glass spheres ranging between 0.6 and 0.9 cm (nominal) in diameter to
distribute the incoming jet-motion flow before it reached the test particle. The top plate
included a valve to facilitate easy removal of air during the initial saturation process.
During testing, the entire flow cell was filled with water and there was no free water
surface.

Fluid was provided to the flow cell by an upstream constant-head reservoir while a
second constant-head reservoir received the flow cell’s effluent. Fluid was re-circulated
from the downstream reservoir back to the upstream reservoir with a submersible pump.
The hydraulic head difference was controlled by raising or lowering a mechanical jack
that supported the upstream reservoir, and additional flow control was gained through
the use of a high-precision needle valve positioned upstream of the flow cell. In order to
provide a uniform flow field in the flow cell, a “honeycomb” insert was designed and 3-D
printed and incorporated into the flow cell by bonding it atop the existing trapezoidal
block. The “honeycomb” flow straightener has a row of 29 tubes spanning the entire
width of the flow cell. The flow cell’s inside dimensions are 7.62 cm wide, 0.26 cm
high, and 18.30 long. The flow straightener’s height is the same as that of the flow cell,
so that the flow was not allowed to pass below or above the flow straightener. The flow
and particle Reynolds numbers showed the flow is within laminar regime. In order to
provide a consistent and repeatable initial resting position of the test particle in each
test, a particle-supporting “pocket” was manufactured, as shown in Fig. 2. The pocket is
located approximately 9 cm downstream from the outlet of the flow straightener along
the centerline of the flow direction. This particle-supporting pocket was comprised of
three domes protruding from the originally flat, smooth surface of the flow bed. The
domes were intended to provide three consistent points of support for the test particle
by elevating it just above the surface of the underlying flat plane.

Fig. 1. Experimental setup for studying a single particle mobilization under various fluid
characteristics [15]
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Fig. 2. Single spherical glass bead on support dome in the flow cell

2.2 Design of Experiments

Three physicochemical characteristics of fluid were studied: pH, ionic strength, and vis-
cosity. Distilled water was used as the base of each test fluid. The pH was lowered to a
targeted value by adding an appropriate quantity of hydrochloric acid (HCl), and raised
to a targeted value by adding an appropriate quantity of sodium hydroxide (NaOH). HCl
and NaOH are examples of a strong acid and base, respectively, which are known to
dissolve completely in water and therefore yield reliable concentrations of hydrogen
ions (and thus pH) at equilibrium [16]. Adjustment of pH considered the temperature
effect. A similar incremental approachwas used to adjust the solution to the desired ionic
strength. In this research, sodium chloride (NaCl) was used because it effectively alters
the ionic strength with little or no effect on pH. However, adding acids or bases to a solu-
tion necessarily alters the ionic strength. The magnitude of this effect and the required
adjustment to reach the targeted ionic strength can be determined by Eq. (1) [16]:

I = 1

2

∑
all ions

ci · z2i (1)

where I = ionic strength of the solution, ci = concentration of the ith ionic species, and
zi = charge on the ith ionic species.

The target viscosities were achieved by controlling the temperature of the fluid using
the upstream and downstream temperature control baths. The targeted temperatures
were selected based on the assumption that each fluid would follow the well-established
relationship between the temperature of distilled water and its corresponding viscosity,
as described in Eq. (2) [17].

μ = 2.414 × 10−4 × 10247.8/(T−140) (2)

whereμ is dynamic viscosity (Poise, or g/(cm · s)), and T is temperature (Kelvin). Equa-
tion (2) applies to temperature from 0 °C to 370 °C. The targeted high level of viscosity
is 0.01317 Poise and corresponds to a low fluid temperature of 9.76 °C; the targeted
low level of viscosity is 0.00547 Poise and corresponds to a high fluid temperature of
50.00 °C. This technique of using temperature to adjust viscosity allowed simultaneously
adjusting the three characteristics to their target values according to the experimental
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design methodology. To accurately control the fluid temperature (and thus, viscosity)
both the upstream and downstream fluid reservoirs were placed in temperature control
baths. The temperature difference between the up- and down-stream reservoirs was less
than 1.0 °C. The actual temperature of the test fluid in each test used the average of
temperature measurements taken in the upstream and downstream reservoirs. The effect
of salt concentration (up to 0.15 mol/L in this research) on viscosity is negligible. Zhang
and Han [18] measured the viscosity of water with NaCl solution at 25 °C, the data
showed the dynamic viscosity increased by 0.46% when the ionic strength increased
from 0 to 0.15 mol/L. The density of water is 999.7 kg/m3 at 9.79 °C and 988.1 kg/m3

at 50.00 °C, which are the two extreme temperatures achieved in this research. Salt was
added to water, the highest salt mass concentration is 100.8 g per 11.5 L, or 8.8 kg/m3.
Acid or base solutions were added to water, the highest mass concentration is 0.36 g per
11.5 L or 3.1 × 10−8 kg/m3. The fluid densities considering the effects of temperature
and added salt and acid or base solutions are listed in Table 2. The density ranges from
992.480 to 1006.170 kg/m3 and the variation range is 1.7%. In this study, the effects
of temperature, added salt and acid/base mass on fluid density were not considered.
The experiments were designed using the concepts of the response surface methodology
(RSM), which is known to be an effective method for the simultaneous estimation of the
linear and quadratic effects as well as the interactions of the test variables (i.e., viscosity:
μ, pH: P and ionic strength: I) on the response parameters of interest (i.e., the mean
critical velocity and its standard deviation). The advantage of the RSM is that it allows
for the study of five distinct levels of each test variable and the extraction of important
statistical information from a relatively small number of experimental runs. There are
two popular design approaches in RSM: the Box-Behken design and the central com-
posite design (CCD). The latter approach was adopted in designing the experiments for
the present study. CCD showed that total of 20 experiments are necessary for estimating
the linear and quadratic effects of the three fluid characteristics (three test variables)
as well as their two-way interactions. The three test variables and their five coded and
natural levels are shown in Table 1.

Table 1. Coded and natural levels of the main test variables

Low: L Intermediate-Low:
IL

Intermediate: I Intermediate-High:
IH

High: H

Viscosity:
μ (g/cm · s
= Poise)

0.00547 0.00699 0.00914 0.01150 0.01317

pH: P 3.5 4.92 7 9.08 10.50

Ionic
strength: I
(mol/L)

0.002 0.032 0.076 0.120 0.150
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The fluids are labeled by assigning the corresponding factor levels of viscosity, pH,
and ionic strength as the lowercase suffixes to μ, P and I, respectively. For instance,
μILPILIIH denotes a fluid having intermediate-low levels of viscosity and pH (i.e.,
0.00699 g/cm · s and 4.92, respectively), and an intermediate-high level of ionic strength
(i.e. 0.12 mol/L). The 20 tests of various variable combinations as outcomes of CCD are
listed in Table 2. Among the 20 tests, six duplicate tests were obtained from the RSM and
were used to verify the tests’ reproducibility. The 20 tests were then conducted based
on a randomized run order to eliminate any systematic error that might occur when
following a specific order of preparing the fluids. After the fluid preparation, the ionic
strength and pH were assessed using pH and ion meter; and the effects of ionic strength
and pH on viscosity were neglected, and the viscosity was based on Eq. (2).

Table 2. Recipes for preparing the experimental fluids

Run order Fluid ID T (°C) Acid/base to add NaCl for 11.5 L of
fluid (g)

Fluid density
(kg/m3)

1 μIPI II 23.89 HCl 51.077 1001.768

2 μIPI II 23.89 HCl 51.077 1001.768

3 μIPHII 23.89 NaOH 50.879 1001.751

4 μIPLII 23.89 HCl 50.864 1001.75

5 μIHPILIIH 14.63 HCl 80.639 1006.169

6 μIPI II 23.89 HCl 51.077 1001.768

7 μIPI IH 23.89 HCl 100.809 1006.093

8 μIPI II 23.89 HCl 51.077 1001.768

9 μILPIHIIL 36.46 NaOH 21.487 995.392

10 μIPI II 23.89 HCl 51.077 1001.768

11 μLPI II 50.00 NaOH 51.076 992.480

12 μIHPIHIIL 14.63 NaOH 21.502 1001.027

13 μIHPIHIIH 14.63 NaOH 80.644 1006.170

14 μILPILIIL 36.46 HCl 21.497 995.393

15 μIPI IL 23.89 HCl 1.344 997.444

16 μIHPILIIL 14.63 HCl 21.497 1001.026

17 μILPILIIH 36.46 HCl 80.639 1000.536

18 μHPI II 9.76 HCl 51.076 1004.164

19 μILPIHIIH 36.46 NaOH 80.629 1000.535

20 μIPI II 23.89 HCl 51.077 1001.768
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2.3 Experimental Procedure and Analysis Approach

For each of the 20 fluids, seven repeat tests were conducted after a specified fluid was
prepared with the target parameter (test variable) levels. In each test, the test particle
was positioned on the particle-support pocket, the top cap was securely fastened to the
flow cell to form an enclosed flow chamber, which was carefully saturated to remove
all air. Continuous flow circulation through the system at a low flow rate ensures the
temperature of the fluid reached and maintained at the target value before the start of
each test. To reach the critical flow condition, the high-precision flow control valve was
slowly opened to allow increasing flow rates (and thus flow velocities) to reach the test
particle. Manual observation of a test particle’s mobilization wasmade in real-time (with
the aid of the camera, zoom lens, and real time display on the monitor). Further opening
of the flow control valve stopped at the moment of particle mobilization. The flow rate
at particle incipient motion was determined manually by measuring the time required
to collect a given volume of effluent that exited the flow cell. To increase measurement
precision, a high-precision balance was first used to measure the mass of the effluent,
then the mass was converted to volume based on the density as determined by the
measured temperature and added salt concentration. The suitability of this method was
confirmedbydemonstrating its repeatability in 8 different trial cases using distilledwater.
It was concluded from the relatively low standard deviations of flow rate measurements
in all cases that the method showed good reproducibility and could be expected to
contribute insignificantly to the overall variance in measuring the critical velocity. After
each repeat test for the same fluid, the flow cell cap was removed, and the test particle
was re-positioned on the particle-support pocket to start a new repeat test. A regression
analysis of the experimental data obtained from the RSM was conducted to provide an
approximate polynomial relationship between the response parameter of interest (critical
velocity) and the test variables (viscosity, pH and ionic strength). The regression function
was then used to determine the relative and interactive effects of the three fluid properties
on particle’s mobilization.

3 Experimental Methodology on Piping Erosion Progression

3.1 Experimental Setup

Hole erosion test (HET) was employed to evaluate the individual and interactive effects
of the fluid’s physicochemical characteristics on piping erosion progression of sandy soil.
The soil was an engineered fill and sieved through U.S. #20 sieve (0.84 mm), the portion
that passed#20 sievewas then addedwith 6%(bymass) ofKaolin clay.The soil hasD50 =
0.24mm, liquid limit= 10.6, and plasticity index= 4. It is classified as SW (well-graded
sand) according to the Unified Soil Classification system. The soil was reconstituted
in a specially designed Plexiglas flow cell. The diameter of the soil specimen after
compaction was 7.0 cm (2.75 in.) and its length was 7.6 cm (3 in.). Figure 3 shows the
experimental setup. Fluid was provided to the flow cell by an upstream constant-head
reservoir while a downstream constant-head reservoir received the flow cell’s effluent.
The fluid was circulated from the downstream reservoir back to the upstream reservoir
using a submersible pump. The hydraulic head difference was controlled by raising or
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lowering a mechanical jack that supported the upstream reservoir. A flowmeter was
used to constantly record the flow rate variations during the test. In order to measure the
hydraulic gradient across the soil specimen, two tubes (manometers) were connected
with the flow cell and were used to measure the head difference across the soil specimen
during the erosion testing.

3.2 Experimental Design and Fluid Preparation

The same physicochemical characteristics (factors) of fluid were studied: pH, ionic
strength, and viscosity. Distilled water was used as the base of each test fluid. Each
fluid parameter has a target low and high levels as shown in Table 3. Using full-factorial
experimental design, the number of fluid types is: (number of levels)number of factors =
23 = 8. The three-factor, two-level, full factorial design and preparation of the experi-
mental fluids are listed in Table 4. The same fluid preparation approaches in the particle
mobilization experiments were used.

Fig. 3. Experimental setup of hole erosion tests (HET) with varying fluid properties [19]

Table 3. Two levels of fluid’s physicochemical properties

Fluid properties Low level High level

Viscosity: μ (g/(cm · s) = Poise) 0.0054 (at 50.00 °C) 0.0142 (at 7.00 °C)

pH: P 3.5 (add HCl) 10.50 (add NaOH)

Ionic strength: I (mol/L) 0.05 (add NaCl) 0.5 (add NaCl)
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Table 4. Three-factor, two-level, full factorial design of the experimental fluids in HET

Fluid number Fluid descriptions Fluid temperature (°C)

1 Low μ, low P, low I 50.00

2 Low μ, low P, high I 50.00

3 Low μ, high P, low I 50.00

4 Low μ, high P, high I 50.00

5 High μ, low P, low I 7.00

6 High μ, low P, high I 7.00

7 High μ, high P, low I 7.00

8 High μ, high P, high I 7.00

3.3 Experimental Procedure of HET and Results Analysis Approach

For each of the 8 fluids, two repeat tests were conducted after each specific fluid was
prepared in the upstream and downstream reservoirs at target temperature (thus viscos-
ity), pH, and ionic strength. The soil was compacted in three uniform layers at 95% of
the maximum dry density (ρdmax = 2.10 g/cm3) at the optimum water content of 11%
(based on the standard proctor test). A hole was formed in the middle of the specimen
using a drill; the initial hole diameter was 2.5 mm. Filter papers were attached to both
surface of the soil specimen, a hole was cut in the filter paper to allow eroded particles
to exit the soil specimen without impedance. Gravels were used to fill the upstream
space of the flow cell. The upstream and downstream reservoirs were initially connected
without the flow cell to circulate the fluid to achieve uniform temperature in the system.
Then the soil specimen was saturated using the fluid by positioning the soil specimen
in vertical orientation and slightly pushing the fluid upward in the specimen to expel
the air. After soil saturation, the flow cell was positioned in horizontal orientation, and
a control valve was fully opened. During the HET, the head difference and flow rate
were measured every 1 min during the maximum of 90-min duration. After each test,
the flow cell was disconnected and allowed to reach the room temperature. Then the soil
specimen was carefully extruded and cut into halves. The final diameter of the piping
channel was measured at three different locations using a caliper to obtain the average
hole diameter.

The erosion rate indexes (Ie) of the soil, defined in Eq. (3), under various per-
meating fluids were obtained to quantify the relative and interactive effects of fluid’s
physicochemical properties on the fluid’s erosive capacity.

Ie = − logCe (3)

where Ce = coefficient of soil erosion (s/m), which is expressed in the assumed linear
relationship between the rate of erosion and the applied hydraulic shear stress, which
are obtained in HET. Ce can be obtained from HET and is usually in the order of 10−1

to 10−6 (s/m) [18]. Since logCe is easier to use to reflect the result of erosion rate,
past researchers often use Eq. (3) to define the erosion rate index. Therefore, Ie is in
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the range of 0 to 6. A lower value of Ie indicates a higher erosion rate. The HET data
processing approach to derive the erosion index followed that of Wan and Fell [20]. A
regression model was used to analyze the results in terms of erosion rate indexes of the
three-factor, two-level full factorial experiments, following the same approach as in the
particle mobilization experiments.

4 Results and Analysis of Particle Mobilization Experiments

The observed critical velocities at particle incipient motion (V cr) for the 20 fluids were
analyzed with respect to the three fluid characteristics (i.e., test variables) (μ, P, I),
and their individual and interactive influences on V cr were evaluated. Table 5 shows
the measured critical velocities of the 20 experimental runs with various combinations
of the three test variables. Since the regression analysis is based on the assumption of
normally-distributed and homoscedastic residuals, the Box-Cox transformation [21] was
first performed to transform the critical velocity values. The fluid characteristics (μ, P,
I) and their interactions were analyzed with respect to the transformed response. Table 6
shows the analysis of variance (ANOVA) for the transformed response. The significance
of the effects of viscosity, pH, and ionic strength and their interactive effects on the critical
velocity for a particle’s incipient motion can be judged by the p-values in Table 6. This
analysis suggests that at a level of confidence of 95%, viscosity has a strongly significant
effect on critical velocity (p-value < 0.0005) and pH has a marginally significant effect
(p-value = 0.059). The ionic strength was not found to have a statistically significant
effect (p-value = 0.137). It should be noted that this is not a positive indication of the
irrelevance of ionic strength to variations in critical velocity. However, no significant
effect of ionic strength was captured in this study at the designated significance level.
Moreover, the viscosity and pH were found to have a strong antagonistic interaction
(p-value = 0.076).

Table 5. Measured mean critical velocity variations with the fluid properties

Run order Viscosity (Poise) pH Ionic strength (mol/L) Mean critical velocity: Vcr
(cm/sec)

1 0.0091 7.00 0.076 4.92

2 0.0091 7.00 0.076 4.87

3 0.0091 10.50 0.076 4.90

4 0.0091 3.50 0.076 5.80

5 0.0115 4.92 0.120 4.57

6 0.0091 7.00 0.076 5.39

7 0.0091 7.00 0.150 5.51

8 0.0091 7.00 0.076 5.26

9 0.0070 9.08 0.032 5.51

10 0.0091 7.00 0.076 4.93

(continued)
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Table 5. (continued)

Run order Viscosity (Poise) pH Ionic strength (mol/L) Mean critical velocity: Vcr
(cm/sec)

11 0.0055 7.00 0.076 5.76

12 0.0115 9.08 0.032 4.16

13 0.0115 9.08 0.120 4.34

14 0.0070 4.92 0.032 5.53

15 0.0091 7.00 0.002 4.74

16 0.0115 4.92 0.032 4.63

17 0.0070 4.92 0.120 5.25

18 0.0132 7.00 0.076 4.37

19 0.0070 9.08 0.120 5.78

20 0.0091 7.00 0.076 5.09

Figure 4 shows the effect on the mean critical velocity caused by the interaction
between viscosity and pH. While increasing viscosity always promotes particle mobi-
lization (i.e., reduces the critical velocity), its reducing effect is more pronounced at a
higher level of pH (e.g., 10.5) than at a lower level of pH (e.g., 3.5). This is indicated
by the greater slope of the line for the higher pH value. Figure 5 shows the contour
plot of the critical velocity responses to viscosity and pH at a constant ionic strength
I = 0.076 mol/L. The projection of the spherical design of experiment’s space is also
shown on the graph. The grayed area falls outside the design of experiments (DOE)

Fig. 4. Effect of the interaction between viscosity and pH on the mean predicted critical velocity.
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Fig. 5. Contour plot of the critical velocity response to viscosity and pH in particle mobilization
experiments

space and the predictions in that region shall be used and interpreted with caution.
The plot reveals the same observation as in Fig. 5: at a higher pH, the effect of viscosity
on critical velocity was more pronounced than at a lower pH. The plot also reveals the
same conclusion that was derived from Table 6: viscosity affected the critical velocity
more than pH. In addition, at a viscosity of approximately 0.0074 g/cm · s, the critical
velocity remained relatively unchanged as pH increased from 3.5 to 10.5. At a viscosity
greater than 0.0074 g/cm · s, the critical velocity decreased with increasing pH. At a
viscosity less than 0.0074 g/cm · s, the effect of pH on the critical velocity reversed:
the critical velocity increased with an increase in pH. At any pH value critical velocity
decreases with the increase of viscosity.

Table 6. The analysis of variance (ANOVA) for the critical velocity versus the test variables
(viscosity: μ, pH: P and ionic strength: I)

Source Coefficient Contribution (%) p-Value
Regression: – 82.51 0.000

Constant –0.195 – 0.001
μ 0.750 70.52 0.000
P 0.010 4.88 0.059
I 0.092 2.87 0.137

μ ×P –1.376 4.24 0.076
Error: – 17.49 –

Lack-of-Fit – 13.38 0.307
Pure Error – 4.10 –

Total – 100.00 –
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5 Results and Analysis of Piping Erosion Progression Experiments

Table 7 lists the determined average erosion rate indexes of the 8 fluids. Two duplicate
tests were conducted for each fluid, and the duplicate tests show good repeatability of
the HETs.

Table 7. Erosion rate indexes of the 8 fluids

Fluid Average erosion rate index

Low μ, low pH, low I 3.47

Low μ, low pH, high I 3.56

Low μ, high pH, low I 3.11

Low μ, high pH, high I 3.16

High μ, low pH, low I 4.10

High μ, low pH, high I 4.50

High μ, high pH, low I 4.04

High μ, high pH, high I 4.44

ANOVA was conducted on the average erosion rate indexes of the 8 fluids. In the
analysis, the erosion rate index is known as a response. 95% confidence interval was
used for testing the significance of various components. The significance of the effect
of viscosity (μ), pH and ionic strength (I) and their interactive effects on the erosion
rate index can be judged by the p-values in Table 8. It can be concluded that viscosity,
pH and ionic strength all have significant effect on erosion rate (i.e., p-value < 0.0005).
Moreover, combinedwith viscosity, both pH and ionic strength are found to have a strong
interaction (i.e., p-value < 0.0005), while the interaction of pH and ionic strength has
less significant effect (with p-value= 0.072> 0.0005). No significant 3-way interaction
among viscosity, pH and ionic strength was captured in this study (with p-value =
0.576). In Table 8, the coefficient describes the significance (as indicated by the absolute
value) and direction (as indicated by the sign) of the relationship between a factor
(i.e., viscosity, pH, ionic strength) and the response variable (i.e., erosion rate index).
Comparisons of the coefficients in Table 8 show that viscosity plays the most important
role and ionic strength has slightly more effect than pH on soil erosion. In terms of the
interactive effect, when combined with viscosity, both pH and ionic strength have the
same interactive effect while pH and ionic strength have the least interactive effect on
erosion.

Figure 6 quantitatively shows the relative effects of viscosity, pH and ionic strength
on the mean response of erosion rate index. When viscosity increased from 0.0054 to
0.142 g/(cm · s) or Poise, the erosion rate index approximately increased from 3.3 (that
represents relatively higher erosion) to 4.2 (that represents relatively lower erosion).



Particle Mobilization and Piping Erosion of Granular Soil 69

Table 8. Analysis of variance of the erosion rate indexes

Linear model Coefficient
value

P-value

Constant 3.79650 –

μ −0.47275 0.000

pH 0.10900 0.000

I −0.11575 0.000

2-way interaction

μ ×pH 0.008250 0.000

μ × I 0.008250 0.000

pH × I −0.00350 0.072

3-way interaction

μ × pH × I −0.00350 0.576

Such trend suggests lower viscosity results in higher erosion and conflicts with the
understanding as implied by Eq. (4) proposed by Kakuturu and Reddi [22, 23] and the
findings in this study on individual particle mobilization under laminar flow conditions.

τ(t) = 4Qη

πr3cc
(4)

In the above equation, τ (t) = hydraulic shear stress acting on a piping channel, Q =
flow rate, η = dynamic viscosity of the permeating fluid, rcc = radius of the idealized
cylindrical piping channel. This equation suggests under laminar flow, hydraulic shear
stress increases with viscosity. Such conflict may be explained in the following two
aspects. Based on the Shields diagram [24],Annandale [25] suggested that the commonly
held belief that soil erosion is caused by hydraulic shear stress is only valid in laminar
flow, while in turbulent flow normal lift force dominates. Turbulent flow occurred in
the HETs in this study. Meanwhile, the soil’s resistance to erosion may be affected by
temperature, which complicates the quantitative understanding of the relative erosive
capacity of the eight fluids. Figure 7 shows the Mohr-Coulomb failure criteria lines of
the soil under two temperatures of 8 °C and 40 °C that were obtained from temperature-
controlled direct shear tests. At 8 °C, the cohesion of soil is 5.53 kPa, and the friction
angle is 26.06°; at 40 °C, the cohesion of soil is 1.2 kPa, and the friction angle is 31.87°.
On the surface of the piping channel that is exposed to the pipe flow, the normal stress can
be assumed to be zero, the shear strength is controlled by cohesion. Higher temperature
resulted in lower cohesion, thus more erosion. It should be noted that the cohesion
indicated by the Mohr-Coulomb failure envelope is the apparent cohesion that includes
interlocking of granular particles and true cohesion due to the added 6% kaolinite. Both
interlocking and true cohesion contribute to the resistance to particle detachment.
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Fig. 6. Variation of erosion rate index with viscosity, pH, and ionic strength. (The mean of
response is the mean erosion rate index).

Figure 6 also shows that the fluid’s erosive capacity has a positive relationship with
pH, i.e., higher pH causes higher erosive capacity (that is represented by lower erosion
rate index); this trend is consistentwith previous studies byHubbe [4, 5], Sharmaet al. [6],
McDowell-Boyer [7], and the particle mobilization results in this study. Further, Fig. 6
suggests that fluid’s erosive capacity has a negative relationship with ionic strength; this
trend is consistent with previous studies by Sherard et al. [8], Arulanandan et al. [1],
Reddi et al. [2], as well as the individual particle mobilization results in this study.

Figure 8 shows the interactive effect of each two parameters on the mean response
of the erosion rate index. As for the interaction between viscosity and ionic strength,
ionic strength does not affect the erosion at low viscosity (I ≈ 3.3) since the erosion
rate indexes are the same; but when the viscosity is higher (or the fluid temperature
is colder), higher ionic strength causes more significant increase in erosion rate index,
which means less erosion. As for the interaction between pH and ionic strength, the two
lines of the low and high ionic strength are nearly parallel, which means that there is
almost no interactive effect between pH and ionic strength.

It should be noted that this research focused on the relative and interactive effects
of fluid’s physicochemical characteristics, specifically viscosity, pH, and ionic strength,
on the piping erosion of a sandy soil. Only the fluids were varied and tested on one soil
type. Those effects that were revealed in this study may vary with different soils. The
effects of fluid’s parameters on soil’s piping erosion are closely related to the fluid’s
temperature and soil’s temperature. This research did not isolate the effects of the fluid’s
parameters with soil’s temperature.
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Fig. 7. Mohr-Coulomb failure envelopes of the sandy soil under two temperatures

Fig. 8. Interactive effects between fluids viscosity, pH, and ionic strength on soil erosion rate
index. (The mean of response is the mean erosion rate index).

6 Summary and Conclusions

This research employed a statistical experimental design approach to investigate the
relative and interactive effects of three physicochemical characteristics of fluid on a
single granular particle’s incipientmotion and on bench-scale piping erosion progression
of a sandy soil. The incipient motion is characterized by the critical fluid velocity. An
innovative experimental setup was designed and constructed that can simultaneously
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adjust fluid’s viscosity, pH, and ionic strength and provide repeatable test results on
particle’s incipient motion. The knowledge gained from this research is summarized as
follows.

• The response surface methodology proved to be an effective and efficient method
to quantify the relative and interactive effects of the three physicochemical fluid
characteristics on particle’s incipient motion and piping progression of a sandy soil.

• For particle mobilization, viscosity, pH, and their two-way interaction were deter-
mined to be the most influencing factors on the critical velocity. The ionic strength
did not prove to be statistically significant at α = 0.1 significance level. Viscosity and
pH were both shown to have an inverse relationship with critical velocity. This is in
agreement with the findings of previous studies. Viscosity was shown to be of greater
influence on critical velocity than pH.

• The research revealed an interactive effect between viscosity and pH on the critical
velocity for particle mobilization. When pH is 10.5 the viscosity had considerably
higher influence on the critical velocity than when the pH 3.5.

• The statistical analysis shows that the effects of pH on critical velocity reversed trends
(from positively correlated to negatively correlated) as viscosity increased. At pH
values from3.5 to 10.5, critical velocity always decreasedwith an increase in viscosity.

• For piping progression of a sandy soil, viscosity, pH and ionic strength were all
determined to be significant factors on the rate of erosion. The two-way interactions
between viscosity and pH, and between viscosity and ionic strength were also deter-
mined to be significant interaction factors, while the interaction between pH and ionic
strength did not prove to be statistically significant.

• While the statistical experimental design and methodology may be used to study the
relative and interactive effects of fluids with different physicochemical characteristics,
the fluid’s temperature also affected soil’s strength and consequently erosion resis-
tance. This complicated the quantitative understanding of the relative erosive capacity
of the eight fluids.

• Fluid’s erosive capacity has a positive relationship with pH, i.e., higher pH causes
higher erosive capacity. Fluid’s erosive capacity has a negative relationship with ionic
strength, i.e., higher ionic strength causes lower erosive capacity of fluid.

This research showed the relative and interactive effects of three physicochemi-
cal characteristics (viscosity, pH and ionic strength) of permeating fluid on piping of
a sandy soil. Further research is need to provided fundamental explanations for the
above phenomena. This paper suggests that in the field evaluation of piping in earthen
embankments, if the subsurface seepage is known to possess different physicochemical
characteristics from those of tap water or distilled water, the fluid’s properties should be
considered in the laboratory tests of piping.

Acknowledgement. This research was funded by the National Science Foundation CMMI
Geotechnical Engineering and Materials Program under award number CMMI 1200081 and The
Pennsylvania State University.



Particle Mobilization and Piping Erosion of Granular Soil 73

References

1. Arulanandan, K., Krone, R.B., Longanathan, P.: Pore and eroding fluid influences on surface
erosion on soil. J. Geotech. Eng. Div. 101(1), 51–66 (1975)

2. Reddi, L., Lee, I.-M., Bonala, M.: Comparison of internal and surface erosion using flow
pump tests on a sand-kaolinite mixture. Geotech. Test. J. 23(1), 116–122 (2000)

3. Yong, R.N.Y., Jorgensen, M.A., Ludwig, H.P., Sethi, A.J.: Interparticle action and rheology
of dispersive clays. J. Geotech. Eng. Div. 105(10), 1193–1209 (1979)

4. Hubbe,M.A.: Detachment of colloidal hydrous oxide spheres from flat solids exposed to flow.
1: experimental system. Colloids Surf. 16, 227–248 (1985)

5. Hubbe,M.A.: Detachment of colloidal hydrous oxide spheres from flat solids exposed to flow.
3: forces of adhesion. Colloids Surf. 25, 311–324 (1987)

6. Sharma, M.M., Chamoun, H., Sita Rama Sarma, D.S.H., Schechter, R.S.: Factors controlling
the hydrodynamic detachment of particles from surfaces. J Colloid Interface Sci. 149(1),
121–134 (1992)

7. McDowell-Boyer, L.M.: Chemical mobilization of micron-sized particles in saturated porous
media under steady flow conditions. Environ. Sci. Technol. 26(3), 586–593 (1992)

8. Sherard, J.L., Decker, R.S., Ryker, N.L.: Piping in earth dams of dispersive clay. In: Proceed-
ings, Special Conference on Performance of Earth and Earth-Supported Structures, vol. 1,
Part 1, pp. 589–626. ASCE, Reston (1972)

9. Briaud, J.L., Chen, H.C., Govindasamy, A.V., Storesund, R.: Levee erosion by overtopping
in New Orleans during the Katrina Hurricane. J. Geotech. Geoenviron. Eng. 134(5), 618–632
(2008)

10. Fournier, Z., Geromichalos, D., Herminghaus, S., Kohonen, M.M., Mugele, F., Scheel, M.,
Schulz, M., Schulz, B., Schier, C., Seemann, R., Skudelny, A.: Mechanical properties of wet
granular materials. J. Phys. Condens. Matter 17, 477–502 (2005)

11. Santamarina, J.C.: Soil behavior at the microscale: particle forces. Geotechnical Special
Publication 119, pp. 25–56. ASCE, Cambridge, Massachusetts (2001)

12. Diplas, P., Celik, A.O., Dancey, C.L., Valyrakis, M.: Nonintrusive method for detecting par-
ticle movement characteristics near threshold flow conditions. J. Irrig. Drain. Eng. 136(11),
774–780 (2010)

13. Niño,Y.,Garcia,M.H.: Experiments onparticle-turbulence interactions in the near-wall region
of an open channel flows: implications for sediment transport. J. Fluid Mech. 326, 285–319
(1996)

14. Niño, Y., Lopez, F., Garcia, M.: Threshold for particle entrainment into suspension.
Sedimentology 50, 247–263 (2003)

15. Xiao, M., Gholizadeh-Vayghan, A., Adams, B.T., Rajabipour, F.: Experimental investigation
of the relative and interactive effects of physicochemical fluid characteristics on the incipient
motion of granular particles under laminar flow conditions. ASCE J. Hydraul. Eng. 144(5),
04018013-1–04018013-14 (2018)

16. Benjamin, M.M.: Water Chemistry. Waveland Press Inc., Long Grove (2010)
17. Al-Shemmeri, T.: Engineering Fluid Mechnanics, pp. 17–18. Ventus Publishing ApS,

Frederiksberg (2012). ISBN 978-87-403-0114-4
18. Zhang, H.-L., Han, S.-J.: Viscosity and density of water + sodium chloride + potassium

chloride solutions at 298.15 K. J. Chem. Eng. Data 41, 516–520 (1996)
19. Ma, Y., Xiao, M., Kermani, B.: Experimental investigation of the effects of fluid’s physic-

ochemical characteristics on piping erosion of a sandy soil under turbulent flow. ASTM
Geotech. Test. J. 43, 436–451 (2020)

20. Wan, C.F., Fell, R.: Laboratory tests on the rate of piping erosion of soils in embankment
dams. Geotech. Test. J. 27(3), 295–303 (2004)



74 M. Xiao et al.

21. Box, G.E., Cox, D.R.: An analysis of transformations. J. Roy. Stat. Soc. Ser. B (Methodol.)
26, 211–252 (1964)

22. Kakuturu, S., Reddi, L.N.: Evaluation of the parameters influencing self-healing in earth
dams. ASCE J. Geotech. Geoenviron. Eng. 132(7), 879–889 (2006)

23. Kakuturu, S., Reddi, L.N.: Mechanistic model for self-healing of core cracks in earth dams.
ASCE J. Geotech. Geoenviron. Eng. 132(7), 890–901 (2006)

24. Shields, A.: Application of similarity principles and turbulence research to bed-load move-
ment. Hydrodynamics Laboratory, California Institute of Technology, Pasadena, CA, USA
(1936). (W. P. Ott and J. C. van Uchelen, trans.)

25. Annandale, G.W.: Scour Technology - Mechanics and Engineering Practice. McGraw-Hill
Companies Inc., New York (2006)



Key Technology in the Remediation Project
of Hongshiyan Landslide-Dammed Lake

on Niulan River Caused by “8•03” Earthquake
in Ludian, Yunnan

Zongliang Zhang1,2(B), Kai Cheng1,2, Zaihong Yang1,2, and Fuping Peng1,2

1 PowerChina Kunming Engineering Corporation Limited, Kunming 650051, China
zhang_zl@powerchina.cn

2 Sub-Center of High Earthfill/Rockfill Dam, National Energy and Hydropower Engineering
Technology R&D Center, Kunming 650051, China

Abstract. The Hongshiyan landslide dammed lake on the Niulan River is a large-
sized one caused by the Ludian 8•03 earthquake in 2014. Based on the uniqueness
of theHongshiyan dammed lake, after the completion of the emergency rescue, the
treatment concept of “EliminatingHazard, Utilizing Resources and TurningWaste
into Treasure” was innovatively proposed and this dammed lake was then rebuilt
into a large-integrated water conservancy complex with the multiple functions of
flood control, water supply, irrigation, and power generation. The project is the first
in the world to be developed and utilized immediately after the formation of the
barrier dam. This paper systematically introduces the formation of theHongshiyan
landslide dam, the emergency rescue as well as the remediation in the later period.
The reservoir has been impounded in 2019, the landslide dam has already retained
to a high water level and operated safely. Through the practice of the project, this
paper summaries the key technologies such as emergency treatment technology
and remediation plan under the lack of information conditions, the comprehensive
treatment of the 750 m high slope affected by the intense earthquake and the
comprehensive treatment of the 130m grade landslide dam composed of materials
with discontinuouswide gradation,which can provide reference for the emergency
rescue, development and utilization of similar landslide-dammed lakes.

Keywords: Landslide-dammed lake · Water conservancy complex · Emergency
treatment under lack of information · Remediation scheme · High slope caused
by strong earthquake · Landslide dam

1 Background

China is a country with frequent geological disasters. The landslide material from the
mountains can block rivers and form dams, causing not only massive submerge loss
and endangering enormous life and property along the river at downstream in case of
dam break. In 2008 Wenchuan earthquake, 34 dam lakes were induced by the earth-
quake, and the Tangjiashan dam lake was one of them. It threatened 1.3 million people
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in the downstream area, nearly 280,000 people were evacuated immediately. Hence,
emergency action and comprehensive treatment of landslide dams are the national key
requirements for the natural disaster prevention and control. Restricted by environmental
risks, harsh conditions, tight time, inconvenient transportation, and unknown geological
and hydrological conditions of the landslide dam, the type of dam break is uncertain,
and emergency rescue and disposal are extremely difficult. Comprehensive treatment
of landslide dams is a major measure to eradicate the risks of landslide dams, reduce
disasters and make profits. Currently there is no precedent case to treat landslide dams
in China and around the world. It is hard to solve the problems of investigation, design
and construction of landslide dams with present technologies.

2 Overview of Hongshiyan Landslide Dammed Lake

At 16:30 on August 3, 2014, a magnitude 6.5 earthquake occurred in Ludian County,
Yunnan Province, China, on the main stream of the Niulan River at the junction of Liji-
ashan Village, Huodehong Township, Ludian County, and Hongshiyan Village, Baogu-
nao Township, Qiaojia County. The earthquake triggered mountain collapses and river
blockage, resulting in a 260 million m3 dammed lake. The dammed block was located
between the dam and the powerhouse of the existing Hongshiyan Hydropower Project
(HPP) and was a rapid toppling landslide. The materials were mainly from the higher
elevations of the right bank. There were also slide and collapse materials from the left
bank, which was mainly composed of fragmented stones and blocks. The maximum
crest elevation is about 1,222 m and the maximum height of the dammed block is about
103 m. The width vertical to the flow direction is about 307 m, while the width along
the flow direction is about 911 m. The overall upstream slope is about 1:2.5 (horizontal:
vertical), the overall downstream slope is 1:5.5 and the total volume is about 10 million
m3, as shown in Fig. 1.

After the Hongshiyan landslide dammed lake formed, its water level continued to
rise. The highest water level reached up to 1,182 m, the backwater was 25 km long, and
more than 5,000 µ of land and residential houses along the Niulan River in the upper
reaches of Huize and Ludian were submerged. Nearly 13,000 villagers were evacuated
and resettled. At the same time, the risk of collapse of the damwill seriously threaten the
downstream towns along the river, including 10 townships, over 30,000 people, 33,000µ
of arable land in Ludian, Qiaojia, Zhaoyang counties (districts), and threaten the safety
of the downstream hydropower projects (HPPs) on Niulan River such as Tianhuaban
and Huangjiaoshu. According to the SL 450–2009 Standard for Classification of Risk
Degree of the Landslide Dammed Lake, the Hongshiyan landslide dammed lake belongs
to a large-sized lake with a very high risk level and serious damage severity. The risk
level of the landslide dammed lake is classified as Grade I (the highest level) according
to the risk level and the severity of the damage.
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(a) Post-earthquake photo of landslide dam

(b) Landslide dam and power station in 3D BIM model

(c) Landslide dam shape

Fig. 1. Overview of the Hongshiyan landslide dam
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(d) Maximum Profile of the Landslide dam

Fig. 1. (continued)

The remediation of Hongshiyan landslide dammed lake is mainly divided into three
stages:

(1) Emergency treatment stage: FromAugust 4 to August 12, 2014, five reports includ-
ing theReport on EmergencyDisposal Planwere completed using the Lack of Infor-
mation Technology, which provided important support for the decision-making of
the hazard removal and disposal of the landslide dammed lake, and reduced the
danger as early as possible for the downstream people.

(2) Subsequent disposal stage: FromAugust 13 to October 3, 2014, the new emergency
flood release tunnel emptied the lake and eased the risk of dam collapse.

(3) Remediation stage in late period: Since August 19, 2014, the feasibility study of
reconstruction of the power station has been completed, and the comprehensive
management concept of “Eliminating Hazard, Utilizing Resources and Turning
Waste into Treasure” has been innovatively proposed, and the lake was rebuilt
into a large integrated water conservancy complex providing the functions of flood
control, water supply, irrigation, and power generation.

3 Emergency Treatment and Subsequent Disposal Under Lack
of Information

3.1 Uniqueness of the Location of the Dammed Block

The headrace tunnel of the existing Hongshiyan HPP is located on the right bank of the
dammed block. The intake gate of the power station was open during earthquake, and
an open downstream surge tank was connected to the landslide dammed lake. After the
water level of the lake rose, on 4 August 2014 the lake water level was higher than the
surge tank top El.1171.80 m.Water spilled freely from the top of the surge tank, forming
a unique emergency flood release channel.

3.2 Definition of Lack of Information Condition

Lack of Information (LoI) Condition refers to the working background of basic data
and information such as hydrology, meteorology, topography, geology, social impact,
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transportation, building materials and cost, which should be obtained only by actual
measurement or comprehensive survey, such as the emergency cases of remote areas
both at home and abroad or emergency rescue condition. Lack of Information Investi-
gation and Design Technology refers to a method and technique using the basic data
obtained by the Internet, satellite, etc. in case of the lack of information, and using spe-
cific software and other means to process and transform the basic data, and complete
the preliminary investigation and design quickly, efficiently at low costs. The devel-
opment of spatial geographic information and next-generation information technology
has expanded the sources and methods of data collection. Basic geographic information
data can be obtained without reaching the project site. The development of network,
next-generation information technology and big data technology provides a means for
data collection.

3.3 Establishment of Terrain and Hydrology Model Under LoI Condition

Considering the hydrology and meteorology, topography and geology, social-
environmental uncertainty, by way of space-air-land panoramic image under lack of
information to quickly collect and process data, the hydrological model was configured
of the landslide dam lake and its adjacent areas. The three-dimensional laser scan-
ning operation of the Hongshiyan Dammed Block and the low-altitude unmanned aerial
vehicle (UAV) photography system was used to acquire image data and high-resolution
video of the landslide dam location, geometric parameters and volume of the accumu-
lated mass. The three-dimensional topography model was established. The results of the
survey and the terrain model are shown in Fig. 2.

Fig. 2. Terrain model and topography of the dammed block

3.4 Calculation of Dam-Break Flood and Its Impact Analysis on Upstream
and Downstream Reaches

Based on the results of the shape of the dammed block after data processing, the reser-
voir volume and the upstream and downstream topography, etc., a dam break flood
analysis software DB-IEHR, proposed by the China Institute of Water Resources and
Hydropower Research, is used to analyze the flood routing (Hongshiyan landslide dam-
Tianhuaban HPP-Huangjiaoshu HPP) and study the impact of the lake on the upstream
and downstream reaches.
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Four alternatives are proposed to study: bottom elevations of discharge chute are
El.1208 m (bottom widths 20 m and 5 m) and El.1214 m (bottom widths 20 m and
5 m). Finally, combined with the site construction conditions, the bottom elevation of
the discharge chute is selected as 1,208 m and the bottom width as 5 m. The calculated
peak flow of the dam break is 6,345 m3/s, the peak time is 6.47 h, the total flood release
capacity is 203 million m3, and the total flood release time is 16.4 h.

After the formation of the flood discharging chute at the top of the dam, the high
water level of the flood control in the upstream reservoir area will be reduced, and the
boundary of the evacuation zone and the warning zone will be reduced accordingly. The
flood control standard of the Xiaoyantou powerhouse at the head of the reservoir can
be improved accordingly. The dam safety of the two downstream hydropower projects
(Tianhuaban and Huangjiaoshu HPPs) will not be affected even if a dam break occurs.
The peak flood of the Tianhuaban HPP is large (Qm = 6,345 m3/s, exceeding the check
flood of the power station) and the high-water level in front of the dam will have a
certain impact on the flooding of the reservoir area. The maximum discharge of the
flood release structure of the Huangjiaoshu HPP is 6,781 m3/s, and the inflow peak
flood to the reservoir of the Huangjiaoshu HPP is only 4,868 m3/s as the flood released
from the landslide dammed lake is regulated by the Tianhuaban reservoir. The excavated
discharge chute can also improve the flood control capacity of the downstream residents
and power stations.

3.5 Emergency Treatment Complete Technology

The emergency complete treatment technology includes non-engineering measures and
engineering measures. A number of non-engineering measures were taken during the
disposal stage of the landslide dammed lake: Transferring and resettlement work of the
local people were well done. The upstream Deze Reservoir was utilized for flood deten-
tion, the storage capacity of the downstream Tianhuaban and Huangjiaoshu reservoirs
were vacated, the site monitoring was intensified and the plan for the disposal of the
landslide dammed lake was organized, etc. At the same time, there were a number of
engineering measures: at noon on August 11th, the blasting demolition of the mainte-
nance gate for the construction plug at surge tank bottom. After the demolition of the
1.8 m maintenance manhole, the released flow is about 60 m3/s. On August 12, when
the bottom width of the discharge chute reached 5 m and the bottom elevation reached
1,214 m, it can withstand P = 20% (5-yr) flood. The scheme met the flood control
requirements during the emergency disposal period, and the emergency treatment was
completed. On August 28, the discharge chute was excavated down to El.1,208 m with a
bottom width of about 5 m. The new 280 m-long emergency flood release tunnel on the
right bank connected the headrace tunnel of the existing Hongshiyan HPP was broken
through on October 3, 2014. On the evening of October 4, the water of the landslide
dammed lake has been basically released and the subsequent disposal was completed.

The above-mentioned measures enabled the dammed block to safely pass the 2014
flood season, temporarily relieved the risk of collapse and created conditions for the later
permanent remediation.



Key Technology in the Remediation Project of Hongshiyan Landslide-Dammed Lake 81

4 Implementation Plan for Remediation Project

4.1 Urgency and Necessity of Remediation Project

The Danger of the Lake Still Exists and the Flood-Passing Situation is Severe. After
the emergency disposal and subsequent disposal of the landslide dammed lake, it can
only meet the requirements of the annual flood control standard. The catchment area
of the lake is 12,087 km2, which is nearly four times that of the Tangjiashan landslide
dammed lake formed by the Wenchuan 5·12 earthquake in Sichuan. The peak flood is
large. If it is not timely treated, in case of dam-break flood resulted from a larger flood
event in the following 2015, it will be devastating and difficult to estimate the damage to
the people’s lives and property on the upper and lower reaches of the river and the existing
power stations and it is easy to trigger a disaster chain, so the permanent remediation of
the lake is imminent.

The Geological Hazards of the Lake Caused by the Earthquake are Serious. The
right bank collapsed to form a nearly 750 m high slope. The slope was steep and the
cracks are intensely developed. The dangerous rock mass still has collapsed and slide,
which seriously endangered the safety of the lower portions. On the left bank, there
was an ancient landslide with a volume of 56.7 million m3. The earthquake has also
produced dangerous rock mass at the trailing edge of the ancient landslide. There were
12 landslides, 7 collapsed deposits, 14 unstable slopes and 4 debris flow gullies in the
reservoir area. The above unfavorable geological bodies posed a great threat to the safety
of dammed block and the residents living around the lake, and must be treated as soon
as possible.

Affected People’s Production and Life are in Urgent Need of Resettlement. After
the formation of theHongshiyan dammed lake,most of the affected peoplewere resettled
in the villages near the dammed lake or on the roadside where the living conditions were
extremely harsh and the safety risks were high. The impact of the earthquake and the
landslide dammed lake broke the people’s original living and production environment.
It is necessary to use the storage capacity formed by the lake according to the local
conditions. It can irrigate 66,200 µ of farmland in the dry and hot valley, provide source
of drinking water for 80,800 people, increase the capacity of production and living
environment and alleviate the resettlement pressure of the people whose land resources
were damaged. Therefore, the resettlement work of the affected people should be started
and implemented immediately.

4.2 Concept of “Eliminating Hazard and Utilizing Resources”

As the landslide dam is massive body with a gentle slope and favorable material compo-
nents, the overall stabilitymeets the requirements. The right bank slope is stable, a usable
water head is available, and there is water release channel and construction time during
the construction period after the completion of subsequent disposal. Therefore, the con-
cept of “Eliminating Hazard, Utilizing Resources and Turning Waste into Treasure” is
proposed.
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4.2.1 Stability of the Dammed Block

The maximum cross-section of the dammed block is obtained from the longitudinal
profile of the site topography along the riverbed. The thickness of the alluvium of the
riverbed is considered to be 15 m. It is calculated that when the dammed block retains
the water at the highest water level of 1,222 m and below, the stability of seepage,
deformation and the dam slopes meet the requirement. Therefore the dammed block is
safe.

4.2.2 Preliminary Analysis of Slope Stability

The slope of the right bank is nearly 750m high before the collapse, and the slope is 70°–
85°. From the analysis of geological data surveyed on site, the upper part of the collapse
is thick-bedded and giant thick bedded limestone, dolomite, dolomitic limestone, and the
lower part is medium-thick and thin sandstone and shale; the slope is a rocky slope, hard
in the upper elevations and soft in the lower elevations. The rock formation on the right
bank dips towards the mountain and downstream with an occurrence of N20°−60°E,
NW � 10°−30°.Theoccurrenceof rock formation is favorable for the anti-sliding stability
of the abutment. Three types of joints are developed in the slope rock mass, including
the joints with steep dip angle across the river, the joints with steep dip angle along the
river and the bedding joints. The rock mass of the slope is hard alternated with soft; the
soft rock of the slope under the action of the weight of the upper rock mass will enable
the upper brittle rock mass to crack and disintegrate, forming a tensile deformation, and
to relax along the river under the action of earthquake. The cracks produce a wide range
of collapse under the combined action of other structural planes (such as bedding joints)
and slide downstream along the F5 fault. The length of the collapse along the river is
about 890 m, and the height of the trailing edge is about 500 m (the maximum height of
the nearly vertical cliff is about 350 m), which is an extremely large collapsed deposit.

After the slope collapse, the slope stress is adjusted, the relaxation fissures of the
slope surface develop and form dangerous blocks with the unfavorable structural planes.
Due to the influence of aftershock, rainfall and adjusted slope stress, the unstable block
will collapse and fall off intermittently. According to the preliminary stability analysis,
the slope is generally stable, and the rock mass at the top of the slope is in a critical
stable state, for which treatment is required.

4.2.3 Available Hydropower Resources

The Luojiaping HPP is under planning between the Xiaoyantou HPP and the existing
HongshiyanHPP.With the presence of the landslide dam, thewater level of the landslide-
dammed lake can be directly connectedwith the upstreamXiaoyantouHPPdue to its dam
height. In order to make full use of water resources, according to the actual conditions
of the lake, the Hongshiyan HPP and Luojiaping HPP will be merged as one cascade,
which can form a seasonally regulated reservoir to improve the efficiency of the project
itself and compensation benefits of the downstream cascades.
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4.2.4 Water Release Passage and Construction Time During Construction Period

After the completion of the follow-up treatment, the existing surge tank andmaintenance
gate of the construction adit and emergency flood release tunnels can meet the 10-
year flood control standards in the construction period. Therefore, it is necessary to
immediately use the 2014 dry season to excavate a flood release tunnel so as to meet
the requirements of subsequent flood control and create conditions for the remediation
project.

4.3 Comparison of Remediation Schemes

According to the practice of remediation of dammed lakes at home and abroad, the
remediation of the landslide dammed lake is divided into two categories: permanent
remediation and demolition remediation. For this reason, a comprehensive comparison
of the two remediation schemes has been carried out.

To remove the huge landslide body at Hongshiyan 103 m in height and 10 million
m3 in total volume is too difficult to implement with high cost. If the removal scheme
is adopted, the excavation material volume will be up to 9.91 million m3, it is difficult
to find a suitable disposal area for the storage of the landslide dam. Further, the removal
difficulty by explosion is huge, in addition, the stability of the collapse deposit on the
left bank will be reduced, the strengthening measures is required and hard to implement,
Most likely the secondly disater may occur.

From the perspectives of compensation subsidy policy, quality of living standards in
the resettlement areas, basic public service level and infrastructure support, alleviation of
ecological pressures in the hazard areas, improvement of environmental quality in hazard
areas and acceleration of resettlement progress, the permanent remediation scheme is
recommended.

In the permanent remediation scheme, a large-sizedwater conservancy projectwill be
rebuilt by landslide dam. A new 201MWpower station with an annual power generation
of 800GWhcan be developedwith the features of a reservoir total capacity of 185million
m3, a 2000-year flood standard, water supply for 80,800 persons, and an irrigation area
of 66,200 µ.

From the perspectives of comprehensive benefits, difficulty in the implementation,
and balance of funds, the permanent remediation scheme is recommended.

4.4 Remediation Project and Key Technologies

The project complex of the Hongshiyan-dammed lake consists of the remediation of the
landslide dam, high slope treatment, a flood release tunnel on the right bank, a flood
release/sand flushing/empty tunnel on the right bank, waterway & power generation
structures on the right bank and downstream water supply and irrigation structures, as
shown in Fig. 3.

The key technology of the Hongshiyan landslide-dammed lake remediation project
includes: key technologies for the comprehensive treatment of 750m-high slope resulting
from intense earthquake and comprehensive treatment of 130 m-grade landslide dam
composed of materials with a discontinuous wide gradation.
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Fig. 3. Three-dimensional BIM layout of the project complex of Hongshiyan landslide-dammed
lake remediation project (Right figure is Perspective View)

5 Key Technology for Comprehensive Treatment of 750 m-High
Slope Resulting from Intense Earthquake

5.1 Survey and Geological Analysis

Stage 1: UAV mapping and geological survey, which provides the basis for the
analysis and design of the slope

The rock slope formed by the collapse of the right abutment is up to 750 m high; the
slope stress is adjusted; and the relaxation fissures of the slope are developed in large
quantities and form dangerous blocks with the contribution of the unfavorable structural
planes. There are many inverted suspensions on the steep cliff. There are many deposits
of scum in the interface of the steep and gentle areas and the collapsed trough; the cracks
are distributed in the about 60 m area at the top of the steep cliff. According to the
development degree of the cracks at the top of the slope and the degree of slope risk, the
stability of the slope can be divided into three zones. (See Fig. 4):

Zone I is the strip-like ground and unstable slope from 10 m–30 m from the edge
of the cliff, intermittently extended. In addition to the boundary crack, the cracks in the
zone are crossed, with a width of 1 cm–40 cm; the rock mass is obviously loosened and
may collapse at any time;
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Fig. 4. Schematic zoning of stability of slope collapse deposit on right bank

Zone II is located outside Zone 1, 40 m–60 m away from the edge of cliff with poor
slope stability. Cracks develop in this area, but the density is relatively small; the width
is generally less than 15 cm; dislocated platforms are not obviously seen, but there is
still the possibility of instability during the deformation adjustment of the lower slope.

Zone III is basically stable, and is located outside Zone II. No obvious cracks
are found in the area, and the slope is basically stable. In the natural state, the slope
reconstruction will not extend to such zone.
Stage 2: Tilt photography technique for identifying in detail the dangerous rock
masses

The high and steep slopes and the dangerous rock masses are widely distributed. The
surveyors cannot reach the steep cliffs for geological mapping. In order to accurately
find out the distribution of cracks, the tilt photography technique is used to establish a
high-resolution slope model of the right bank with a precision of 2 cm (Fig. 5).

Fig. 5. High-slope tilt photography on the right bank
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5.2 Mechanism of High-Slope Collapse and Formation of Landslide Dam
and Stability Analysis

5.2.1 Formation Mechanism

The formation model of the landslide on the right bank of Hongshiyan was deter-
mined according to the on-site investigation and analysis. The formation mechanism
of landslide was determined by numerical simulation of the process of slope collapse.

The area of the landslide dam is mainly in the medium and high mountain narrow
valley area where the tectonic erosion is dominant. The valleys are deep and steep,
and the bedrock is exposed. Due to the development of adverse physical geology and
the combination of unfavorable structural planes and strong rock mass weathering and
relaxation, the natural slope is mostly at a critical stable state. The overall failure of the
slope is controlled by the steep dip relaxation fissures and the weak interbeds located
in the lower part. When the 6.5-magnitude earthquake occurred in Ludian, due to the
horizontal and vertical ground motions, the weak interbeds in the middle and lower
part of the slope was extruded and slid. The middle and upper rock mass lost support
and was affected by the cracks with steep dip angles. The relaxation cracks along the
river direction separated completely from the trailing edge under the action of seismic
force, resulting in a wide range of collapse and failure. It moved to the riverbed and
downstream under the action of self-weight, toppled and collapsed at a high speed, and
quickly deposited in the riverbed to form a landslide dam.

5.2.2 Inversion of Physical and Mechanical Parameters of Rock Mass

Based on the analysis of slope instability pattern, the strength reduction method is used
to invert the mechanical parameters of rock masses in weak interbeds, and the impact of
the parameters of other rock formations on the inversion results is analyzed. Combined
with the test results and engineering practice, the physical and mechanical parameters
of the slope rock masses are determined.

5.2.3 Stability Analysis

After the occurrence of collapse, the overall stability safety factor of the slope meets
the requirements of the specification under all working conditions, but the safety factor
of the local upper overturned rock masses in Zone A is relatively low under accidental
conditions (earthquake), and there is possibility of toppling failure. After the excavation
and removal of the upper overturned rock mass, the slope stability coefficient meets the
requirements of the specification.

5.3 Comprehensive Measures

Slope cutting treatment was taken to excavate the slope rock mass developed in Zone I
and Zone II, remove the unstable rock mass and slow down the slope. Positive support
measures were taken, such as prestressed anchor cables were used locally to increase
the stability of the slope. Protection was carried out for the slope and drainage measures
were strengthened. The soft argillaceous layer distributed on the slope is the main cause
of the collapse, as a result, the P1l Liangshan Formation in the middle and lower part
of the slope was required to be enclosed; system monitoring was required for the slope
(Fig. 6).



Key Technology in the Remediation Project of Hongshiyan Landslide-Dammed Lake 87

Fig. 6. Remediation plan for the high-slope on right bank
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Fig. 6. (continued)

5.4 Analysis of Monitoring Data

At present, the slope treatment is nearly completed. The horizontal displacement of the
surface deformation monitoring points of the collapsed slope on the right bank and its
upstream side slope is between 2.7 mm and 17.5 mm, and the vertical displacement is
between −28.5 mm and 18.7 mm. The vertical displacement shows that the settlement
occurs. The displacement of each monitoring point fluctuates, and there is no obvious
trend of displacement increase. The deformation of the deep cracking area at the top of
the collapsed slope on the right bank is between 0.7 mm and 0.73 mm, indicating that the
deformation value is small. The monitoring data show that the high-slope after treatment
on the right bank has good stability and is in good consistence with the analysis results.

6 Key Technology for Remediating the 130 m Landslide Dam
Composed of Discontinuous Wide Gradation Materials

6.1 Comprehensive Geophysical and Heavy-Duty Investigation Technologies
for Identifying the Components of Landslide Dam and Physical-Mechanical
Parameters

6.1.1 Method of Investigation

Considering the large undulations, many individual rocks, big gaps, poor stratification,
and thick accumulation of landslide dam, conventional geophysical methods cannot be
used. Instead, the passive source surfacewavemethod, transient electromagneticmethod,
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comprehensive detecting well are combined in the investigation shaft to detect the dam
materials, together with comprehensive interpretation. Inhomogeneous, relative density,
scale and space distribution of landslide dammaterials are fully and clearly investigated.

At top of landslide dam, three large diameter investigation shafts with diameter of
1.5 m are arranged. The maximum depth of shaft is up to 97 m, which reach the bedrock,
clearly identified the landslide dam.

6.1.2 Field Test Results of the Landslide Dam and the Ancient Landslide
on the Left Bank

A large number of tests were carried out on the landslide dam and the left-bank ancient
landslide. The results are shown in Tables 1 and 2 and Fig. 7.

Table 1. Test results of the landslide dam

Test
item

Density test by water-filling
method

Relative density Grain composition (%)

Dry
density
(g/cm3)

Specific
weight

Porosity
(%)

Maximum
dry
density
(g/cm3)

Minimum
dry
density
(g/cm3)

>200
(mm)

200–60
(mm)

60–2
(mm)

<2
(mm)

Range
value

1.83–2.28 2.71–2.83 19.4–33.9 / / 0–18.3 1.8–41.1 31.1–85.3 5.5–37.4

Average
value

2.01 2.78 26.2 2.11 1.55 6.82 19.9 49.8 26.8

No. of
Tests

7 15 3 1 1 15 15 15 15

6.1.3 Analysis of the Test Results

According to the analysis of the field test results, the specific weight of the landslide dam
is between 2.71 g/cm3 and 2.83 g/cm3, the maximum dry density of the seven test points
is 2.28 g/cm3, the minimum dry density is 1.66 g/cm3, and the average dry density is
1.98 g/cm3. The corresponding minimum porosity is 19.4%, and the maximum porosity
is 40.7%. Because the grain portion with >60 mm was eliminated in the laboratory
relative density test, the results of relative density (maximum dry density 2.11 g/cm3,
minimum dry density 1.55 g/cm3) in test group 1 are only for reference.

According to the gradation curve of thematerials excavated from the pits, the grading
between 100 and 5 mm belongs to a relatively steep descending curve, which occupies
a relatively large portion. Most of the soil samples smaller than 2 mm are relatively few.
According to the results of the grading curve of the boreholes, the maximum diameter
of the core sample from ZK107 is 400 mm. The portion above 2 mm is relatively large,
and the content of fine grains below 0.075 mm is very small. Due to the crushing effect
of the bore core during the cutting process of the drill bit, the grain size of the actual
landslide deposit is larger than that of the sample of the drill core.
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Fig. 7. Grading curve of landslide block

6.1.4 Analysis of the Results of the Ancient Landslide on the Left Bank

The in-situ density test of 6 points was completed in the adit of the ancient landslide. The
dry density range was 2.20–2.35 g/cm3, the average value was 2.30 g/cm3, the average
specific weight was 2.83, and the porosity of the 6 points was 17.5%–23.1% with an
average of 19.5%. One group of soil samples was taken for laboratory relative density
test. The grain portion with >60 mm was eliminated before the test. The maximum dry
density was 2.34 g/cm3 and the minimum dry density was 1.77 g/cm3.

The analysis of the grading test for 22 groups of grains showed that the proportion
of grain size was mainly concentrated in the gravel section of 60–2 mm, with an average
value of 53.6%, followed by the portion below <2 mm, accounting for 22.8%, and the
average value of giant grains larger than 60 mm was 23.6%.

The on-site permeability test was carried out in an adit and a total of 4-point tests
were completed. The test result showed that the minimum permeability coefficient was
2.13 × 10−2 cm/s and the maximum value was 1.24 × 10−1 cm/s, indicating that the
permeability was high.

6.2 Anti-seepage Proposal

As the water head retained by the landslide block is more than 100 m, several proposals
including a anti-seepage proposal for the upstream slope, a concrete cut-off wall proposal
and a self-compacting concrete reinforcement proposal were compared, of which a cut-
off wall for the landslide dam and a grouting curtain for the ancient landslide on left
bank combination proposal were selected.

The anti-seepage system of “137 m-in-depth cut-off wall on main river channel plus
125 m-in-depth grouting curtain of ancient landslide on left bank” was adopted, the
treated landslide dam is formed.

The axis of the cut-off wall is arranged along the crest of the dam. The total length is
267 m, the wall is 1.2 m thick, with a depth of 1 m into the rock mass, and the maximum
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depth is about 130 m. The left bank ancient landslide is provided with grouting tunnel
and double-row curtain grouting for seepage control. The maximum depth of the curtain
in the area of the deposit is about 92 m, and the single-row grouting is used for seepage
control in the bedrock, with a grouting spacing of 1.5 m. The bottom boundary of the
anti-seepage is controlled by the 5 Lu line, and the anti-seepage profile is shown in Fig. 8.

Fig. 8. Profile along the axis of the anti-seepage alignment

6.3 Analysis of Deformation, Seepage and Stability of the Landslide Dam

A finite element grid for stress and deformation analysis is established considering the
ancient landslide and the landslide dam. The computation grid includes the paleo-bed al-
1, the paleo-bed al-2, the ancient landslide del-1, the ancient landslide del-2, the landslide
block col-1, the landslide block col-2, the anti-seepage curtain and the concrete cut-off
wall (Fig. 9).

Fig. 9. Three-dimensional finite element grid of the overall landslide dam
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According to the calculation and analysis, the maximum settlement of the dam is
31.4 cm, which occurred near the surface of the dam on the left bank; the maximum
displacement along the river occurred in the middle of the cut-off wall with a maximum
value of 9.78 cm; the maximum settlement is 8.44 cm. The maximum principal stress of
the cut-off wall is about 12.6 MPa, and the tensile stress in the tensile stress zone of the
cut-off wall is generally less than −2 MPa. When the full supply level is at El.1,200 m,
the leakage is 45.6 L/s. See Table 3 for details.

Table 3. Calculation results of maximum stress and deformation of Hongshiyan landslide dam
and cut-off wall

Calculation
plan

Settlement
(cm)

Displacement along
river(cm)

Displacement
along dam
axis(cm)

Principal
stress
(MPa)

Minimum
stress
(MPa)

Towards
upstream

Towards
downstream

Towards
left
bank

Towards
right
bank

Landslide
block during
formation
period

101.5 10.6 14.5 26.2 11.0 3.27 1.03

Landslide
block during
deposit
period

31.4 4.14 3.65 5.92 11.0 3.37 1.00

Landslide
block during
impoundment
period

8.44 1.12 9.78 3.61 2.92 3.67 1.22

Cut-off wall
during
impoundment
period

2.42 0.00 9.78 2.80 0.28 12.6 6.90

The upstream and downstream slopes of the Hongshiyan landslide dam are gentler
than those of conventional earth-rock dams. The safety factor of anti-sliding stability is
greater than the allowable value of the specification, and there is a certain safety margin.
The locations of most dangerous slip arcs of the upstream and downstream slopes under
each working condition along the maximum cross section are shown in Fig. 10.

6.4 Construction Technology of Cut-off Wall and Grouting Technology
of Landslide Dam

With the use of pre-blasting and pre-grouting and other processes, the maximum depth
of the left bank anti-seepage wall implemented is about 131 m.
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Fig. 10. Locations of the most dangerous slip arcs of the upstream and downstream slopes under
each working condition along the maximum cross section

6.4.1 Analysis of Key and Difficult Points in the Construction

The maximum depth of the concrete cut-off wall of the project is more than 137 m. The
wall passes through the rockfill deposit and the sand/pebble/gravel layer. The grain size
of the rockfill deposit is extremely uneven, the trench is easy to be inclined, the work
efficiency is low, and the slurry leakage and collapse, giant blocks resulted in difficulties
during the formation process. The trench entering the rock of the steep slope on the right
bank is the difficult and key point of the construction of the project; the cut-off wall of
the project is a permanent building, the thickness and depth of the wall are large, and
the joint connection of the wall is the key of the project.

The grouting tunnel of left ancient landslide is quite small with limited space. The
efficiency of common drilling equipment is quite lower. There are some large-porosity
rock layers under landslide dam foundation, the cement mortar of grouting is easy to
loss and disperse. Grouting of cement mortar in the foundation of the landslide damwith
concentrated fines tends to be difficult.

6.4.2 Construction Procedure and Method

According to the characteristics of the project, the drilling and grasping method is
adopted, which is based on the impact drilling rig and supplemented by the mechanical
grab. The joint construction adopts “joint piping method” and “drilling method”:

(1) Before the construction of the concrete cut-off wall, a row of consolidation grouting
boreholes are arranged on the upper and lower sides of the axis of the cut-off wall.
The grouting borehole is 1.5 m away from the axis of the cut-off wall, with a
borehole spacing of 1.5 m, and the paste slurry is used for grouting. The large
leakage channel is blocked to reduce the leakage during the process of the cut-off
wall to ensure the smooth implementation of the construction.

(2) In order to prevent the trench from collapsing, the construction platform is rolled
and compacted. The guide trench is made of reinforced concrete structure and
compacted with clay on the back side of the guide wall.

(3) The mud for fixing the wall is made of high quality MMH positive electric glue
mud, and the tackifier or plugging agent is added according to the actual situation.

(4) For large blocks, pre-blasting and grouting are used in the drilling before construc-
tion. In the formation process of trench, it is equipped with a 12t heavy hammer. If
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the effect is not ideal or a large boulder is encountered, the in-hole energy blasting
or small-diameter drilling blasting is adopted.

(5) The accuracy detection of trench or borehole is performed usingKD-400 or KM684
ultrasonic logging tool.

(6) In order to ensure the success rate of tube drawing, a layer of foam is wrapped
in the joint tube, and then wrapped with geotextile to reduce the resistance of the
drawing, and the tube is drawn by a vibration hydraulic tube puller.

(7) During the borehole-formation process, in case of voided formation, in addition to
the use of conventional clay filling, sawdust and other materials, expansion powder
and high-efficiency plugging agent can be used for plugging.

The full hydraulic low clearance driller is studied and manufactured special for the
Hongshiyan landslide dam with small dimension and flexible operation to solve the
quick drilling for grouting curtain in overburden withing limited space. New grouting
material, i.e. silica sol with high adhesive plastic, large yield strength and anti-scouring
is studied and made. It suits the grouting condition with large porosity rock layer and
under flowing water, and can avoid or reduce the grouting mortar to be dispersed and
washout. The grouting material of environment-friendly nano-degree ludox is studied
and made to solve the technical difficulties of filling grouting material of wide gradation
landslide dam materials.

7 Summary

The remediation project of theHongshiyan landslide-dammed lakewas started following
the emergency rescue and subsequent disposal of the lake in August 2014. The reservoir
has been impounded in 2019, the landslide dam has retained to a high water level with
safe operation. This paper summarizes the key technologies such as emergency treatment
technology under the lack of information conditions, the comprehensive treatment of the
750 m-high slope resulting from intense earthquake and comprehensive treatment of the
130 m-grade landslide dam composed of materials with discontinuous wide gradation.
The paper provides reference and experiences for the development and utilization of
similar landslide dammed lakes.
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Abstract. Landslides occurred twice in Baige Village, Jiangda County, Changdu,
Tibet on October 10 and November 3, 2018, blocking the main stream of the
Jinsha River and forming a barrier lake. After the occurrence of the significant
event, entrusted by the National Energy Administration, China Renewable Energy
Engineering Institute quickly established a Technical Emergency Response Team
and scientifically studied and judged the risks of the barrier lake and accurately
predicted the flood caused by break of the barrier lake with the support and coop-
eration of all relevant organizations. In the shortest time, it studied, formulated
and implemented a series of emergency response schemes, such as the manual
excavation of the barrier, the removal of the cofferdam of Suwalong Hydropower
Station, and the emergency water discharge of Liyuan Hydropower Station, which
effectively alleviates the disaster and risk, and ensures the safety of hydropower
projects under operation and construction in the lower reaches. Combinedwith the
experience of this risk treatment, this paper considers and predicts the risk assess-
ment, emergency safety management, joint dispatching of cascade reservoir, etc.
of the river basin water at cascade level.

Keywords: Barrier lake · Dam break · River basin cascade · Emergency safety ·
Hydropower project

1 Hydropower Planning for the Upper Reaches of Jinsha River

TheNationalDevelopment andReformCommission approved theHydropowerPlanning
for the Upper Reaches of the Jinsha River (FGBNY [2012] No. 2008) in 2012. From
the upper reaches to the lower reaches, Xirong, Shala, Guotong, Gamtog, Yanbi, Bolo,
Yebatan, Lawa, Batang, Suwalong, Changbo, Xulong and Benzilan are successively
planned, and the hydropower layout of “one reservoir and thirteen cascades” is shown
in Fig. 1.

Currently, hydropower stations at Yebatan, Lawa, Batang and Suwalong have been
approved and are under construction; Changbo Hydropower Station has passed the
review of feasibility study report, and four cascade hydropower stations, Gamtog, Boluo,
Xulong and Benzilan, are in the stage of feasibility study.
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(a) Planning

(b) Longitudinal Section

Xirong

Shaila
Guotong

Gangtuo

Yanbi

Boluo

Yebatan

Lawa

Batang

Suwalong

Changbo

Xulong

Benzilan

Fig. 1. Hydropower planning for the upper reaches of Jinsha River.



98 S. Zheng et al.

2 Formation and Break Process of Baige Barrier Lake

2.1 The First Barrier Lake Formed on “10.11”

On the evening of October 10, 2018, a landslide occurred at the junction of Baiyu
County, Ganzi Prefecture, Sichuan Province and Jiangda County, Changdu City, Tibet
Autonomous Region. The landslide blocked the main stream of the Jinsha River to form
a barrier lake. The accumulated length of the barrier along the river is nearly a 1,000 m,
the width of the cross river is about 300 m, and the total volume is about 12.5 million
m3.

At 17:00 on the 12th, the barrier lake began to overflow naturally, and the peak
discharge of the burst flood reached 11,000 m3/s around 3:00 on the 13th. From Yebatan
Hydropower Station to Liyuan Hydropower Station, the lower reaches of the barrier lake
is affected by the dam break flood. Among them, two unfinished diversion tunnels on the
left and right banks of Yebatan Hydropower Station under construction were forced to be
under overflow, some construction roads and tunnels with low elevations were flooded,
and the roads, construction sites and facilities along the river in the dam site area were
seriously damaged; the cofferdam and diversion tunnel of SuwalongHydropower Station
under construction were tested by over-limit flood. At 10:00 on the 15th, the flood peak
of the barrier break reached the built Liyuan Hydropower Station, which had no effect on
the lower reaches after being regulated by cascade hydropower stations such as Liyuan
and Ahai. The upstream power stations also organized and carried out hidden danger
investigation in projects and production recovery in time after the barrier break flood.

2.2 The Second Barrier Lake Formed on “11.03”

At about 17:00 on November 3, the original main chute of Baige Landslide collapsed
again to form a secondary river blocking. The newly added volume of the barrier is
2 million m3, with a total scale of 10 million m3. The top elevation is about 2,966 m, and
the capacity of the barrier lake formed is about 775 million m3, which is 4–5 times of
the capacity of the “10.11” barrier lake. Once the barrier breaks, it will cause disastrous
consequences to the lower reaches.

After the formation of the high-risk barrier lake, the Expert Group of China Renew-
able Energy Engineering Institute (CREEI) considered after analysis that the barrier lake
break flood would overflow the earth rock cofferdam of Suwalong Hydropower Station
under construction in the lower reaches, resulting in the barrier burst, and the combina-
tion of the barrier burst flood and the barrier lake flood would aggravate the impact on
the lower reaches. Hence, the Expert Group put forward several suggestions of emer-
gency plan to the National Energy Administration on the early manual intervention of
the barrier lake, including the excavation of the discharge channel, the demolition of the
cofferdam of Suwalong Hydropower Station, and the early and deep water discharge of
the Liyuan hydropower station.

At 5:00 on the 12th, the water level of the barrier lake rose to 2,952.52m, an elevation
from the floor of manual excavation of discharge chute, and the water gradually entered
the manual excavation chute; at 10:50, the manual excavation chute officially and com-
prehensively overflowed. At 8:00 on the 13th, the flow of the barrier break increased
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to about 70 m3/s and entered the break stage; at 18:20, the maximum peak flow of the
barrier break was estimated to be about 33,900 m3/s. After the break of the barrier, the
flood peak formed rapidly advanced to the lower reaches, passing through the locations
of Yebatan, Lawa, Batang, Suwalong, Benzilan, Shigu and Liyuan in turn. Figure 2
shows the flow process of each station on the upper and middle reaches of Jinsha River.
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Fig. 2. Flood flow process of stations in the upper and middle reaches of the Jinsha River.

The direct economic loss caused by the breach of the barrier lake on “11.03” to
Sichuan, Tibet and Yunnan Province was more than RMB 13 billion yuan. The direct
economic loss caused by the second risk of barrier lake on “11.03” to Yebatan, Batang,
Suwalong and other hydropower projects under construction in the upper reaches of
Jinsha River was about 1.188 billion yuan, and the loss to Liyuan and other hydropower
projects under construction was 64 million yuan. Through manual intervention, the top
elevation of the barrier was reduced by about 13.5 m, and the storage capacity of the
barrier lake was reduced by 216 million m3, which effectively reduces the risk of the
lake and the downstream loss.

3 Emergency Response to the Risk of Barrier Lake

After the occurrence of Baige Barrier Lake, CREEI immediately dispatched more than
30 technical experts to set up a Technical Emergency Response Teamunder the unified
deployment and guidance of the National Energy Administration, established a contact
channel with the construction management and operation organizations of each cascade
power station, timely and accurately obtained on-site information, and issued a risk
report as soon as possible. Especially in the second emergency response of barrier lake
on “11.03”, CREEI has organized seven working meetings of the TechnicalEmergency
Response Team to discuss and judge the risk, arrange relevant work, put forward a series
of emergency response plans, and carry out dynamic tracking analysis on the real-time
situation of barrier lake and barrier break flood.
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3.1 Major Emergency Response Plans

On November 4, CREEI sent experts to the Baige Barrier Lake for the first time, cooper-
ated with the National Energy Administration, the Ministry of Emergency Management
of the People’s Republic of China and other national ministries to carry out the site
work, and collected the first-hand information about the barrier. The Technical Emer-
gency Response Team used the preliminary information fed back from the site and the
data of basin topography to estimate the capacity of the barrier lake, and immediately
carried out the preliminary calculation and analysis of the barrier break flood and flood
evolution, so as to comprehensively study and judge the risk and its impact on the existing
power station under construction.

According to the analysis of the barrier break flood, the peak flow of the barrier break
floodwas expected to exceed 37,000m3/s without anymanual intervention. If the barrier
was manually pre-excavated for a discharge chute to a depth of 10 m, the pass elevation
of discharge chute of the barrier could be reduced to 2,956 m, and the peak flow of the
barrier flood was expected to be about 31,000 m3/s, and the manual excavation of the
barrier would effectively reduce the break flood flow.

According to the analysis of flood evolution, under the condition of manual pre-
excavation of discharge channel, the peak flood flow barrier break flood to the upstream
cofferdam of Suwalong Hydropower Station would reach 20,000 m3/s, which was far
greater than the discharge capacity of diversion structure of Suwalong Hydropower
Station, 6,480 m3/s. In view of that the storage capacity of “11.03” Baige Barrier Lake
was about 775millionm3,whichwas farmore than that of thefirst barrier lake on “10.11”,
even though the diversion structure of Suwalong Hydropower Station was provided with
a certain over-discharge capacity, the highestwater level at the cofferdamwhere the break
flood reached would still reach 2,448m, which is higher than the cofferdam top elevation
of 2,432 m. The possibility of overflow and break of the earth rock cofferdam top was
great, which would cause superimposed effect of flood on the lower reaches. Therefore,
it was recommended to carry out measures such as partial removal of cofferdam, filling
water in foundation pit or overflow protection of cofferdam in advance (Fig. 3), to avoid
secondary disasters caused by cofferdam collapse, and initiate emergency plans to ensure
the safety of life and property in the construction area.

According to analysis of flood regulation of Liyuan Reservoir, when the barrier break
flood evolved to Liyuan Reservoir, the peak flood flowmay reach 22,000m3/s in extreme
cases. If thewater level of LiyuanReservoir was lowered to 1,598mof the crest elevation
of the spillway in advance, the highest water level in front of the dam can be controlled
at 1,625.88 m, 2.67 m higher than the check water level and 0.12 m lower than the crest
elevation through the discharge of spillway and flood and sediment releasing channel.
Therefore, in order to ensure the operation safety of Liyuan Hydropower Station, it was
necessary to take the emergent measure of water discharge to lower the water level in
advance. In view of the analysis of reservoir discharge duration and the prediction of the
full storage time of the barrier lake, it was considered that Liyuan Hydropower Station
was providedwith enough time to discharge the reservoir, and thewater discharge scheme
mainly based on power generation can meet the requirements. First, the full discharge
of the unit of 2,544 m3/s was used to discharge the reservoir to the dead water level
of 1,605 m; then, the reservoir water level was further lowered to the crest elevation of
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Fig. 3. Destruction and removal of upstream and downstream cofferdams of Suwalong
Hydropower Station

1,598 m of the spillway by the flood discharge facilities, or even 1,571 m if necessary
according to the actual implementation of measures such as manual intervention of the
barrier.

Based on the above analysis results, CREEI quickly put forward three suggestions to
the National Energy Administration: (1) carrying out manual excavation to the barrier as
early as possible; (2) breaking and removing the upstream and downstream cofferdams
of Suwalong Hydropower Station; (3) carrying out emergent water discharge for Liyuan
Hydropower Station. Combined with the results of calculation and analysis, CREEI
assisted the Joint Working Group on site to complete the analysis report on the down-
stream water level along the river after the dam break, providing the evaluation basis
for the local government on inundation impact. After discussion, the above suggestions
were adopted, which provided important reference for emergency response.

3.2 Dynamic Tracking Analysis of Flood Situation of Varrier Lake and Barrier
Break Flood

According to the actual situation of the final “11.03” Baige Barrier Lake, the peak flood
flowat the barrier breakwas about 33,900m3/s, and that at SuwalongHydropowerStation
was about 19,800m3/s, whichwas slightly different from the predicted peakflood flow of
31,000 m3/s at break and 20,000 m3/s in Suwalong Hydropower Station. The Technical
Emergency Response Team of CREEI accurately predicted the key information, such as
the break time of the barrier and the maximum peak flood flow.

In order to grasp the situation of Baige Barrier Lake in time and accurately, the
Technical Emergency Response Team of CREEI organized all kinds of data through
the channels of experts appointed to the site and comprehensive monitoring platform,
analyzed and judged the possible risks and hazards continuously for 24 h, issued and
predicted the real-time situation of water level of barrier lake and barrier break flood
evolution, and even updated and issued information every 15min during the peak period.
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At the same time, the Technical Emergency Response Team successively carried
out the analysis of barrier break flood evolution and flood regulation calculation of 10
schemes according to actual situation including the progress ofmanual intervention of the
barrier andbarrier breakflood, and constantly adjusted the schemes ofwater discharge for
Liyuan Reservoir, which provided necessary technical support for reasonable decision-
making.

4 Inspiration of Risk Response and Work Prospect

4.1 Cascade Risk Assessment of Upstream Jinsha River

The upper reaches of the JinshaRiver is rich in hydropower resources, and is an important
hydropower base in China. However, the topographical and geological conditions in this
area are complex, especially the barrier lake formed by occurrence of two continuous
landslides in Baige Village, Jiangda County, Changdu City, Tibet Autonomous Region
has a great impact on the construction of hydropower projects under construction in the
basin. In order to deal with the risks in the hydropower development and construction of
the Jinsha River, and to investigate and sort out the potential adverse geological bodies
and geological disasters in the construction of the power station, CREEI organized 12
organizations to carry out the risk assessment of the upstream hydropower cascade of
the Jinsha River for 8 months according to the requirements of the National Energy
Administration.

Firstly, the potential unfavorable geological bodies in the upper reaches of the Jin-
sha River and the geological disasters in the construction of the hydropower station
are systematically investigated in the evaluation. According to the investigation, the
research on the shape and volume of the barriers formed by landslides, the analysis of
the barrier break flood, and the calculation of the flood evolution were carried out for the
unfavorable geological bodies with high risks of river blocking and affecting the safety
of the river basin cascades. On this basis, the risk and countermeasures of 4 cascade
hydropower stations under construction in the basin were analyzed and studied year by
year and by period. Finally, systematic solutions for unfavorable geological bodies were
put forward from the aspects of planning and implementation, construction sequence,
design standards, engineering response measures, construction operation management,
emergency plan, etc. of cascade hydropower stations in the basin, so as to ensure the
construction and operation of the project and the safety of the basin.

4.2 Reasonable Arrangement of Construction Sequence of Cascade Power
Stations

It can be found from the two failures of Baige Barrier Lake that the most effective
way to deal with the risk of barrier break flood is to use the built cascade reservoirs in
the lower reaches to retain the flood. Unified dispatching of controlled reservoirs and
basin cascades is important to reduce barrier break flood of barrier lakes. Therefore,
it is necessary to analyze the reasonable construction sequence of cascade hydropower
stations, give full play to the role of flood prevention and mitigation of basin control
projects such as the leading reservoir, and improve the overall response capacity of the
basin to risks.
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4.3 Demonstration and Revision on the Relevant Technical Standards
for Hydropower Projects

How to consider the risks of large landslides and barrier lakes to reservoirs, and how
to determine the design flood standard, safety free board and other safety standards
in hydropower projects are studied and demonstrated in depth. At present, CREEI is
organizing and carrying out the research and demonstration on the relevant technical
standards.

4.4 Improvement of the Emergency Safety Management Level of Hydropower
Projects

By the end of 2019, the total installed capacity of hydropower in China has reached about
320millionkilowatts. In the JinshaRiver,YalongRiver andother basins, 65%–80%of the
installed hydropower capacity has beenbuilt or under construction,while the hydropower
development degree has exceeded 80%–90% inWujiangRiver,NanpanRiver -Hongshui
River, Dadu River and the upper reaches of the Yangtze River. The key development
of hydropower basin in China has been gradually changed from project construction to
operationmanagement. At present, the foundation of basin riskmanagement is relatively
weak.

In the emergency response of Baige Barrier Lake, the information of river basin
power stationswas prepared and analyzed comprehensively in a short time. There are also
some deficiencies in the technical emergency support system. Different organizations
have great differences in the prediction of barrier break flood. In the calculation of flood
evolution, the influence of wide valley in Shigu Section on flood evolution was not taken
into account, and the loss caused by the downstream flood was not predicted accurately,
which restricted the efficiency, pertinence and accuracy of emergency response to a
certain extent.

Currently, relevant management measures and standards have been issued by the
State Flood Control and Drought Relief Headquarters, the Ministry of Water Resources
of the People’sRepublic ofChina, theNational EnergyAdministration and other national
ministries and commissions, which put forward requirements for the emergency plan
for reservoir flood prevention and rescue, the risk and impact of dam break flood, the
emergency management system for dam safety, etc. In recent years, the Spillway Acci-
dent of Oroville Hydropower Station in the United States and the secondary dam break
accident of Xepian-Xenamnoy in Laos have brought us enlightenment. In order to cor-
rectly, quickly and properly handle the emergency accidents such as dam break, barrier
lake, earthquake and flood exceeding the limit, it is necessary to further improve the
emergency safety management level of hydropower projects, improve relevant techni-
cal standards and carry out risk management research on full life cycle of hydropower
projects.

In addition, it is necessary to establish a safetymanagement platform for hydropower
basin as soon as possible. We need to resolve or slow down various risks such as over-
limit floods, earthquakes, barrier lakes, reservoir bank landslides and debris flows, and
minimize the losses through the joint operation and water regime prediction of cascade
reservoirs in the basin while striving for the maximum economic benefits.
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5 Conclusions

After two emergencies of Baige Barrier Lake, China Renewable Energy Engineering
Institute has made efforts to scientifically study and judge the risk of barrier lakes,
accurately predict the barrier break flood under the guidance of the National Energy
Administration and the support and cooperation of all relevant organizations, and studied,
formulated and implemented a series of emergency response plans in the shortest time,
which effectively alleviated the disaster and risk, and ensured the safety of downstream
hydropower projects in operation and under construction.

Through a series of events at home and abroad in recent years, such as the emer-
gency response of Baige Barrier Lake, we have realized that it is necessary to build an
emergency command platform and system for the power industry, strengthen the com-
prehensive monitoring of safety emergency in the basin, carry out safety risk assessment
and hidden danger investigation in the basin, orderly promote the construction of cas-
cade power stations, and improve the level of disaster prevention and mitigation in river
basins.
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Abstract. Riprap iswidely used as erosion protection consisting of either dumped
or, in an interlocking pattern, placed stones. Data about the stability and failure
mechanism of riprap on steep slopes is scarce and hence subject to research.
Dumped and placed ripraps constructed on a slope of 1:1.5 (vertical: horizontal)
were exposed to overtopping scenarios in small scale model tests and in the field
with large-scale riprap stones. Detected stone displacements in the riprap depict
a two-dimensional deformation of the placed riprap structure. The displacements
along the flow direction led to gap formation at the upstream section of the riprap
where the adjacent stones lost their interlocking and became prone to erosion.
In combination with a lift in the middle of the riprap, buckling is described as
the failure mechanism for placed riprap with a fixed toe with analogy to Euler’s
Buckling theory. Dumped riprap failed by sliding down the filter layer as soon as
the top of the stones were overtopped by the flow.

Keywords: Riprap · Failure mechanism · Rockfill dam · Physical modelling

1 Background

Embankment dams are the most common dam type worldwide, 78% according to the
World Register on Dams (International Commission on Large Dams, 2020). The most
frequent reason for embankment dam failure is overtopping (International Commis-
sion on Large Dams, 1995). A protective riprap layer on the crest and the downstream
slope (Fig. 1) can delay or prevent erosion in case of accidental leakage, overtopping or
sabotage of the dam (e.g. Orendorff et al. 2013 and Toledo et al. 2015).

The current construction practice in Norway is to protect the downstream slopes
of embankment dams with single-layered placed riprap structures. In comparison with
ripraps comprising of randomly dumped stones, placed riprap consists of sufficiently
large stones which are placed in an interlocking pattern with their longest axes towards
the dam (Ministry of Petroleum and Energy 2009, [Dam safety regulations]). The riprap
stones sizing is usually of the order of 0.3 to 0.7 m in diameter. Most of the large
embankment dams in Norway, exceeding 15 m in height, are rockfill dams and were
constructed before 1990 (Norwegian Water Resources and Energy Directorate 2016).
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Fig. 1. Depiction of placed riprap constructed on the downstream slope of the 143 m high dam
Oddatjørn, highest rockfill dam in Norway. (Photo: NTNU)

The support fill of rockfill dams consists of rockfill for more than 50% of the dam volume
(Kjærnsli et al. 1992). The downstream slopes of rockfill dams are usually inclined with
1:1.5 (vertical: horizontal) corresponding to a slope of S = 0.67. An ongoing research
program focuses on investigating stability aspects of rockfill dams subjected to extreme
loading scenarios. Part of it is to describe the stability aspects and failure mechanisms
of placed riprap on steep slopes exposed to overtopping flows.

Data of riprap stability, either dumped or placed, on steep slopes up to S = 0.67 are
scarce. A few studies are available from Germany, where small earth dams (<10 m in
height) are used for flood retention reservoirs and the spillways in some cases are formed
as an overtoppable dam sectionwith erosion protection (Siebel 2007 andDornack 2001).
A single study (Dornack 2001) with placed ripraps on slopes as steep as S = 0.67 was
found. Siebel (2007) investigated placed riprap stability on slopes of 0.067 < S <

0.33 and described the failure mechanisms: “erosion of single stones”, “sliding of the
protection layer” and “disruption of the protection layer”.

Further, available information regarding practical aspects of placed riprap construc-
tion such as adopted construction practices and existing state of placed ripraps con-
structed over the past several decades is rare. With an objective of addressing this con-
cern, a field survey of placed ripraps on 33 different rockfill dams was conducted by
Hiller (2016). A subsequent field survey of 9 rockfill dams was conducted by Ravin-
dra et al. (2019). These studies document details describing placed riprap construction
such as stone sizing, orientation, packing density and existing state of toe conditions for
placed ripraps constructed on several Norwegian rockfill dams.

The research presented in this paper aims at adding to available literature on riprap
design on the downstream slopes of rockfill dams. Physical model test and field test with
large-scale riprap stoneswere executed to increase the knowledge and technical expertise
on performance of ripraps on steep slopes (S = 0.67) under overtopping conditions. This
paper summarizes the so far conducted studies. The findings are discussed with focus
on riprap stability and failure mechanisms.
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2 Methodology

Model ripraps constructed with stones of median size d50 = 0.057 m were tested in the
hydraulic laboratory at the Norwegian University of Science and Technology (NTNU)
Trondheim. Furthermore, two series of tests were run on large-scale ripraps constructed
with stones of sized d50 = 0.54 m at a temporary field site in 2013 and with d50 = 0.37 m
in 2015. Most tests were conducted with placed ripraps, and few tests were also carried
out with dumped ripraps for comparison with literature.

Essential parameters to describe riprap stability are the packing factor and the critical
stone-related Froude number. The packing factor Pc in Eq. (1) relates the number of
stones per m2 surface area, N, to the area of an average stone represented with the
median stone size, d250. It was introduced by Linford & Saunders (1967) and Olivier
(1967).

Pc = 1

N · d250
(1)

The critical stone-related Froude number Fs,c in Eq. (2) was used to quantify riprap
stability with the critical unit discharge at riprap failure qc, the gravitational acceleration
g and the nominal stone size d.

Fs,c = qc√
gd3

(2)

2.1 Model Tests

The model test setup was situated in a hydraulic flume (25 m long, 1 m wide, 2 m
high) and consisted of a horizontal crest and an inclined 1.8 m long chute with S =
0.67 (Fig. 2). The tests P05, P06, P07 and D02 were run with reduced chute length
to achieve scaling of 1:6.5 to the field tests run in 2015, using Froude similarity. The
single layered ripraps were constructed by hand and the model setup was limited to the
filter layer and the riprap. Overtopping discharge magnitude was increased stepwise for
specific time intervals. Between each step, the discharge was stopped, and the riprap
inspected carefully. The position of selected stones was determined employing a 3D
laser traverse system. The procedure was repeated until ultimate riprap collapse was
achieved. Discharge, water levels and video footages were recorded during the tests.
Observers followed the tests carefully and noted removal of stones. The details for the
model studies are available in Hiller et al. (2018) and Ravindra et al. (2020).

2.2 Field Tests

The field tests with large-scale riprap stones were situated within the outlet channel
of dam Svartevatn as shown in Fig. 3. The 3 m high and 12 m wide test dams were
built employing large construction machinery. Discharge was supplied through a middle
outlet from the reservoir. The field tests are documented in detail within Hiller et al.
(2019) and Hiller & Lia (2015).
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Fig. 2. Sideview of the model setup in the laboratory with placed riprap. Horizontal crest and
inclined chute with S = 0.67. (Photo: NTNU)

3 Results

The results from ten model tests and five field tests are summarized in Table 1 as well as
in Hiller (2017). The results of the model tests are in detail described and discussed in
Hiller et al. (2018). Data sets obtained from Hiller et al. (2018) were subjected to further
statistical analysis to describe 2D riprap stone displacements. Results from the study are
presented in Ravindra et al. (2020). Themodel and field tests are systematically analysed
and compared in Hiller et al. (2019). Videos footages are available online for test F13P1
(Hiller 2015) and test F15P2 (Hiller et al. 2019).

Placed ripraps were found to be more stable than dumped ripraps as demonstrated
by the higher critical stone-related Froude numbers in Table 1. The stability for placed
riprap, ending with riprap failure, was in the range between Fs,c = 1.6 for F13P2 and
Fs,c = 10.6–11.3 for F15P2. There were three tests P05–P07 with placed riprap which
withstood the maximum available discharge of q = 0.49 m2s−1 in the test flume. They
are hence indicated with Fs,c > 11.5. The riprap in test F13P2 failed due to an instability
in the dam toe and not direct riprap failure. The placed ripraps in the model tests were
denser packed than in the field as reflected by the low Pc values. The packing factor for
dumped riprap are in the same range for model and field tests. Dumped riprap failure
commenced as soon as overtopping of the riprap structurewas achieved leading to sliding
on the underlying filter layer. Erosion of the first stone coincided with riprap failure as
indicated by qs q−1

c = 1. Placed ripraps in general endured the erosion of single stones
and hence qs q−1

c < 1, except for P03 which was loaded in a single loading step and
F13P2 which failed due to toe instability. In some tests, it was not possible to observe
removal of the first stone, marked with n/a in Table 1. The maximum displacements
�xmax were smallest for test P05–P07 in which the riprap did not fail. The displacements
accumulated at the top of the chute forming a gap. Consequently, the riprap stones at
the gap gradually lost their interlocking and were prone to erosion. Placed riprap failure
initiated with progressive erosion at the top of the chute and rapidly propagated down
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Fig. 3. Field site for the large-scale riprap tests. The 3 m high and 12 m wide test dams were
situated in the outlet channel (in the center) of the large dam Svartevatn (in the background on the
right). (Photo of test F13P1: NTNU)

Table 1. Summary of results from model and field tests. The letter “P” in the test name implies
placed riprap and “D” dumped riprap. The field tests are additionally named with “F13” for the
series in 2013 and “F15” for 2015.Median stone diameter d50, packing factorPc, critical discharge
at riprap failure qc, ratio between the discharge at erosion of the first stone qs and qc, critical
stone-related Froude number Fs,c and maximum displacements in flow direction at the marked
stone in the top of the chute �xmax.

Test d50 (m) Pc (-) qc (m2s−1) qsq
−1
c (-) Fs,c(-) �xmax (m)

P01 0.057 0.56 0.24 0.42 5.6 0.110

P02 0.057 0.55 0.36 0.28 8.4 0.106

P03 0.057 0.52 0.25 1.00 5.9 0.066

P04 0.057 0.53 0.40 0.50 9.4 0.108

P05a 0.057 0.48 >0.49 n/a >11.5 0.012

P06a 0.057 0.50 >0.49 <0.73 >11.5 0.013

P07a 0.057 0.56 >0.49 n/a >11.5 0.023

P08 0.057 0.55 0.24 0.81 5.6 0.038

D01 0.057 1.05 0.04 1.00 0.9 n/a

D02a 0.057 0.83 0.05 1.00 1.2 n/a

F13P1 0.54 n/a 6.5 n/a 5.2 n/a

F13P2 0.54 n/a 2.0 1.00 1.6 n/a

F15P1 0.37 0.75 6.1 0.74 8.7 n/a

F15P2 0.37 0.64 7.5–8.0 0.84–0.79 10.6–11.3 n/a

F15D1 0.37 0.84 0.4–0.8 1.00 0.6–1.2 n/a
aChute length shorter than 1.8 m
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the chute. This observation of displacements as failure origin of placed riprap on steep
slopes is described in detail in Hiller et al. (2018).

Results from Hiller et al. (2018) describe 1D failure mechanism in placed ripraps on
steep slopes exposed to overtopping scenarios. Further, all past experimental research
on placed ripraps had focused on analyzing the 1D failure mechanism in placed ripraps
exposed to overtopping. A 2D description of the same was unavailable in international
literature.Hence, the study ofRavindra et al. (2020)was aimed at past findings describing
unidimensional failure mechanisms in placed ripraps to 2D by providing qualitative and
quantitative descriptions of 2D displacements of placed riprap stones under overtopping
scenarios. Experimental data sets accumulated by Hiller et al. (2018) through physical
modelling investigation conducted on model ripraps with toe support constructed with
angular stones on a steep slope of S = 0.67 were further analysed along with additional
experimental data. Figure 4 illustrates 2D displacements analysis results from a single
test, test P02 presented in Table 1.

Fig. 4. 2D displacements of selected riprap stones for test P02 from Table 1.

The plot depicts development of 2D stone displacements as a function of applied
overtopping discharge magnitudes (qi q−1

c ). The horizontal axis of the plot (Lm L−1
s )

represents the distance to the respective selected riprap stones from the riprap stone
placed adjacent to the fixed toe structure along the x-axis (Lm) normalized over the
total riprap length (Ls). The vertical axis of the plot represents the progressive stone
displacements along the z-axis normalized over the median riprap stone diameter (�zm
d−1
50 ). Reference is made to Ravindra et al. (2020) for detailed description of the analysis.
From Fig. 4, it can be observed that the selected riprap stones underwent progressive

displacements in the x-z plane as a function of incremental overtopping. The 2D stone
displacements were found to be dependent on both the overtopping flow magnitude and
distance of the respective stones from the fixed toe structure. The 2D displacements
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arising due to flow attack lead to buckling of the riprap structure which in turn leads
to ultimate riprap collapse. Similar displacement patterns were found for all the tests
analysed. The observed buckling mechanism was concluded as a resultant of formation
of a bearing structure as a consequence of the interlocking forces setup within placed
ripraps. Total riprap failure in the conducted testswas found to be initiated at the upstream
section of the riprap when the maximum displacement of riprap stones along the x-axis
exceeded the size of the longest axes of the riprap stones, a-axis, at the upstream end
of the chute (�xmax ≈ a ≈ 1.6 d50) (Hiller et al. 2018). Cumulative analysis of the 2D
stone displacement patterns further revealed that ultimate placed riprap failures were
in general found to be achieved when the stone displacements along the z-axis reached
magnitudes of the order 0.3–0.35 times the median stone diameter of riprap stones (0.3
d50 ≤ �z ≤ 0.35 d50). The deformation behaviour resembled buckling of a slender-long
column pinned at one end and free at the other. Furthermore, a non-dimensional equa-
tion describing the 2D displacements of placed riprap stones was developed employing
Euler’s Buckling theory and was further calibrated employing experimental data sets.

4 Discussion

Dumped and placed riprap differ in packing density as well as stability and failure
mechanism. Dumped riprap failed in the tests conducted as part of this study by sliding of
the protection layer. Erosion of single stones from dumped riprap could not be observed.
The steep slope of S = 0.67 is close to the angle of repose of the material and this
was probably the reason as to why dumped riprap failure was characterized by sliding
mechanism as opposed to erosion of single stones.

The results about the stability in terms of the critical stone-related Froude number
Fs,c for placed ripraps scatter more than for dumped riprap. As far as placed ripraps are
concerned, erosion of individual riprap stones is possible without resulting in ultimate
failure of the entire structure. Arching was observed in the remaining riprap around
the erosion hole of single stones, and the interlocking forces between the riprap stones
compensated for the loss. Hence, it suggests itself that the closer the stones are packed
(low Pc value) the more stable the placed riprap is. This point is also supported by
accumulating displacements in flow direction due to small rearrangements of the stones.
Consequently, a gap developed in the transition between the horizontal crest and the
inclined chute, and the stones adjacent to the gap lost their interlocking and finally were
eroded. The critical size of the gap correlated with the longest axes of the riprap stones
(Hiller et al. 2018).

The buckling failure mechanism in the placed ripraps described by Ravindra et al.
(2020) further extends past findings to 2D. The results add valuable knowledge to
the theoretical and simplified considerations of the failure scenario “disruption of the
protection layer” by Siebel (2007). The observed buckling process in placed ripraps
exposed to overtopping is a direct consequence of the interlocking forces setup between
individual riprap stones leading to the formation of a unified structure behaving in a
manner predictable by well-established structural theorems. This also offers an expla-
nation for the difference in failure mechanisms of dumped and placed ripraps. Since
placed ripraps exposed to overtopping loads form a unified structure as a consequence
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of the generated interlocking effect, detachment of a single loosely placed stone from
the structure does not necessarily entail loss of structural integrity. This is because, the
configuration of the neighboring stones can still offer a considerable degree of resistance
against the destabilizing force. However, since these interlocking forces are negligible
when considering dumped ripraps, dislodgement of individual stone elements lead to
exposure of the underlying filter layer in turn resulting in erosion or sliding of the riprap
as a whole.

The above described processes with displacements and buckling develop gradually
and are hence time-dependent. The loading of accidental overtopping is limited in time
as it is related to a certain flood hydrograph and/or in combination with extraordinary
events such as a clogged gates or spillway. Considering probabilities for such scenarios
and assessing risk by combining probability for overtopping and consequences would
be recommended.

Siebel (2007), Dornack (2001), Sommer (1997), Larsen et al. (1986) investigated the
1D behaviour of placed ripraps and stated that the interlocking of riprap stones allows
for the transfer of longitudinal forces within the placed ripraps. They concluded that
these forces, when large enough, can either cause progressive erosion or rupture of the
riprap layer. This paper describes the rupture as a structural collapse. Thus, the failure of
placed ripraps exposed to overtopping can be a consequence of either sliding or structural
collapse. In case of a constrained toe structure as employed in the experimentalmodel lab
tests considered part of this study, the riprap structure is likely to fail as a consequence of
structural collapse or buckling as a toe support is provided to avoid sliding of the riprap
structure. However, in case of an unrestrained toe, the riprap section could undergo
sliding along the steep slope as a result of limited frictional resistance offered at the
foundation. Hence, the current investigation results suggest riprap toe support as a key
factor influencing overall stability and the underlying failure mechanism.

Further, placed ripraps in the large-scale field tests were not provided with toe sup-
port in the same way. The riprap in test F13P2 failed due to toe instability and hence,
identifies that the support conditions at the boundaries of placed ripraps are crucial.
For the tests conducted in 2015, larger stones were placed at the dam toe and along
the abutments to prevent riprap failure along the boundaries and to focus on the riprap
itself. The observations indicate that placed riprap is more prone to irregularities and
that the stability depends on good foundation conditions than for dumped riprap. Fur-
thermore, detailed survey of existing state of toe support conditions for placed ripraps
constructed on several Norwegian rockfill dams conducted by Ravindra et al. (2019)
revealed that well-defined toe support measures stabilizing riprap toes are currently not
implemented at any of the surveyed rockfill dams. Since toe support condition is consid-
ered as a quintessential parameter governing placed riprap stability, further experimental
research is required in order to better understand failure mechanism of placed ripraps
with realistic toe support conditions. This forms the basis for an ongoing experimental
study at NTNU, Trondheim.

5 Conclusion

The results of the presented study on model and field tests of dumped and placed ripraps
add valuable data for riprap stability on steep slopes. Toe support, the steep slope and
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placing the riprap stones in an interlocking pattern lead to a structural behavior in placed
riprap. I.e., stability of placed ripraps is dependent more on the interaction between
the individual stones leading to a bearing structure. Stability of dumped ripraps on
the contrary is governed by erodibility of individual stones. This conclusion is backed
by the study results describing 1D and 2D deformations in placed ripraps exposed to
overtopping flows. The observed displacements resulted in a gap at the top of the inclined
chute as well as in buckling in the middle section of the chute. The displacements in
x- and z-direction were hence combined to result in a 2D deformation of the placed
riprap structure. Furthermore, the observed deformations were found to be analogous to
empirical predictions from the Euler’s Buckling theory. The displacements developed
gradually, and the process depends hence on time and the applied hydraulic loading.
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Abstract. Earthquake-induced damage to embankment dams have been fre-
quently reported in the past earthquakes. Embankment dam failure triggered by
ground shaking is a complicated nonlinear, progressive, large-deformation pro-
cess. Yet, conventional computational method has significant limitations in mod-
eling the large-deformation failure process due to mesh distortion and numeri-
cal issues. In this study, a two-phase hydro-mechanically coupled Material Point
Method (MPM) is developed,which provides a new tool to investigate fully nonlin-
ear mechanism of dam failure and post-failure large-deformation behavior under
earthquake shaking. The progressive failure process of the embankment dam,
including slip triggering and post-failure large-deformation behavior, are studied
by the developed MPM. As an example, the case history of Lower San Fernando
dam failure during the 1971 M6.6 San Fernando earthquake in California is sim-
ulated. Subjected to strong earthquake loading, the dam materials experience sig-
nificant loss of strength due to liquefaction. The entire failure process of the dam
is captured by the model, indicating great promise of the MPM method in dam
failure analyses.

Keywords: Earthquake-induced dam failure · Large deformation analysis ·
Progressive failure

1 Introduction

Earthquake-induced dam failure is one of the most catastrophic effects of earthquakes,
as evidenced by many historic events over the past decades. A notable example is the
earthquake-induced Lower San Fernando dam failure in California during the 1971M6.6
SanFernando earthquake [1, 2]. Realisticmodelling of earthquake-induced dam failure is
crucial for the design of key infrastructure and to protect human lives in seismically active
regions. Embankment dam failure triggered by ground shaking is a complicated non-
linear, progressive, large-deformation process. Yet, conventional computational method
has significant limitation in modeling the large-deformation failure process due to mesh
distortion and numerical issues. It is thus important to develop innovative numerical
methods that can model the entire dam failure process, including initiation and large
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deformation. It could significantly improve our understanding of the complex process
and the underlying influential factors.

With the advancement of computational technology, there is an opportunity to
develop a physics-based model to study the complex process of earthquake-induced
dam failure. In this study, a hydro-mechanically coupled MPM model is developed,
which provides a new tool to investigate the fully nonlinear mechanism of dam failure
and post-failure large-deformation behavior under earthquake shaking. The progressive
failure process of the embankment dam, including slip triggering and post-failure large-
deformation behavior, are studied by the developed MPM. As an example, the case
history of Lower San Fernando dam failure during the 1971 San Fernando earthquake
in California is simulated using the MPM. Subjected to strong earthquake loading, the
dam materials experience significant loss of strength due to liquefaction. The entire fail-
ure process of the dam is captured by the model, indicating the great promise of MPM
method in dam failure analyses.

2 A Hydro-Mechanically Coupled MPMModel

2.1 Governing Equations for Porous Media

Hydrogeological conditions have significant impact on the dynamic dam failure analy-
ses. The degree of saturation and development ofmatric suction influence themechanical
properties of unsaturated soils by changing the effective stress and shear strength [3]. On
the other hand, catastrophic dam failure shall involve seepage forces. Moreover, gener-
ation of excessive pore pressure within the soil can induce liquefaction and significantly
affect the post-failure behavior [4–8]. Therefore, consideration of the coupled soil-water
behavior is essential in dam failure simulation. Although a few studies have modeled
soil and water coupling using MPM [9–11], such method has not yet been realized for
a dynamic simulation.

In this study, a two-phase hydro-mechanically coupled MPM formulation is devel-
oped. Porous media consist of the solid particles and numerous pores, which are filled
with water and air. Two sets of material point layers are adopted to represent the solid
skeleton and pore water respectively. Note that air is neglected in the current formu-
lation. The motion of each constituent is described by Lagrangian methods. Note that
subscripts “s” and “w” denote quantities of solid phase and pore water, respectively.
For sign convention, tension in the solid phase and compression in the pore water are
assumed to be positive. The momentum balance equation for the solid-fluid mixture is
provided in Eq. (1) to describe the motion of solid phase,

(1 − n)ρsas + nρwaw = ∇σ + (1 − n)ρsb + nρwb (1)

where n is porosity, ρ is density, σ is total stress, as and aw are the accelerations of
solid grains and pore water respectively, b is the unit body force. For partially saturated
porous media, the generalized Darcy’s equation is adopted to describe the motion of
pore water,

ρwaw = ∇ pw + ρwb − nρw g
ki j

(vw − vs) (2)
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where ki j is the hydraulic conductivity, g is the gravity scalar, vw and vs are the velocities
of pore water and solid skeleton respectively. Equations (1) and (2) are used to compute
the motion of solid and fluid phases, while the total stress is the summation of effective
stress and pore pressure,

σ = σ ′ + pw I (3)

where the effective stress σ ′ will be used in constitutive modeling of the nonlinear soil.

2.2 Solid-Liquid Coupled MPM Formulation

In the coupled MPM system, the solid skeleton and the pore water are represented by
two sets of material points to represent the solid skeleton and pore water, as shown in
Fig. 1.

Fig. 1. Configuration of two sets of material points in modelling solid skeleton and pore water

The primary computational procedure for the hydro-mechanical MPM model is
summarized as follows. First, project the variables of material points including masses,
momentum of the solid/fluid and porosity into the background grid. Second, interpolate
the porosity to the fluid points positions, and compute the accelerations of fluid phase
and solid phase. Third, update the positions and velocities of material points, and apply
the boundary conditions. Fourth, update the positions and velocities of material points
and apply the boundary conditions, and subsequently update the pore water pressure
of the fluid phase, the soil porosity and soil permeability. Finally, reset the background
mesh and a new iteration step starts. Obviously, the numerical procedure takes advantage
of both Lagrangian and Eulerian methods to overcome difficulties encountered with a
conventional FEM. Pure Lagrangian methods (e.g. FEM) typically result in severe mesh
distortion and consequently ill conditioning of the solution scheme, while MPM has
a distinct advantage in modeling large-deformation failure mechanics of geomaterial
because Lagrangian material points move within a Eulerian background mesh.
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3 Case Study of the Lower San Fernando Dam Failure

In this paper, a case study is presented to assess failure of the Lower San Fernando
dam due to liquefaction during the 1971 M6.6 San Fernando earthquake. The dam was
constructed by hydraulic filling, and the fill soil remained loose after being transported
to the dam site through pipeline, making the dam subject to liquefaction. Approximately
80,000people living in thedownstreamregionwere threatenedby thevery real possibility
that the dam would completely fail, inundating the region by a severe flood. The relative
density of the hydraulic sand fill was later determined to be between 40 and 70%. During
the event, approximately 11 m of freeboard prior to the earthquake were reduced to a
1.5 m. Extensive field investigation demonstrated that liquefaction of the upstream shell
near its base was responsible for the slide [1, 2]. The slide mass extended approximately
50 to 60 m into the reservoir.

3.1 The Bounding Surface Hypoplasticity Model and Input Wave

Figure 2(a) shows the dam material zonation used in the dynamic analysis. The dam
height is 45 m. Dam material primarily consists of five zones, namely rolled fill, ground
shale, clay core, hydraulic fill and rigid plate. To realistically characterize the soil
behavior during earthquakes as well as its liquefaction resistance, the bounding surface
hypoplasticity sand model is adopted in the numerical analysis [12]. The bounding sur-
face model has been extensively validated in the past to simulate the nonlinear dynamic
response of soils, the simultaneous build up and dissipation of porewater pressure during

Fig. 2. (a) Numerical model of the Lower San Fernando Dam used inMPM analyses, (b) incident
ground motion with PGA of 0.6 g
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earthquake shaking [13], and the permanent deformation during and after earthquake
shaking. Note that one of the fundamental issues in modeling the stress-strain behavior
of sand in liquefaction analyses is the correct description of soil dilatancy. Parameters
used in the bounding surface model is provided in Table 1 [12].

Note that the epicenter of the San Fernando earthquake was located approximately
10 km northeast of LSFD at a focal depth of approximately 9 km. Based on an analysis
recorded ground motions at the LSFD site, the peak ground acceleration in the rock
foundation underlying the dam was approximately 0.6 g, while researchers concluded
there was no significant amplification between the foundation and the crest of the dam.
Therefore, an accelerogram with a PGA of 0.6 g is adopted as the input motion at dam
rigid rock base in the analysis of this study. The motion was recorded on the abutment
of nearby Pacoima Dam approximately 5 km east of San Fernando, as illustrated in
Fig. 2(b).

Table 1. Material parameters in the bounding surface hypoplasticity model

Zone Description Void
ratio

φ
(o) k(m/s) G0 hr kr d Rp/Rf b

I Rolled fill 0.56 37 1.8e-7 250 0.15 100 100 1 2

II Ground
shale

0.56 37 1.8e-7 303 0.2 100 100 1 2

III Clay core 0.6 20 1.8e-8 200 1.2 100 100 1 2

IV Hydraulic
fill

0.56 37 1.8e-7 250 0.15 0.5 2.1 0.75 2

3.2 Analysis Results of the Dam

Figure 3 illustrates evolution of deviator strain of the dam during earthquake shak-
ing, wherein initial failure, its development and the post-failure process can be clearly
observed. Figure 3(a) captures a surface shallow slide at onset of the simulation, while
the dam maintains stable given sufficient soil shear strength. A deep shear band gradu-
ally develops along dam shell due to ground shaking, as can be seen in Fig. 3(b) and (c).
A progressive failure mode can be faithfully captured. Shear deformation propagates
backward and upward gradually towards surface of the slope, resulting in a catastrophic
failure of the embankment dam.
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Fig. 3. Evolution of deviator plastic strain in the Lower San Fernando dam
from (a) t = 6 s, (b) t = 10 s, (c) t = 15 s, (d) t = 30 s

The displacement pattern of the post-earthquake analyses by Seed [2] is shown in
Fig. 4(a). For fair comparison, the deformation pattern of dam material zonation and
deviatoric plastic strain simulated in this study are presented in Figs. 4(b) and (c). These
displacements are in reasonable agreement with field observations over the entire dam
zones, and indicate that post-earthquake strength loss due to liquefaction could have
been a main factor in the observed large deformations.
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Fig. 4. (a) Comparison of slides in the San Fernando dam between analysis by Seed [2], (b)
deformation pattern of dam material zonation, and (c) deviatoric strain simulated in this study

4 Conclusions

Adequately quantifying post-failure large deformation is essential in the design and
remediation of earth dams in seismically active regions. As the configuration and soil
profile of earth dams are usually complicated, fully coupled analyses are recommended
for evaluating large deformation as well as other effects. This paper presents a set of
dynamic analyses on the lower San Fernando dams under earthquake shaking using a
fully coupled hydro-mechanical MPM model. The model is featured by utilizing a u-U
formulation to model the water and soil phases as well as their interaction. Two sets
of material points are adopted to represent solid skeleton and pore water, respectively.
The generation of excessive pore pressure within the dam material is modelled through
the soil-water coupled formulation. A bounding surface hypoplasticity model is also
implemented in the MPM to simulate fully nonlinear dynamic behavior of the soil under
earthquake loading.

A case study about the Lower San Fernando dam failure during the 1971 San
Fernando earthquake in California is conducted using the coupled hydro-mechanical
MPM model. Numerical simulations clearly illustrate that a surface failure appears
within the saturated zone, and thereafter a deep shear band gradually propagates inside
the dam with continued ground shaking. The retrogressive failure mode inside the dam
can be faithfully captured in the simulation, which highlights the true advantages of the
MPM approach in dealing with large deformation problems. More importantly, more
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case history studies shall be conducted to sufficiently validate the numerical model in
the future, and to provide more insights into this topic.
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Abstract. To quantitatively measure the erodibility of soil including the critical
shear stress and the erosion rate, a new measurement system is proposed. The
measurement system contains a cylindrical erosion test apparatus (CETA) and a
method for calculating shearing stress. The CETA was designed to measure the
relationship between the velocity and erosion rate, which was mainly composed
of a structure system, a transmission system, an erosion test system, a desilting
circulatory system, and a control and data acquisition system. On the basis of
the proposed new method, single-size soil samples from the Yigong landslide
dam were collected for erosion tests. It is noted that the erosion rate from the
apparatus is reliable, which is on the same order as that of the experimental results
performed by Briaud. This apparatus can be utilized to analyze the shear stress.
The hyperbolic relationship between erosion rate and shear stress is found by
proposing the accurate calculation method of shear stress. The hyperbolic model
of erosion rate versus shear stress is verified.

Keywords: Erosion · Critical erosion shear stress · Cylindrical erosion test
apparatus

1 Introduction

Landslide dam, if out of control, will leading to a great threat to the downstream [1].
Erosion is one of the most important factors for the landslide dam breach, and quantita-
tive analysis for erosion is one of the most critical challenges. Chen et al. [2] takes the
Tangjiashan dam as an example, and selects four different erosion models, namely Ein-
stein Brown, Englund Hensen, Du Boys and Meyer Peter Muller, to analyze the breach.
It is found that the difference of breach discharge caused by different erosion models
can reach 2 or 3 time. Therefore, the analysis method of erosion rate for landslide dam
needs to be reevaluated [3, 4].
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A variety of testing apparatus have been developed as reported by Foster et al. [5],
Temple [6], Shaikh et al. [7], Hanson and Simon [8], Wan and Fell [9], Zhu et al. [10],
Chang and Zhang [11], and Wu [1]. Wahl [12] finds that the erosion rate of jet apparatus
is one magnitude higher than that of HET, while the critical shear stress is two or more
orders magnitude lower. Therefore, different erosion models can be obtained by using
different measuring apparatuses. At present, there is no erosion calculation method for
different soil characteristics. The relationship between erosion rate and shear stress takes
on diverse forms, and the analysis results of breach are unstable, sometimes even not
convergent. Based on the measured erosion rate of the Tangjiashan dam, Chen et al. [13]
proposes a hyperbolic model between erosion rate and shear stress. Chen considers that
there is no infinite “strength” when soil materials resist erosion. However, the research
on hyperbolic erosion model for landslide dam is still in the ambiguous stage, so it is
urgent to carry out in-depth research.

A Cylindrical Erosion Test Apparatus (CETA) is presented for measuring erosion
rate by the authors’ team. Compared to the above describing apparatuses, the developed
CETA has the following advantages. First, this apparatus can provide the highest water
velocity to 7 m/s, which can meet the requirements in altered conditions. Second, the
system can perform tests on coarse materials (sand, gravel). Third, the apparatus can
conduct erosion tests on the soil samples with a maximum particle size of 10 cm.

In this study, a detailed description of the CETA is first introduced. Then, erosion
tests are conducted on the soil samples collected from the Yigong landslide dam. The
erosion rates with the Yigong samples of different particle sizes are studied and the
relationship between erosion rate and shear stress is established.

2 Description for Cylindrical Erosion Test Apparatus

The developedCETA is composed of a struture system, a transmission system, an erosion
test system, a desilting circulatory system, and a control and data acquisition system
shown in Fig. 1.

The transmission system includes a motor and an impeller in Figs. 2 and 3. In the
experiment themotor rotates and drives the impeller, which in turn drives the water in the
steel cylinder towash the sample. The speed regulatingmotor has a rated voltage of 220V
and a maximum speed of 1400 R/min. The water recycling could be achieved by the
desilting circulatory system composed of a desilting pool, a pump and a water-spraying
unit. After the soil particles are washed away, they flow into the desilting pool with the
water. The water in the desilting pool returns to the pump and the water-spraying unit,
while the soil particles remain in the desilting pool. Three observation windows made
of plexiglass are specially arranged on the steel cylinder wall, which can be utilized for
observing and photographing the testing progress. The size of each observation window
is about 40 cm × 28 cm. In addition, considering that the vortex in the cylinder might
affect erosion, a cylindrical lamp ring is added at the bottom of the cylinder, which is
utilized to provide illumination for the observation of the erosion process during the
test. Therefore, the cylinder bottom could be approximated as an annular water flume
to reduce the vortex effect and improve observations and photographing performance.
The inner diameter of the cylinder is 104 cm, the diameter of the lamp ring around the
central axis is 35.4 cm, and the height of the lamp ring is 30 cm.
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The principle of the developed CETA is that the motor drives the impeller to rotate,
and the impeller rotates to make the water flow. After the water flow starts, it will wash
the sample placed at the bottom of the cylinder. Once the sample moves, the speed at this
time is the critical velocity. The control and data acquisition system records the water
velocity and the process of sample washing. The maximum design speed of the impeller
is 11 m/s, and the range of test water depth is 0.4–0.7 m.

Fig. 1. Photo of the CETA

Fig. 2. Motor Fig. 3. Impeller

The apparatus could only acquire the impeller rotation speed. Therefore, the water
velocity under a certain impeller rotation speed should be calibrated.Utilizing a pitot tube
and the FP111 direct-reading velocity meter, the reel rotating rate has been calibrated to
the flow velocity on the soil/water surface (refer to Ma [14]). The calibration curve of
the velocity with the impeller rotation speed is:

y = 0.679x − 0.0103 (1)

where: y is the central bottom water velocity (m/s); x is the impeller central velocity
(m/s).
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3 Erosion Testing

Erosion rate is usually defined as the height of soil sample washed away in unit time,
expressed in cm/s. In this experiment, it is found that if the soil particles are placed in
the soil box of the lifting system, the soil will be washed out in a short time and the
remaining soil mass cannot be recorded. The test apparatus cannot lift soil samples like
EFA (refer to Fig. 4), so the test in the lifting soil box cannot meet the requirements.

Fig. 4. Erosion function apparatus

Therefore, the new erosion rate measurement method is used to carry out erosion
research, and the relationship between erosion rate and shear stress is researched through
Yigong soil samples.

3.1 Setup and Testing Procedure

(1) Lay the soil in the cylinder, and keep the mass and area of the sample consistent
each time, as shown in Fig. 5. After tiling, fill water quickly to 55 cm of the cylinder.
The test shall be conducted immediately after water filling to avoid the separation
of particles in the soil. Therefore, it is very important to inject water and carry out
the test quickly.

(a)  Lifting cylinder (b) Tiling sample

Fig. 5. Experiment procedure
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(2) Due to the sensitivity of the erosion rate to water, it is extremely important to keep
the sample flush with the bottom of the cylinder.

(3) The speed of the instrument is modified to control the starting velocity, and the
erosion time is recorded. The data to be recorded in this stage are instrument speed,
erosion time and weight of soil sample.

(4) Calculate the remaining dry weight of soil sample. If there is too much residual
soil sample after the test, part of the soil can be put into three sample boxes. Then,
sample boxes shall be dried. The average moisture content shall be calculated. The
dry weight of the remaining soil can be calculated by the average moisture content.
The data to be recorded are sample box weight, wet weight before drying and dry
weight after drying. The data to be measured are moisture content of the sample
box, average moisture content, residual dry weight, and dry density and area.

(5) The erosion height can be obtained by erosion dry weight divided by density and
area. The erosion rate can be obtained by the height change divided by time duration.

In the previous erosion test, it is difficult to determine the erosion starting time. How
to define the initial stage of erosion test has a great impact on the results of erosion
rate. This method does not need to determine the starting time of soil particles, but only
needs to record the total time of erosion and the quantity of the soil being scoured. This
new method solves the problem of determining the erosion starting time in the previous
erosion test. The apparatus can measure the erosion rate of large-size soil at present, and
the maximum particle size can reach 4 cm.

3.2 Typical Results

As shown in Fig. 6, two soil materials fromYigong haveD50 = 8mm andD50 = 10mm,
respectively. The natural density values of the samples in the test are 1.845 g/cm3 and
1.5852 g/cm3, respectively, and the water depth is 55 cm. The erosion rate is defined as
the height of the soil sample washed away in unit time, and the soil mass is controlled at
4 kg and 3.72 kg. The area of the sample is controlled as 1075 cm2 and 1085 cm2, and
the results are shown in Fig. 7.

(a) D50 = 8 mm (b) D50 = 10 mm
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Fig. 6. Gain size distributions of two Yigong landslide dam materials
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(a)  D50 = 8 mm (b) D50 = 10 mm
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Fig. 7. Erosion rate of particle size gradation

Erosion Rate
Briaud et al. [15] uses EFA to research the erosion rate of clean coarse sand. D50 of this
soil sample is 3.375mm, and themaximumerosion rate is 12000mm/h=1200 cm/3600 s
= 0.33 cm/s.As shown in Fig. 8, the relationship between the critical velocity and erosion
rate is hyperbolic from Briaud. The test results are shown in Fig. 7. The relationship
between velocity and erosion rate can be obtained after regression:

D50 = 8 mm:

y = 0.21095− 0.10569

v
(2)

D50 = 10 mm:

y = 0.21567− 0.11944

ν
(3)

where: ν is the velocity (m/s) and y is the erosion rate (cm/s).
It can be seen from Eqs. (2) and (3) that the relationship between critical velocity and

erosion rate is hyperbolic. The maximum value of erosion rate in the tests is 0.17 cm/s.
The magnitude of test results is consistent with that of clean coarse sand in Fig. 8.
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Briaud et al. [15] consider the same average velocity in EFA is 1 m/s, and the erosion
rate of sand is about 1000 times that of clay, indicating that the erosion rate of different
soils is different. The experimental results performed by Briaud show that the numerical
magnitude of the erosion rate of clean sand and gravel is 104 mm/h, which is consistent
with the test results in this paper.

In conclusion, the test results show that the relation between critical velocity and
erosion rate can be fitted with a hyperbolic curve. It is believed that the CETA is reliable,
and the reliability of the erosion rate test results is also verified, which can be utilized
to analyze the shear stress.

Shear Stress
Crowley et al. [16] believe that the most effective alternative method is to use theMoody
Chart to estimate the shear stress when it is impossible to measure the shear stress
directly.

The calculation formula of shear stress is as follows:

τ = 1

8
fρwV

2 (4)

where τ is shear stress (N/m2), ρw is the density of water (1000 kg/m3), V is the average
speed, f is friction coefficient. According to three parameters from the Moody Chart
(Fig. 9): f, Re, ε

D (relative roughness, which is the average height of the rough part
protruding/pipe diameter) can give the value of f.

Fig. 9. Moody Chart

The Reynolds number Re is calculated as

Re = V D/υ (5)

where: D is the hydraulic diameter,υ is the kinematic viscosity of water (10−6 m2/s in
25 °C), the hydraulic diameterD is calculated as 4 times of the hydraulic radius R, which
R is defined by the flow area divided by the wetted perimeter.

This formula is expressed as:

D = 2ab/(a + b) (6)
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The hydraulic diameter is:

D = 2ab

(a + b)
= 2329

214
= 0.1088m (7)

When Re > 100000, find the corresponding friction coefficient f directly in the
Moody Chart.

When Re < 100000:

f = 0.316

Re1/4
(8)

This equation is the Blasius equation. Crim [17] recommended the use of this
equation to calculate the friction coefficient f.

According to the EFA calculation formula, the shear stress is obtained by Eqs. (4),
(5), (6), (7) and (8). The relationship between the critical velocity and the shear stress
is found through the regression equation. The relationship between the critical velocity
and the shear stress is shown in Tables 1 and 2.

Table 1. Relationship between velocity and critical shear stress in D50 = 8 mm

Velocity (m/s) Erosion rate (cm/s) Shear stress (N/m2)

0.553 0.014 0.773

0.682 0.019 1.116

0.805 0.066 1.489

0.417 0.001 0.472

0.743 0.050 1.297

0.614 0.018 0.929

0.900 0.075 1.810

1.069 0.097 3.859

1.198 0.173 4.846

1.198 0.177 4.846

1.130 0.099 4.313

Table 2. Relationship between velocity and critical shear stress in D50 = 10 mm

Velocity (m/s) Erosion rate (cm/s) Shear stress (N/m2)

1.137 0.086 4.688

1.069 0.127 4.145

1.001 0.120 3.635

0.900 0.089 1.810

(continued)
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Table 2. (continued)

Velocity (m/s) Erosion rate (cm/s) Shear stress (N/m2)

0.682 0.016 1.116

0.614 0.015 0.929

0.805 0.050 1.489

0.533 0.011 0.724

The Model of Erosion Rate Versus Shear Stress
Chen et al. [13] proposed a hyperbolic model for evaluating the erosion rate related to
shear stress. Einstein and Krone [18], Partheniades [19], Van Prooijen and Winterwerp
[20] all consider that the erosion rate can be expressed by the function related to shear
stress. Slagle [21] also considers that the method similar to EFA-SRICOS [15] or the
Miller-Sheppard model [22] can be used to simulate the relationship between erosion
rate and shear stress with the empirical formula. Therefore, the empirical formula can
be utilized to fit the relationship.

With regression analysis, the relationship between erosion rate and shear stress is:
D50 = 8 mm:

y = 0.13571− 0.08491

τ
(9)

D50 = 10 mm:

y = 0.13167− 0.10153

τ
(10)

where: τ is shear stress (N/m2), and y is the erosion rate (cm/s).
It is confirmed that the relationship between the erosion rate and the shear stress is

hyperbolic in Fig. 10. When the shear stress is low, there is a strong hyperbolic function
relationship between the erosion rate and the shear stress.

(a) D50 = 8 mm (b) D50 = 10 mm

Fig. 10. Relationship between critical shear stress and erosion rate
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4 Conclusions

This paper reports the effort in developing a new method of soil erosion measurement.
The soil erosion can be characterized by the erosion rate and shear stress induced by
the water flow, and a soil erosion function between the erosion rate and the shear stress.
This paper introduces a cylindrical erosion test apparatus (CETA), which is a measure
of the relationship between erosion rate and water velocity. It is found that the present
test results agree well with experimental results performed by Briaud. The apparatus
can be utilized to analyze the shear stress. Through establishing shear stress calculation
model, the relationship between erosion rate and shear stress for Yigong soil samples is
hyperbolic. The hyperbolic model of erosion rate versus shear stress is verified, which
can be utilized for breach analysis and simulation.
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Abstract. Amethod is developed in this study to determine the non-uniform input
ground motion based on seismic records for the seismic analysis of high concrete
face rockfill dams (CFRDs). The acceleration time histories recorded during the
2011 Tohoku earthquake at the Haga station is used as an example to determine the
potential functions of the seismic waves. The recorded surface acceleration time
history and calculated non-uniform input are then used to conduct analysis of the
seismic response of the Gushui CFRD under both uniform and non-uniform input
motions. Under the condition that the acceleration time histories on the surface
of the free field are assumed to be the same for non-uniform and uniform seismic
input, the seismic response of the CFRD under non-uniform input is found to be in
general significantly smaller, while the local dynamic stresses around the edges of
the concrete face slab are greater. The analysis results suggest that non-uniformity
of the ground motion input has important effects on the seismic response of high
CFRDs, and should be considered in the seismic design of CFRDs.

Keywords: Seismic · Potential functions · Non-uniform input · High CFRD ·
Seismic response

1 Introduction

Current design and evaluation practice for high concrete face rockfill dams (CFRDs)
assume a uniform input ground motion at the base (e.g. ICOLD 2001). However, due
to site effects and the large size of such structures, the actual base input motion tends
to be highly non-uniform. Currently, a number of high CFRDs are being planned and
constructed in high seismicity zones in China, such as Gushui (maximum height of
245 m), Cihaxia (maximum height of 253 m), Maji (maximum height of 277.5 m), etc.
Therefore, there is an urgent need to understand the influence of such input motion
non-linearity on the seismic response of CFRDs.

Various methods have been developed to simulate the seismic response of geotech-
nical structures under non-uniform input motions, including (1) different kinds of local
artificial boundaries, for instance, the viscous boundary (Lysmer and Kulemeyer 1969),
the visco-elastic boundary (Deeks and Randolph 1994), and the transmitting boundary
(Liao et al. 1984), which can be applied in the finite element method (FEM) or the
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finite difference method (FDM) analysis; and (2) methods to solve the global wave field
equations, for instance, the boundary element method (BEM) (Hall 1994), the scaled
boundary finite element method (SBFEM) (Song and Wolf 1997), the wave function
expansion method (WFEM) (Sanchez-Sesma et al. 1985), the Green function method
(GFM) (Wong 1982), and the wave function combination method (WFCM) (Yao et al.
2016, 2019). The common fundamental basic requirement for thesemethods is the deter-
mination of the incident waves. Spatial variability of the input motion is often considered
based on fitting existing earthquake records to various functions (e.g. Dibaj and Penzien
1969; Shen and Xu 1983; Tian 2003). Researchers have further developed seismic wave
propagation models from the source to the ground surface to determine the non-uniform
input motion (e.g. Zerva et al. 1986; Beck 1978). However, the wave scattering at the
ground surface are not appropriately considered by such approaches. To solve this prob-
lem, a new method is proposed in this study to determine the potential functions of the
seismic waves in the near field based on actual seismic records. Using the proposed
method, the acceleration time histories at two different depths recorded during the 2011
Tohoku earthquake at the Haga station is used to determine the potential functions of the
seismic waves as an example. The response of the Gushui CFRD on Lancang River is
then analyzed under both uniform and non-uniform input, using the Haga station input
motion. The characteristics of the response of high CFRDs subjected to non-uniform
input is investigated by the comparison between the non-uniform and uniform input
motion cases.

2 Method to Determine Incident Waves

To determine the incident waves, we assume that all of the incident waves are propagated
from the same earthquake focus, and consist of P waves, S waves and Rayleigh waves.

First, based on the refraction law, the angle of refraction is dependent on the velocity
of the waves. Therefore, we assume that the incident angles are determined by five
parameters, which are the horizontal incidence angle (the angle between the projection
of the incidence wave on the horizontal plane and the East direction) of P waves θhP , the
vertical incidence angle (the angle between the incidencewave and the upward direction)
of P waves θv

P , the horizontal incidence angle of S waves θhS , the vertical incidence angle
of S waves θv

S , and the horizontal incidence angle of Rayleigh waves θhR . The maximum
range of the horizontal incidence angle is from 0° to 360°, and the maximum range of
the vertical azimuth angle is from 0° to 90°.

With these incidence angles assumed, we need to determine the potential functions
of P waves, SV waves, SHwaves, and Rayleigh waves in the frequency domain, denoted
as ϕP , ϕSV , ϕSH and ϕR . The acceleration of any recording location in the frequency
domain can be expressed as:

−ω2 ·
⎡
⎣
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UPyi

UPzi

USV xi

USV yi

USV zi
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where ω is the circular frequency; U stands for the displacement generated by the unit
potential function in frequency domain corresponding to ω, and the subscripts stand for
the type of the wave, the direction, and the index of the recording location, respectively;
â stands for the recorded acceleration transformed to frequency domain corresponding
to ω. If there are two recording locations or more, Eq. (1) will be an overdetermined
equation, and an optimal least square solution can be obtained.

The relative error of the least square solution can be assessed as:

ERRr =
∥∥∥A − Ã

∥∥∥
2∥∥∥ Ã

∥∥∥
2

(2)

where A is a matrix which consists of the acceleration time history for three directions
calculated by the least square solution, i.e.

A = [
axi ayi azi

]
(3)

Ã is amatrixwhich consists of the recorded acceleration time history for three directions,
i.e.

Ã = [
ãxi ãyi ãzi

]
(4)

When calculating the least square solution, the horizontal incidence angle and the verti-
cal incidence angle should be assessed within their respective ranges. The combination
of incident angles corresponding to the smallest ERRr is taken as the actual incident
angles, and the corresponding least square solution is taken as the coefficients of poten-
tial functions. Following this same procedure as the incidence angle, other unknown
parameters, such as the Young’s modulus of the base rock, can also be determined.

3 Example for Incident Wave Determination

The acceleration time histories at two different locations recorded during the 2011
Tohoku earthquake at the Haga station (National Research Institute for Earth Science
and Disaster Prevention website 2015) are used to determine the incident wave using
the proposed method as an example. The records include the acceleration time histories
at the surface and 112 m depth underground (Fig. 1).

The site at Haga station is mostly flat. Thus, we can regard the site as a half space. For
simplicity, the half space is assumed to be isotropic elastic, with a Poisson’s ratio of 0.22
and a density of 2700 kg/m3. The Poisson’s ratio remains constant, thus the refractive
index is the same for P waves and S waves, suggesting that the horizontal incidence
angles are the same for different kind of incident waves and the vertical incidence angles
are the same for different kind of incident body waves (P and S waves). Unknown
parameters include the horizontal incidence angle θ1, the vertical incidence angle θ2,
and the Young’s modulus of the site E .
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Fig. 1. Acceleration time histories at the surface of the ground and 112 m depth underground in
the east-west (EW), north-south (NS), and vertical (UD) directions

The earthquake focus is located at 142.860° east longitude, 38.103° north latitude,
and the Haga station is located at 140.075° east longitude, 36.548° north latitude. The
angle between the direction from the epicenter to the station and east is 215°. The relative
error ERRr obtained using the proposedmethod for various θ1 around 215°, and various
θ2 and E are shown in Fig. 2. It can be seen that when θ1 equals to 155°, θ2 equals to
40° and E equals to 6 GPa the relative error ERRr reaches its minimum value of 0.293.
The corresponding least square solution can be taken as the coefficients of potential
functions, thus the incident waves are determined.
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Fig. 2. The relative error ERRr for different values of θ1, θ2 and E at Haga station

4 Dynamic Analysis of Gushui CFRD

The Gushui CFRD is located on Lancang River. The maximum height, length and width
of the dam is 245 m, 710.6 m and 396 m, respectively. The direction of the dam axis
is 23°48’ from south to east. The upstream water depth is 228 m. The peak ground
acceleration is 2.81 m/s2.

Figure 3 shows the finite element mesh for the dam, which consists of 10729 nodes
and 10318 hexahedron elements. The concrete face slab is modeled as linear elastic, with
a Young’s modulus of 30 GPa, a Poisson’s ratio of 0.167, and a density of 2400 kg/m3.
An equivalent visco-elastic model (Shen and Xu 1996), which has accumulated much
application experience in the seismic design and analysis of rockfill dams in China over
the past several decades, is adopted in this study as the constitutive model of the rockfill
material in the dynamic analysis. The parameters used for the rockfill material of the
CFRD are listed in Table 1.

Both the non-uniform and the uniform seismic input are used for the dynamic anal-
ysis. For non-uniform input, the acceleration records of the Haga station from the 110 s
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Fig. 3. The finite element mesh for Gushui CFRD

Table 1. Dynamic calculation parameters

Material k2 λmax μd k1 n c1 c2 c3 c4 c5

Cushion zone 3223 0.16 0.2 40 0.455 0.0145 0.97 0 0.0491 0.51

Transition zone 3828 0.24 0.2 42 0.345 0.0145 0.97 0 0.0491 0.51

Main rockfill zone 2660 0.21 0.2 39 0.444 0.0084 0.81 0 0.1082 0.62

Secondary rockfill zone 2000 0.24 0.2 39 0.47 0.0084 1.62 0 0.1082 0.62

Drainage zone 3223 0.16 0.2 40 0.455 0.0145 0.97 0 0.0491 0.51

to the 130 s scaled to the PGA at the Gushui site are used. For uniform input, the surface
ground motion at Haga station is scaled to the PGA at the Gushui site. This way, the
acceleration time histories on the surface of the free field are the same under non-uniform
and uniform input.

Figures 4(a) and (b) show the contours of the peak acceleration in the direction
along the river on the middle section of the dam for non-uniform input and uniform
input, respectively. It can be observed that the peak acceleration under non-uniform
ground motion input is overall smaller. Figures 5(a) and (b) show the contours of the
peak dynamic compressive stress perpendicular to the dam slopewithin the concrete face
slab under uniform and non-uniform input, respectively. In similar fashion, Figs. 6(a)
and (b) show the contours of the corresponding peak dynamic tensile stress. Under non-
uniform input, both the compressive and the tensile stress perpendicular to the dam slope
within the concrete face slab are in general smaller, which is to be expected considering
the difference in the acceleration of the CFRD in Fig. 4. However, Figs. 5(c) and 6(c)
show the difference of the peak dynamic stress of the face slab between the non-uniform
input case and the uniform input case, it can be seen that around the edges of the concrete
face slab, the stress of the concrete face slab under non-uniform input is greater. This
increase of local stress under non-uniform input could be caused by the phase and
amplitude difference between the input motions at different positions. The difference in
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stress due to non-uniform input motion should be considered in design as a potential
threat to the safety of the seepage control system, as such locations are weak links of the
seepage control system where failures are especially detrimental and difficult to repair.

(a) Non-uniform input

(b) Uniform input 
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Fig. 4. Peak acceleration in the direction along the river (m/s2)

Figures 7(a) and (b) show the residual settlement contours on the cross section in
the middle of the dam for non-uniform input and uniform input, respectively. Similar to
the acceleration results, the residual settlement under non-uniform input is smaller than
that under the corresponding uniform input.

Table 2 compares the maximum peak acceleration along the river, peak dynamic
compressive and tensile stress of the concrete face, and post-earthquake compressive
and tensile stress of the concrete face under uniform and non-uniform input. The results
show around 10% to 60% relative difference. These results indicate that current design
and analysis approaches of using uniform input could result in seismic responses to
deviate significantly from reality.Under the conditions of study in this paper, the dynamic
response and residual deformation induced by uniform input is in general larger than
those induced by non-uniform input, suggesting current design and analysis methods to
be conservative. However, the stress results shown in Fig. 5(c) and Fig. 6(c) also suggest
that the seismic response obtained under uniform input is not globally conservative,
where the dynamic stress around the edges of the concrete face slab could be larger
under non-uniform input compared with that under uniform input. The greater dynamic
stress at the edges could provide explanations for some of the damage observed by Zhang
et al. near the abutment of the Zipingpu CFRD after the Wenchuan earthquake (Zhang
et al. 2015).
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(a) Non-uni form input (b) Uni form input (c) Difference between 
non-uni form and uni form 
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Fig. 5. Peak dynamic compressive stress in the concrete slab perpendicular to the dam slope
(MPa)

(a) Non-uni form input (b) Uni form input (c) Difference between 
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Fig. 6. Peak dynamic tensile stress in the concrete slab perpendicular to the dam slope (MPa)
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Table 2. The peak response of the dam under uniform input and non-uniform input

Items Uniform input Non-uniform input Percentage of the
difference

ay(m/s2) 14.12 5.93 58%

s(m) 0.51 0.45 12%

σdxt (MPa) −8.94 −7.59 15%

σdxp(MPa) 10.57 9.41 11%

σdst (MPa) −10.06 −7.06 30%

σdsp(MPa) 12.29 7.04 43%

σpxt (MPa) −2.29 −1.42 38%

σpxp(MPa) 15.30 10.98 28%

σpst (MPa) −3.66 −2.40 34%

σpsp(MPa) 11.70 8.27 29%

Note: ay - Acceleration along the river
s - Residual settlement
σdxt - Dynamic tensile stress of the face along the axis of the dam
σdxp - Dynamic pressure stress of the face along the axis of the dam
σdst - Dynamic tensile stress of the face along the slope of the face
σdsp - Dynamic pressure stress of the face along the slope of the face
σpxt - Post-earthquake tensile stress of the face along the axis of the dam
σpxp - Post-earthquake pressure stress of the face along the axis of the dam
σpst - Post-earthquake tensile stress of the face along the slope of the face
σpsp - Post-earthquake pressure stress of the face along the slope of the face.

5 Conclusions

A newmethod is developed in this study to determine the potential functions of the seis-
mic waves at a specific site based on seismic records, which can consider the scattering
of the ground surface for better description of spatial variability. This method is adopted
to determine the incident waves at the Haga station for the 2011 Tohoku earthquake, and
the resulting non-uniform ground motion is used for the dynamic analysis of Gushui
CFRD.

The dynamic analysis for Gushui CFRD shows that when the acceleration at the
surface of the free field for dynamic simulations with uniform and non-uniform input
are kept consistent, the response of CFRDs under non-uniform input is in general sig-
nificantly smaller, suggesting that the current design and analysis methods tend to be
conservative. However, the dynamic stress around the edges of the concrete face slab
could be larger under non-uniform input compared with that under uniform input, and
pose non-negligible threat to the seepage control system.

The example analyzed in this study is used to showcase the input motion determina-
tion method and the influence of non-uniform input on the seismic response of CFRDs.
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The recorded ground motions at the specific site of the CFRD should be used, but unfor-
tunately such an ideal site was not available. It should also be noted that the non-uniform
input motion calculation method is developed under the assumption that the bedrock is
a homogeneous isotropic linear elastic medium, and the modulus is much larger than
that of the rockfill dam.
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Abstract. The careful mapping of areas that might potentially be flooded follow-
ing a dam failure is necessary to understand, reduce and manage the relevant risks.
These ones, in turn, strongly depend upon both the dam failure mechanisms and
the characteristics of the areas potentially subjected to inundation (i.e. topography,
presence of infrastructures, …). Specifically, referring to the embankment dam on
Sciaguana River (Sicily, Italy), 2D unsteady flow simulations of the possible dam
break due to (a) overtopping or (b) piping failure have been carried out by running
the HEC RAS code. The effects of an assigned breach formation and progression
mechanisms on flood propagation have been parametrically analysed. Inunda-
tion mapping results obtained through the proposed dam failure model have been
compared with the potentially flooding areas predicted by the local government
Authorities. Some breach prediction methods available in technical literature have
been furthermore applied; the corresponding results have been discussed and com-
pared with the numerical (HEC RAS) simulations. The proposed analyses may
contribute to a better and more reliable delimitation of the flood hazard areas as
well as the definition of relevant mitigation countermeasures.

Keywords: Dam break · Flood mapping · HEC RAS

1 Introduction

The failure of a dam triggers a flood wave that advances in the area behind the dam or
through the valley below the dam. The effects of a dam breakwavemay be disastrous and
maycause numerous fatalities/calamities aswell as great financial losses exceedingmany
times the price of the hydraulic structure itself. It is thus necessary to take into account that
no dam design can ensure the “absolute” protection of potentially endangered areas [1].

The main causes of failure of a dam are [2] (Fig. 1):
overtopping due to insufficient spillway capacity, impropermanipulation, a landslide

in the reservoir [3], an earthquake or when the design discharge is exceeded (48% of
accidents in the world);

internal erosion phenomena (e.g. backward piping erosion) through the dam body
and/or its foundation soils (46% of accidents in the world).

These last phenomena are practically unavoidable in earthen structures due to hetero-
geneity of the grain size of quarried materials, inappropriate compaction, discontinuities
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Fig. 1. Progression of dam breach due to overtopping and piping erosion

of displacements, dynamic or cyclic effects. To this purpose, reliablemonitoring systems
(e.g. distributed thermal, fiber optics, sensors [4]) are under development and application.

However, due to the unpredictability of these phenomena as well as the recent acci-
dents (e.g. Dicle Dam failure, Turkey, 2018; Brumadinho Dam failure, Brasil, 2019),
advanced models must be elaborated in order to predict the effects of a dam break
(i.e. inundation of the valley below the dam) as well as the corresponding risks by taking
into account the chain of critical events that contribute to the occurrence of an ultimate
limit state of the dam [5].

In the paper, some breach prediction (empirical and analytical) methods available
in literature are recalled and described. These models are applied to a documented
case, also numerically analyzed (through HEC RAS code) by imposing different failure
mechanisms (i.e. overtopping and piping erosion).

The comparison between the analytical and numerical results finally allows to
evaluate their limits, reliability and application fields.

2 Breach Prediction Models

Breach prediction models available in literature can be distinguished in [6]:

• empirical (or analytical) methods
• semi-physically based models
• physically based models
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The following description of these breach prediction methods (and the application
of some of them) is intended to highlight their main features and to possibly guide users
towards the most appropriate breach model, on the basis of phenomena to be simulated
and of application of obtained results.

2.1 Empirical Methods

Empirical methods are based on historic dam failure data, collected together and
statistically analyzed by using regression formulas.

These methods provide parametric equations describing dam breaching parameters
as a function of simple reservoir properties (e.g. breach width, depth, side slope angle,
formation time and peak out flow).

The main advantage of these approaches is their quick applicability. The main input
parameters typically include: volume of water above final breach bottom (Vw); total
volume of reservoir (Vr); height of water above final breach bottom (hw); height of dam
(hd); height of breach (hb). In the paper, the following (Tables 1, 2 and 3) empirical (or
analytical) methods to estimate the average breach width (B), the time to failure (tf ),
the peak outflow (Qp) and the outflow hydrograph (Q(t)) are considered and afterwards
applied [7–12].

Table 1. Empirical methods to evaluate the breach width (B)

Reference Equation

U.S. Bureau of Reclamation [7, 8] B = 3 · hw (1)

Froehlich [9] B = 0.23 · k0 · V 1/3
w (2)[*]

[*] k0 = 1.5 and 1.0 for overtopping and piping failure, respectively.

Table 2. Empirical methods to evaluate the time to failure (tf)

Reference Equation

U.S. Bureau of Reclamation [7, 8] t f = 0.011 · B (3)

MacDonald and Langridge-Monopolis [10] t f = 0.0179 · V 0.364
er (4)[*]

Froehlich [9] t f = 60

√
Vw/

(
gh2b

)
(5)[**]

[*]Ver is the eroded volume evaluable as follows:Ver = 0.0261·(Vwhw)0.769

for earthfill dams, and Ver = 0.00348 · (Vwhw)0.852 for rockfill dams; [**]
g is the gravity acceleration.

Referring to the outflow hydrograph (Q(t)), water flowing over an embankment dam
can be determined by applying a broad-crested weir flow equation (Ponce and Tsivoglou
1981) [13]. The flow could be considered as uniform flow along the downstream shell
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Table 3. Empirical methods to evaluate the peak flow (Qp).

Reference Equation

U.S. Bureau of Reclamation [7, 8] Qp = 19.1 · (hw)1.85 (6)

MacDonald and Langridge-Monopolis [10] Qp = 1.154 · (Vwhw)0.412 (7)

Froehlich [9] Qp = 0.0175 · k1 · kH
√

gVwhwh2b
W (8)[*]

Singh and Snorrason [11] Qp = 13.4 · h1.89d (9)

Xu and Zhang [12]
Qp√
gV 5/3

w

= 0.133 ·
(

V
1
3

w
hw

)−1.276

eC4 (10)[**]

[*] k1 = 1.85 and 1.0 for overtopping and piping failure, respectively; kH = 1 and (hb/6.1)
1/8

for hb < 6.1 m and hb ≥ 6.1 m, respectively; g = gravity acceleration; W = average
embankment width. [**] C4 = b4 + b5; b4 = − 0.788 and −1.232 for overtopping and
piping failure, respectively; b5 = − 0.089, −0.498 and −1.232 for high, medium and low
erodibility of dam materials, respectively; g = gravity acceleration.

with a large channel but a small slope. The breach discharge can be thus calculated as
(e.g., Singh and Scarlatos 1988) [14]:

Q(t) = C · [Bb(t) + (H(t) − Z(t)) tan(α))](H(t) − Z(t))
3
2 (11)

Bb(t)= breach bottomwidth; Z(t)= elevation of the breach bottom; α = angle of the
side slope; H(t) = elevation of the reservoir water surface; C = breach weir coefficient
(generally equal to 1.7). The reservoir water level can be obtained by applying the mass
balance equations:

A
dH(t)

dt
= Qin − Qout (12)

A being the lake surface area; Qin , the flow rates into the reservoir (evaluable accord-
ing to hydrological analyses); Qout = Qb+Qs , the flow rates out of the reservoir (Qb =
breach discharge; Qs = seepage discharge through the dam; this last is generally set to
null value because it is neglegible with respect to Qb or its measures are not available).

2.2 Semi-physically Based Models

With respect to empiricalmethods, the semi-physicallymodels add elements of a physical
process to a dam breach simulation, by minimising the computational requirements
Morris [15].

An outflowhydrographwill be thus generated according to the input breach geometry
parameters. The breach process is essentially defined and the semi-physically based
models simply calculate the flow that would occur through such as the breach, simulating
the flood propagation along the valley below the dam. Among these, the HECRAS code,
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developed by the Hydrologic Engineering Centre’s River Analysis System, (USACE,
United States Army Corps of Engineers), is a one-dimensional and bi-dimensional flow
routing model which allows to simulate a breach process by means two options for the
failure mode: piping and overtopping.

The corresponding breach hydrographs can be evaluated according to the following
methods: User Entered Data (this option is the simplest and allows the user to enter
the pre-determined breach geometry parameters. These will have been determined using
one of the empirical methods previously described or something similar. The user may
also define the relationship between time and the breach progression); Simplified Phys-
ical: this option is more complex, but takes account of material properties somewhat.
Users enter the maximum bounding breach width and height and do not define a breach
formation time. Thus, relationships between the velocity of water and the down cutting
and widening rates must be defined/assigned [6].

2.3 Physically Based Models

Physically based models combine key hydraulic, structural and geotechnical properties
to analytically or numerically predict the breaching process for an embankment dam.
Many of these models have been developed in the last few decades [6]. Among these,
EMBREA developed at HR Wallingford [16]; AREBA developed under the FRMRC
program [17]; DL Breach proposed by Wu [18]; WinDAM C developed by the Agri-
cultural Research Service; Macchione Breach developed at ETH Zurich (Swiss Federal
Institute of Technology); BASEMENT (Basic Simulation Environment) elaborated at
ETH Zurich. The main overall advantage of these methods is the increased accuracy;
many factors and parameters allow to closely predict the behavior and characteristics of
an embankment dam breach, including erosion, sediment transport and slope stability.

Existing technical papers can provide information about the relative performance
of these physically based breach models in comparison to each other. However, the
comparisons and results are often based on the use of older (more easily available) breach
models or the inappropriate application ofmore recentmodels. It is therefore important to
consider this when interpreting any results and ideally to look for independent validation
of breach model performance if possible [6].

3 A Case Study: Sciaguana Dam Break Simulation

The Sciaguana dam is located in the Licari - DiMarco district in the municipal territories
of Agira and Regalbuto (Enna - Sicily, Italy).

The embankment of the dam, built between 1984 and 1992 along the homonymous
river, tributary of theDittainoRiver (in turn tributary of theSimetoRiver), is composedby
loose zoned-typematerials,with the upstream side of alluvial gravel-sandy and limestone
quarry materials and the central core consisting of silt-sandy alluvial materials. The
downstream shell is formed by tout-venant materials with a gritty-gravelly grain size.
Transitionfilters are interposed between the core and theflanks,while three drainingmats
are interposed in the valley side. The reservoir is used for irrigation purposes (Fig. 2).
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Fig. 2. Sciaguana dam (Sicily, Italy)

The geometrical characteristics of the dam are summarized in the following Table 4.

Table 4. Sciaguana dam: geometrical characteristics

Parameter Value

Watershed basin (km2) 64.89

Crown elevation (m asl) 266.00

Maximum reservoir water level (m asl) 260.57

Maximum operation water level (m asl) 257.10

Minimum reservoir water level (m asl) 241.75

Dam height (m) 34.57

Crown length (m) 540

Crown width (m) 30

Reservoir water volume (m3) 1.57•107
Operation water volume (m3) 9.9•106
Flood lamination reservoir volume (m3) 3.8•106

The flow rate from the spillway, under the hypothesis of the maximum stored water
volume, is 960.0 m3/s; from the bottom outlets is 99.0 m3/s.

No dam break event has ever occurred. However, according to the local territorial
plans, a possible failure (whosemechanism is not specified) of the Sciaguana damwould
cause the inundation of the areas shown in Fig. 3. Due to the lack of detailed informa-
tion about the available local studies and the corresponding results, several numerical
simulations (through the HEC RAS code) of possible dam breaches, also modelling the
consequent flood propagation along the Sciaguana River, have been thus carried out.
Additionally, the above described empirical methods have been also applied.
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Fig. 3. Sciaguana dam: inundated areas due to dam break, according to local territorial plans

3.1 Numerical Analyses by Using HEC RAS Code

A (pure) 2D unsteady flow model of a possible Sciaguana dam break due to (a)
overtopping or (b) piping failure have been implemented through the HEC RAS code.

DTM (Digital Terrain Model) with spatial resolution 2 × 2 m has been used as
topographic input data. The reservoir was modeled through the “storage area” element
(available in HEC RAS code), to which the “elevation vs volume” values deduced from
information reported in Table 1, were assigned.

The domain of 2D calculation (“2D Flow Area”) allows to simulate the poten-
tial flooded areas along the Sciaguana River valley. “Storage area” (i.e. resevoir) and
“2D Flow Area” (i.e. Sciaguana River valley) are connected through the “SA/2D Area
Connection” element, representing the embankment dam (Fig. 4).

Through this element it is possible to define the “dam break” properties; as previ-
ously specified, the “dam break” was simulated through the “overtopping” and “piping
erosion” options (according to User Entered Data tool).

According to “overtopping” failure mode, the water surface overtops the entire dam
and erodes its way back through the embankment or when flow going over the spill-
way causes erosion that also works its way back through the embankment. The breach
formation and progression occur according to a proportional horizontal and vertical
increments, precautionally (as default in HEC RAS code, Fig. 5).

The “piping erosion” failure mode allows to model the dam break due to seepage
through the embankment, which causes erosion, which in turn causes more flow through
the dam, favouring more erosion. A piping failure grows slowly at first but tends to
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Fig. 4. Sciaguana dam: 2D model implemented through the HEC RAS code

Fig. 5. Overtopping erosion characterized by equal horizontal and vertical progressive increments
of the breach (adapted by [19])

pick up speed as the transversal area of the opening (or channel/pipe) begins to enlarge.
The definition of two parameters is required to run the code according to this option:
“piping coefficient” and “initial piping elevation”. The orifice (piping) coefficient is used
to calculate the flow through the breach opening during the piping erosion progression;
once the embankment above the opening (or pipe) sloughs, and the water is open to the
atmosphere, a weir equation is used to compute the breach flow. The following scenarios
have been simulated.

(1) Complete dam failure due to overtopping, input breach parameters in HEC RAS:
center station = 320 m; final bottom width = 430 m; final bottom elevation =
241.75 m asl; left side slope = 3; right side slope = 2.5; trigger failure at WS
= 260.57 m asl; breach formation = 1 h (estimated through Eq. (4)); breach
progression = linear;

(2) Complete dam failure due to overtopping, input breach parameters in HEC RAS:
center station = 320 m; final bottom width = 430 m; final bottom elevation =



Effects of Dam Failure Mechanisms on Downstream Flood Propagation 157

241.75 m asl; left side slope = 3; right side slope = 2.5; trigger failure at WS
= 260.57 m asl; breach formation = 5 h (estimated through Eq. (3)); breach
progression = linear;

(3) Complete dam failure due to overtopping, input breach parameters in HEC RAS:
center station = 320 m; final bottom width = 430 m; final bottom elevation =
241.75 m asl; left side slope = 3; right side slope = 2.5; trigger failure at WS
= 260.57 m asl; breach formation = 1 h (estimated through Eq. (4)); breach
progression = non linear;

(4) Partial dam failure due to piping erosion, input breachparameters inHECRAS: cen-
ter station=320m;finalbottomwidth=40m(averagebreachwidth=60m,derived
from Eqs. (1), (2)); final bottom elevation = 241.75 m asl; left side slope = 1; right
side slope=1; trigger failure atWS=260.57masl; breach formation=0.75h (aver-
age value between those ones estimated throughEqs. (3), (5)); breach progression=
sinusoidal (typically assigned in HEC RAS code to simulate a dam breach due to
piping); piping coefficient= 0.5; initial piping elevation= 250.0 m asl.

Referring to the breach progression (according to equal horizontal and vertical pro-
gressive increments), the following failure evolution curves have been applied (Fig. 6).
Definitively, themain input data of the simulated scenarios can be summarized as follows
(Table 5).
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Fig. 6. Breach progression: assigned evolution failure curves

Referring to the initial and boundary conditions (“unsteady flow data” tool), the
following assumptions are considered:

maximum reservoir water level, as initial condition, applied to the “storage area”;
normal depth applied to the “2D flow area” mesh boundary;
no flow rate along the Dittaino River.

Manning coefficient equal to 0.06 s/m1/3 has been assigned to the 2D flow areamesh,
according to local territorial plans studies by Sicily Region government authorities.
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Table 5. Sciaguana dam break simulation: considered scenarios

Scenario Description Breach formation time Breach progression

1 Complete dam failure due to overtopping 1 h Linear

2 Complete dam failure due to overtopping 5 h Linear

3 Complete dam failure due to overtopping 1 h Non linear

4 Partial dam failure due to piping erosion 0.75 h Sinusoidal

The obtained results in terms of (1) inundation areas along the Sciaguana river valley
(with the inundation areas derived from the local Authorities as red lines), (2) water
level at a specific transversal section along Sciaguana river (at the distance of 1000 m
downstream the dam), (3) peak outflow and (4) the corresponding outflow hydrograph,
referred to the different simulated scenarios, are shown in the following figures. Sensible
differences between the various simulated scenarios and the local territorial planning can
be observed.With respect to the inundationmaps from the local territorial planning, these
differences are mainly due to the topographic data (i.e. DTM) used in the computations.

Referring to the different considered scenarios, wider (and more similar to those
ones derived from local Authorities) inundation areas along the Sciaguana river valley
are obtained by simulating the break dam due to overtopping (Fig. 7). The differences
between the two considered breach mechanisms (i.e. overtopping and piping erosion)
are considerable also in terms of water level at a transversal river section (Fig. 8).

Fig. 7. Numerical results: inundation areas for the different simulated scenarios (the inundation
areas derived from local government Authorities are shown as red lines)
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Fig. 8. Numerical results: water level at a specific transversal section along Sciaguana river
(at the distance of 1000 m downstream the dam), for the different simulated scenarios

It is worth observing that the inundation maps from local territorial planning can be
interpreted and reproduced only by assuming a break dam due to overtopping.

The maximum peak outflow (9562.2 m3/s) is obtained in the scenario 1 (complete
dambreak due to overtopping, duration of formation= 1 h; breach progression= linear);
the minimum peak outflow (3909.4 m3/s) is obtained in the scenario 4 (partial dam break
due to piping erosion, duration of formation = 0.75 h; breach progression = sinusoidal)
(Fig. 9). Referring to scenario 4, the reduction of the reservoir water level is slower than
the other scenarios (Fig. 10).
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3.2 Application of Empirical Breach Prediction Methods

As previously specified, the empirical formulas, Eqs. (1)–(5), have been applied to
estimate the average breach width and the time to failure, assumed in the numerical
simulations through HEC RAS code.

Therefore, the Eqs. (6)–(11) are applied here to the case study of the Sciaguana break
dam and compared with the above numerical results (HEC RAS code) in terms of peak
outflow (Table 6) and outflow hydrograph (Fig. 11).

Table 6. Sciaguana dam break simulation: numerical results vs empirical methods

Scenario Qp (mc/s)

HEC
RAS
code

Equation (6) Equation (7) Equation (8) Equation (9) Equation (10)

1 9562.2 4355.9 3565.0 2072.89 10845.4 6326.3

2 5663.5

3 8234.6

4 3909.4

It is firstly worth observing that the Eqs. (6)–(10) to estimate the peak outflow don’t
take into account the time to failure and the type of breach mechanism (e.g. overtopping,
piping erosion).

Equations (6) and (7) provide results similar to those ones numerically obtained
in the scenario 4; Eq. (9) similar to those ones numerically obtained in the scenario
1; Eq. (10) similar to those ones numerically obtained in the scenario 2. Equation (8)
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Fig. 11. Outflowhydrographs, for the different simulated scenarios: numerical results (HECRAS)
vs Eq. (11)

provides smaller values of peak outflow than the remaining formulas. Thus, Eqs. (6)–
(8) seem to be applicable to the analysis of breach dam due to piping erosion; while
Eqs. (9), (10) seem to be applicable to the analysis of breach dam due to overtopping.
Equation (11) can be only applied to the breach dam processes due to overtopping. Thus,
the results computed by Eq. (11) have been compared with the numerically simulated
scenarios 1, 2, 3. Specifically, Bb(t), H(t) and Z(t) (figuring in Eq. (11)) have been
derived from the HEC RAS code, for each considered scenarios (tan(α) = 1 and C =
1.44 are assigned in Eq. (11)).

It is observed the correspondence, in terms of both form and peak of the outflow
hydrograph, between the obtained numerically (HEC RAS) and analytically (through
Eq. (11)) results (Fig. 11).

4 Concluding Remarks

The paper provides a synthetic overview of available methods in technical literature to
model an embankment dam breach.

Advantages and disadvantages of some breach prediction methods have been
described. Specifically, empirical models are simple, easy to apply to determine the
potential size of a breach and its peak outflow. These last can be estimated from simple
reservoir and dam geometry data, which is often easier to obtain than the more complex
soil data required for physically based models. However, the necessity of mapping areas
that might potentially be flooded following a dam failure calls for the application of
numerical (hydraulic, semi-physical based) models allowing to map the resulting flood
waves. To this purpose, HEC RAS code is applied.

Referring to the case study of the Sciaguana break dam, the HEC RAS code has
been implemented to analyze the effects associated with the changes of the dam break
parameters (e.g. time to failure, mechanisms of breach, breach progression,….) on the
inundation areas. The obtained results have been also compared with the potentially
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flooded areas derived from the studies carried out by the local government Authorities.
The analysis through some empirical models of the examined case study has finally
allowed to define their limits of application and to evaluate their reliability.
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Abstract. The integrity of system of embankment dams and levees is a crucial
component in ensuring the safety of protected communities in any country. The
failure of such systems due to natural or man-made hazards can have monumen-
tal repercussions, sometimes with dramatic and unanticipated consequences on
human life, property and the economy of the states and the country. For highly
seismic areas such as Southern California, it is critical to investigate and study
the seismic response of embankment dams and levees for the afore mentioned
reasons. While experimental studies of embankment dams under seismic loads
is expensive, very time consuming, and limited, numerical studies usually suffer
from lack of legitimate real data for verification of the developed models. How-
ever, organizations such as the California Strong Motion Instrumentation Pro-
gram (CSMIP) instrument lifeline structures such as earth dams and levees with
accelerometers and actively collect strong-motion data. The data obtained from
CSMIP accelerometers is then processed by the Center for Engineering Strong
Motion Data (CESMD) and made public for earthquake engineering applications.
In this study, numerical models of existing earth embankment dams verified with
site specific CESMD data are created in order to analyze their stability for a future
earthquake, for post-earthquake response purposes. The seismic fragility of the
modelled dams was assessed, providing insight for decision makers regarding
priority areas important for matters such as maintenance, dam retrofit, or first-
aid response locations for a hypothetical major earthquake. Society can be better
prepared for a potential catastrophic seismic event.

Keywords: Embankment design · Slope stability · Seismic monitoring

1 Introduction

The integrity of the state and national system of embankment dams and levees is a crucial
component in ensuring the safety of protected communities in any country. Levees
are constructed along water courses to provide protection against floods while dams
are constructed to form reservoirs to store water for urban, industrial or agricultural
consumptions. The failure of such systems due to natural or man-made hazards can have
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monumental repercussions, sometimes with dramatic and unanticipated consequences
on human life, property and the economy of the states and the country. The failure of
dams and levees duringHurricaneKatrina in 2005, which led to the catastrophic flooding
of the city ofNewOrleans, USA, is a highly illustrative example. About 2,000 people lost
their lives due to the failure of the levees that were protecting the city, and the property
damage was estimated at $81 billion (2005 USD) [1]. There are several other examples
that reveal the critical role of embankment dams and levees, and the impacts of their
failure on people’s lives and properties. There are nearly 14,000 miles of levees under
U.S. Army Corps of Engineers (USACE) jurisdiction in the US; but it does not include
what is believed to be more than 100,000 additional miles of levees not covered by the
USACE safety program. Some are little more than mounds of earth piled up more than
a century ago to protect farm fields. Others extend for miles and are made of concrete
and steel, with sophisticated pump and drainage systems. They shield homes, businesses
and infrastructures such as highways and power plants [2].

Figure 1a shows that 881 counties with a total population of 160million in the United
States are protected by these dams and levees. Figure 1b presents a closer look at the
levees (black lines) and the areas protected by them in Southern California, specifically,
the Los Angeles metropolitan area. As it is illustrated in Fig. 1b, there are large areas
of Orange County between the Los Angeles River and Santa Ana River, which are
heavily populated and are being protected by levees. Although Southern California has
a relatively lower risk of experiencing hurricanes or typhoons compared to cities such
as New Orleans, Louisiana or Houston, Texas, the existence of a large number of active
faults, and the high likelihood of earthquakes, makes the assurance of a healthy and
reliable dam and levee system a very important matter to the State of California. In the
case of an earthquake, the induced seismic forces, failure of the slopes, and the ground
rupture would be the main failure mechanisms. In the case of a hurricane or flood that
happens relatively quickly, seepage and overtopping would be the most dominant and
most probable failure mechanisms. While other failure mechanisms require more time
to significantly damage a dam or levee, seismic loads would apply large deformation to
the dams or levees in a relatively short time, and eventually lead to dam failure.

The overall stability of levees and embankment dams is a very complicated matter
and depends on severalmultidisciplinary factors such as stability of slopes (Geotechnical
Engineering), characteristics and impacts of flooding events (Water Resources Engineer-
ing), and erosion properties of the surface and covers (Construction Engineering), among
others. Therefore, it is critical to investigate and study the behavior of the systemof levees
and embankment dams in Southern California using a multidisciplinary research team.
This can help to more realistically identify the locations with most critical problems in
the levee system and accordingly reevaluate the current existing seismic design criteria
in regards to the embankment dam systems. Precisely modeling the structure of dams
under seismic loads would help engineers to be able to predict the most probable failure
sections, and take the appropriate actions to minimize the risk of failure.

One method to model the seismic response of earth dams is through shaking table
tests of scaled models. One of many examples is the work performed by Yuan et al.
[3]. The large size of the dams and levees would generally create a great limitation on
the experimental and laboratory studies of these structures. Accurate construction of
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Fig. 1. Areas protected by levees, (a) United States counties protected by levees (shown in red
color) and major cities (shown in yellow color), (b) Los Angeles greater metropolitan area with
the endanger flood zones shown in purple color.

the laboratory models, lack of precise control on the boundary conditions, difficulties of
performing testswith various seismic loads, and large number of required stress and strain
sensors, among others are some of the main challenges of experimental investigations
of embankment dams and levees [4, 5].

Numerical models, on the other hand, can overcome almost all of the mentioned
limitations of the experimental studies, although a thorough verification of the results
is an essential part of any numerical study [6, 7]. Alberti et al. [8] analyzed the seismic
performance of the San Pietro dam in Southern Italy using a numerical method. The
damwas modeled and analyzed through dynamic 2D finite difference analyses using the
computer code FLAC2D. Crosshole tests were performed on various portions of the dam
to obtain small strain shear modulus (Go) values to model the dam. Prior to the seismic
analyses, a static analysis was performed to simulate the dam construction and reproduce
the total and effective state of stress at the end of the dam construction. The inputmotions
were obtained from several accelerograms from aworldwide database including a record
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from the 1994Northridge earthquake inCalifornia. Permanent deformations smaller than
50 cm (20 in) were calculated, based on the input parameters.

Rampello et al. [9], performed a set of finite element analyses to evaluate the behavior
of the Marana Capacciotti earth dam in Southern Italy, under seismic load. A consti-
tutive model capable to reproduce soil non-linearity, and calibrated against laboratory
measurements of the stiffness of small strains, was used for their investigations. The
models were developed in Plaxis software and both artificial and real accelerograms
were considered for seismic input values. With respect to the real accelerogram data,
the finite element analysis only considered data from a single accelerogram from the
1976 Friuli earthquake in northeast Italy. Prior to seismic analyses, a static model of the
construction of the dam was also simulated to produce initial state of stress conditions.
The static model was checked with observed settlements during and after construction
from extensometers installed on the dam. Material property inputs were obtained from
results of recent in situ investigation. Ultimately, the seismic analyses returned accept-
able results specifically due to computed settlements at the crest being considerably
smaller than the service freeboard. Other researchers have performed seismic analyses
of earth dams using numerical methods in recent years to investigate various aspects of
embankment design [10–14].

While the studies mentioned above provide important information regarding seismic
numerical analysis procedures for earth dams, they were mainly limited to historical
seismic input values that have occurred at other sites. However, due to the complexity
of the interactions of various sections of embankment dams, it would be very beneficial
to analyze a dam using seismic parameters previously experienced by the specific dam
in order to verify that the model responds similarly to the actual occurrence.

Zeghal and Abdel-Ghaffar [15], performed numerical analyses to investigate the
behavior of the Long Valley earth dam in California, using data from 22 accelerographs
instrumented on the dam, primarily to address existing methods of seismic modeling
of earth dams. The authors noted that it was a complex task to choose a model for a
real structure, especially under seismic conditions. Using the accelerograph data, the
dam was determined to behave nonlinearly and having seismic wave propagation at its
boundaries. The study also found that constitutive hysteretic models are insufficient to
account for dam dissipation mechanisms. The study highlighted the benefit of having
strong-motion data to produce information not available by other means.

More recently, Castelli et al. [16] modeled the Lentini earth dam in southeast Sicily,
Italy with strong-motion data from a nearby accelerometer recorded during the 1990
Santa Lucia earthquake, which had caused notable damage to the dam. Using Plaxis,
a 1D analysis was preformed resulting in the maximum horizontal acceleration versus
depth.

Strong-motion earthquake data is constantly being collected for various structures in
theState ofCalifornia,USA.The primary reason for collecting strong-motion earthquake
data is that society could greatly benefit from an increased understanding of how certain
structures would respond to specific strong-motion values or seismic events [17]. This is
especially true for lifeline structures in Southern California. Figure 2 shows the locations
of the dams in southern California that are currently being monitored by the Center for
Engineering Strong Motion Data (CESMD) and its partners, and the behavior of these
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dams have been recorded during the past earthquakes in the region. In lack of accurate
laboratorywork, the available data can be a great source to verify and validate developing
numerical models.

Fig. 2. Dams in Los Angeles greater metropolitan area that are being monitored by the Center
for Engineering Strong Motion Data (CESMD) and its partners.

The objective of this investigation is to develop sets of numericalmodels that simulate
different failure mechanisms of these dams under seismic loads. The results can reveal
the areas of the dams and levees with higher risks in respect to overall stability, which
would eventually lead to the measurement of potential impacts on properties and lives
in affected areas. These could lead to the development of action plans for remediation
of the system of the dams and reduce the risk of failure in the case of an earthquake or
other natural and man-made catastrophes [18].

2 Problem Definition

One of the main goals of this investigation is to revisit and improve the seismic design
criteria of embankment dams and levees. This goal can be achieved by developing
precise models of embankments, using site specific soil characteristics, and considering
the overall behavior of dams under previous seismic loads.

2.1 Input Motions

Site specific accelerometer data is used for this study. There are currently a few organiza-
tions such as theCaliforniaGeologic Survey (CGS),Department ofConservation that use
a large number of instruments to continuously record the responses of select structures
since 1972.More than 125 structures instrumentedwith accelerometers by the California
Strong Motion Instrumentation Program (CSMIP) are lifeline structures [19]. The data
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obtained from CSMIP accelerometers is then made public by the Center for Engineering
Strong Motion Data (CESMD). The CESMD is a cooperative center established by the
United States Geological Survey (USGS) and the CGS to integrate earthquake strong-
motion data from the CSMIP. The CESMD provides raw and processed strong-motion
data for earthquake engineering applications [20]. In order to analyse an existing struc-
ture for post-earthquake response, significant earthquakes that have occurred in Southern
California are applied to the model, such as the 1994 Northridge earthquake (6.7 Mw).
The CESMD provides records from numerous accelerometers with data from this earth-
quake and many others. Figure 3 displays a typical output of processed accelerometer
data displaying the acceleration, velocity, and displacement during the 1994 Northridge
earthquake from an accelerometer located on the Pacoima Dam in California.

Fig. 3. Sample CESMD processed accelerometer data output (Center for Engineering Strong
Motion Data: https://strongmotioncenter.org).

2.2 Site and Dam Characteristics

To investigate the behavior of embankment dams under seismic loads, a few existing
dams in Southern California were analyzed. For the purposes of this study, the selected
dams were limited to homogeneous earth embankments, currently well instrumented
withCSMIPaccelerometers, andwith existing subsurface investigation formodel param-
eters. Figure 4 displays the Puddingstone dam cross section as an example obtained from
the CESMD. The dam is located in the city of San Dimas, California.

The dam presented in Fig. 4 was constructed with locally available weathered shale
bedrock. The embankment fill is composed of compacted sandy silty clay (CH-ML)

https://strongmotioncenter.org
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Fig. 4. Puddingstone dam cross section (a) Properties of the dam; (b) Dam’s geometry (not drawn
in scale) [20].

with weathered shale fragments. The dam also has a toe drain on the downstream (north)
portion made up of large boulders. The dam was completed in 1928 and is now operated
by the Los Angeles County Flood Control District.

3 Finite Element Modelling

The numerical models are developed using the finite element modeling software RS2
by Rocscience [21]. The selected dams were modeled geometrically based on the actual
conditions of the respective dams. Material properties were then introduced based on
the performed subsurface investigations, and obtained values from field and labora-
tory experiments. The dams were modeled using an appropriate constitutive model. A
strain-hardening model with non-linear stiffness was found to be the most appropriate
constitutive model for these investigations [9, 11–13, 16], and was used in this study.
Subsequently, the appropriate boundary conditions and a uniform mesh were applied to
the models. Figure 5 illustrates the cross section of a typical modeled dam with mesh
and boundary conditions. Prior to running any analysis, the strong-motion data obtained
from the CESMDmust be properly applied. In RS2, similar to other finite element mod-
els, the seismicmotions are applied at the base of themodel. However, the strong-motion
values obtained from the CESMD are the recorded motions experienced at the location
of the accelerometer. To properly evaluate the validity of the models, the strong-motion
data must be deconvoluted such that the motions inputs at the base of the embankment
dam, results in the motion recorded by the accelerometer at the actual location of the
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accelerometer. Afterwards, the strong-motion data was carefully modified so that the
high frequency components, which do not provide significance would be eliminated
from the analyses without impacting the overall properties of the dynamic loading. This
is done to reduce computing time. Finally, appropriate Rayleigh damping coefficients,
αM and βK , were computed for the model.

Fig. 5. Typical RS2 model with mesh and boundary conditions

The analysis generally consisted of two major stages. First, the model was analyzed
under static conditions (gravity) to achieve an existing (after construction) state of stress.
The next stage was the dynamic stage where displacements were calculated based on
the input parameters.

3.1 Model Verification

Prior to running an analysis on any probable, significant, earthquake, the developed
model must be verified to have confidence in the results. The benefit of picking a dam
well instrumented with accelerometers is the possibility of using the recorded data from
smaller earthquakes in the past. The developed models in this research were validated
with CESMD data recorded by select accelerometers on the dam. The actual displace-
ments of the dam at those selected locations were known from the processed data. The
motions input for verification were the recent, previously occurred earthquakes of less
magnitude, and the majority of the recorded displacement values were less than 1 cm
(0.4 in). The water level of the dams on the days the input motion was experienced was
also obtained and modelled accordingly in an effort to create the most representative
models possible.

4 Results and Discussions

After obtaining a verifiedmodel, the idea is that themodel is valid for any possiblemotion
applied to it. To assess the areas of the dam that are at higher risk regarding stability,
arbitrarily high strong-motion data obtained from CESMD accelerometers located in
Southern California was obtained and modeled for Puddingstone Dam. Conclusions
could then be determined based on the obtained results.
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Twodifferent embankment damswith various soil propertieswere investigated in this
paper using a developed finite element model. The numerical models were verified using
site specific recorded seismic responses. The behaviors of these dams were then studied
under predicted future seismic events. Figure 6 shows a typical deformation response of
one of the modeled dams. The weaker sections of the dams were identified and checked
against the current seismic design criteria. The developed model can also be used to
analyze the responses of other earth embankment dams with similar soil properties in
the case of amajor earthquake event, and assess the possibility of future failure in existing
conditions. Displacements throughout the dam are measured and assessed. The crests
of the dams are specifically an area of interest in assessing the stability of dams as large
deflections of the crest would greatly affect the service freeboard.

Fig. 6. Typical embankment deformation under seismic load

Seismic fragility analysis, with fragility curves as the outcome, is an efficient app-
roach for seismic risk analysis of engineering structures. However, as far as embankment
dams in seismically active regions are concerned, there still lacks a well-established
method. As a result of this study, fragility curves for the subject dams were also gen-
erated. Figure 7 presents a typical fragility curve result. The seismic vulnerability for
the dams under the proposed study were determined by combining the probabilities of
various levels of the seismic hazard at the dam location, with the damage probabilities
to the dam corresponding to the seismic hazard levels at the site.

Seismic hazard is represented by the peak ground acceleration (PGA) using a number
of near field earthquake records in the CSMIP database. The records include different
PGA levels and frequency contents that represents a creditable earthquake in active
seismic sites. The analyses were carried out using the calibrated models described in
the section above. The fragility curves will assist a decision maker for section priorities
for dam retrofit and maintenance, and it will be used as a tool for first aid respondents
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Fig. 7. Typical embankment deformation under seismic load.

to mobilize their resources more effectively at sites susceptible to the risk of higher
damage. The ultimate goal is to expand this study in future research for a series of earth
dams and levees in a region such as the Los Angeles Basin to identify the key structures
that are in emanate risk.

5 Conclusions

In this paper, a set of numerical models were developed that simulate different failure
mechanisms of embankment dams and levees under seismic loads in SouthernCalifornia,
USA. The results revealed the areas of the dams and levees with higher risks in respect
to overall stability, which would eventually lead to the measurement of potential impacts
on properties and lives in affected areas. These could lead to the development of action
plans for remediation of the system of the dams and reduce the risk of failure in the case
of an earthquake or other natural and man-made catastrophes. The following specific
conclusions can be drawn from the study:

1. The finite element modeling method was performed to precisely simulate the exist-
ing, at risk dams in Los Angeles metropolitan area, using the available recorded data
of the response of the same dams during previously occurred seismic activities. The
results showed a good consistency with the previous earthquakes.

2. The data produced over the course of this research validated the behavior predicted
by the numerical models. Although the deformations and stresses were recorded
during previous earthquakes in the region, the developed model in this research can
be used to predict the dam’s responses in the case of future earthquakes.

3. The analyses showed that the maximum settlement (vertical deformation) would
happen under the crest of the embankment. This can be due to the fact the crest is the
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highest elevation on the dam, and the underlying soil would carry the largest stresses
in the structure.

4. Maximum lateral (horizontal) deformation would occur about mid-height of the
embankment on the slope face and away from the center on either side. As the
embankment settles, it extends outward laterally.

5. This study serves as an example for other earth embankment dams to be numerically
modelled using strong-motion data to assess the need for post-earthquake response.
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Abstract. Construction of theMengkuang dam upgrading project was exposed to
potential piping risk at several key areas. The variability in site geology, foundation
conditions and construction materials added to the difficulty in predicting piping
risk of the project. In some cases the risk factors were only uncovered during
construction stage after the dam foundation was exposed. Changes to the original
design, construction procedures and contract specifications had to be made in
order to mitigate the risks. The techniques applied and measures implemented
for risk reduction varied in each case in order to suit the actual site conditions
and nature of risk encountered. This paper discussed the techniques developed
and the issues related to the piping risk reduction measures implemented for the
dam upgrading project. The techniques developed for alleviating piping risk was
effective, judging from behavior of the dam and dam instrumentation records that
were within expected ranges.

Keywords: Earthfill dam · Piping risk · Plastic concrete · Cutoff wall

1 Introduction

Other than overtopping, internal erosion and piping are the main causes of failures and
incidents in embankment dams [1]. Despite the fact that piping phenomenon has been
recognized for many years, incidents of piping in dams continue to occur [2, 3]. The
variability in site geology, foundation conditions and construction materials added to
the difficulty in predicting piping risk of the project. In many cases potential piping
risks were not identified at the investigation and design stage. The risk factors were
only uncovered during construction stage after the dam foundation was exposed. Risk
management technique was developed for the construction of the Mengkuang Dam
upgrading project [4, 5].

Construction of the Mengkuang dam upgrading project was exposed to potential
piping risk at several key areas. Changes to the original design had to be made in
order to mitigate the risks. The strategy adopted for the design of foundation cutoff
works involved a combination of cut-off trench, plastic concrete cut-off wall, jet grout
wall and cement grout curtain in order to suit the varied foundations conditions and
presence of erodible materials at the dam foundation and abutment. This paper discussed
the techniques developed and the issues related to the piping risk reduction measures
implemented for the dam upgrading project.
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2 Importance of the Dam Upgrading Project

The Mengkuang Dam upgrading construction contract was awarded by the Government
of Malaysia to China International Water & Electric Corp. (M) Sdn. Bhd. in 2012. This
major water source augmentation project is vital for Dua River Water Treatment Plant
which provides over 80% of the potable water supply of Penang State.

The original Mengkuang Dam was an earthfill dam 31 m high and about 1 km
long completed in 1985. The project involved raising the existing dam by 11 m and
construction of a new dam 45 m high and about 2 km long. The upgraded dam was
completed in July 2015.

3 Site Conditions

The dam site is part of theKulimGranite Formationwhich is amedium to coarse grained,
porphyritic granite and granodiorite. The granite is typically siliceous, containing over
50% quartz, and microcline as its dominant feldspar, and minor mafic minerals that are
mainly biotite. The expanded Mengkuang Dam has a crest length of about 3 km long
and a dam foundation about 300 m wide. The dam foundation is widely covered with
sandy clayey silt of alluvium or slope wash of the Quaternary Period. Residual soil layer
varies widely from 2 m to 40 m deep. Highly to moderately weathered granite varying
from zero to 8 m in thickness generally overlay the slightly weathered to fresh granitic
bedrock. The residual soil and weathered granite have permeability coefficients in the
range of 10−4 cm/s.

4 Internal Erosion Control Measures

The extended dam is a zoned earthfill dam. In order to protect the clay core against
internal erosion and piping risk, a comprehensive filter and internal drainage systems
and seepage cut-off measures were provided as shown in Fig. 1. Crushed rocks filter was
processed from the granite boulders using quarry facility available at site. A laboratory
test proposed was set up for testing the acceptability of the crushed rocks filters for clay
core constructed of tropical residual soils derived from granite (see Fig. 2) [6, 7].

Notes: L3 – Alluvium, L4 – Completely Weathered Rock to Residual Soil, L5 – Moderately to 
Highly Weathered Rock, L6 – Fresh to Slightly Weathered Rock

Fig. 1. Typical design section of extended dam
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Fig. 2. No erosion filter test for Mengkuang Dam

5 Dam Foundation Seepage Cutoff Works

Seepage cutoff work through the dam foundations was provided using a combination
of cut-off trench, plastic concrete cut-off wall, jet grouted wall, and consolidation and
curtain grouting.

The extendeddamon the adjacent valleypassed through thepervious to semi pervious
weathered granite layer with thickness varying from 2 m to 40 m. The strategy adopted
for the design of foundation cutoff works involved a combination of cut-off trench,
plastic concrete cut-off wall, jet grout wall and cement grout curtain in order to suit the
varied foundations conditions over the 3 km long dam embankment.

Value engineering conducted on options of seepage barrier installation showed that
cutoff trench with depth exceeding 10 m was more expensive compared to plastic con-
crete cutoff wall (see Fig. 3). Other factors such as cutoff trench stability and dewatering
issue to enable dry working area during construction period added to the disadvantage
of deep cutoff trench option.

Fig. 3. Trenching for plastic concrete wall using clamshell bucket

Jet grout cutoff wall was constructed at the upstream toe of the raised dam and
extended up the abutments and the spillway to form a continuous seepage barrier for the
raised dam. This option was adopted for the coarser soil foundation at the hilly ground.
The jet grouting machine is a lighter machine suitable for ease of maneuvers at sloping
ground.
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At the base of cutoff trench a 500 mm thick concrete slab was constructed which
act as grout cap for consolidation grouting to seal the weathered and fractured granite
as shown in Fig. 4.

Fig. 4. Consolidation grouting on moderately weathered rock foundation

Grouting was required to complete the seepage cut-off in the bedrocks which perme-
ability varied between 105.93 Lu and 0.66 Lu. One row of grout curtain was provided for
the foundation of both the heightened and the extended embankment, with total length
of 3,150 m. The adopted grout curtain seepage criteria was below 3 Lu.

Slope correction excavation or dental concrete were used at areas where the rock
profile was uneven (>150 mm) in order to ensure positive contact of the core zone
against the rock.

6 Piping Risk Reduction Measures

Due to the presence of erodible materials at the dam foundation and abutment piping
risk reduction measures were applied at five key areas of the dam. Some risks impact
the safety of existing dam at the construction stage, while others impact on the future
performance of the dam.

6.1 Risk of Piping at Left Abutment of Extended Dam

The left abutment of the extended dam contained several bands of hydro-thermally
altered granite which is highly erodible materials as shown in Fig. 5. Potential failure
mode due to erosion of the weak materials when subject to high pressure seepage flows
from the reservoir was deemed unacceptable, after a detailed geological and geotechni-
cal investigation was carried out. The piping risk reduction measure adopted involved
construction of three rows of cement grout curtain connected to the grout curtain of the
extended dam, radial grout curtain of the outlet tunnel and extended to the left abutment
to form a seepage barrier through the fractured zone at the left abutment. The grouting
work constituted a variation to the contract with a cost of RM 6.4 million.
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Fig. 5. Hydro-thermally altered granite at left abutment and foundation of extended dam

6.2 Risk of Piping at Extended Dam Foundation

At the extended dam foundation, whitish completely weathered granite (which was
hydro-thermally altered) was encountered at chainage 400 m to 900 m and intermit-
tently until chainage 1400. This chalk-like materials was highly erodible. Removal of
this material was not practical and the cost to be incurred would be prohibitive. Plas-
tic concrete cutoff wall was provided to create a seepage barrier through the erodible
foundation [8]. The plastic concrete cutoff wall was designed to achieve its ability to
deform without cracking and to resist erosion if it did crack when it is subjected to the
embankment loading above.

The hydro-thermally altered granite becomes soft when exposed to rain and tends
to form cracks induced by shrinkage when exposed to sunlight. Placing of the clay core
was made as soon as the dam foundation preparation was completed in order to control
the formation of cracks. The clay core material used for contact with the foundation
consisted of plastic clay with plasticity index over 15 and moisture content wetter than
optimum up to 4%. Likewise placing of horizontal filter blanket at the downstream
shoulder of dam was made soon after foundation surface was ready. A rock-toe with
filter was provided at the downstream toe of dam to act as counterweight against uplift
pressure of seepage exiting at the dam toe.

6.3 Risk of Hydraulic Fracture of Dam Embankment at River Channel

Construction of the 2 km long dam embankment had proceeded concurrently on both
sides of the river channel of Mengkuang River during construction of the diversion
tunnel. The gap at the dam embankment in the river channel was completed much later.
Differential settlement and crack due to variation in height and time of completion of the
embankment was a potential risk. The piping risk reduction measures applied included
controlling the steepness of embankment slope at both sides of river channel to not more
than 30° in order to avoid soil arching effect. Abrupt variation in ground surface at the
edge of river banks was corrected to avoid steps in the profile. This measure was applied
to avoid development of low stress zones in which hydraulic fracture can occur as the
dam is filled [3].
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6.4 Risk of Internal Erosion of Dam Core Adjacent Draw-off Culvert of Existing
Dam

Raising of the existing dam involved extending the horse shoe shape draw-off culvert
which had experienced high seepage along the wall of the culvert. Potential failure mode
of the raised embankment due to internal erosion and piping was a major concern. The
conduit facilitates the initiation of internal erosion by causing soil arching adjacent the
wall of culvert which lead to low stress zone and hydraulic fracture [3, 9]. The piping
reduction measures applied include placing plastic clay with high moisture content (up
to 4% above optimum moisture content) to facilitate effective contact between soil and
culvert interfaced area. Filter collars together with horizontal filter blanket were placed
at the extended culvert of the downstream shoulder of the raised dam.

6.5 Risk of Piping Failure of Existing Dam Due to Dam Raising Works

During construction of dam upgrading works, concentrated leak was observed at about
100m away from the reservoir. The leaks were discharging from a porous layer of highly
weathered granite as shown in Fig. 6. The probability of piping failure of existing dam
was assessed using event tree technique to represent the postulated failure mode to assist
in decision making on the mitigation measure required [4, 5].

Fig. 6. Piping risk at left abutment of existing dam

The risk reduction option by lowering existing reservoir water level by 10 m was
the least cost option. However this option would impact the security of water supply
system. An alternative water source from Beris Dam of Kedah state was identified as
a backup source. This issue was finally resolved after a long process of negotiation
between state government of Penang, Kedah and Federal Ministry of Land Water and
Natural Resources (KATS).

7 Conclusions

The measures applied for piping risk reduction had taken into account the actual site
conditions and nature of the risk encountered. The techniques developed for alleviating
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piping risk was effective judging from the behavior of the dam and dam instrumentation
records. Monitoring data showed the total seepage recorded in 2019 was less than 9 L/s.
Other dam instrumentation readings, e.g. piezometers, inclinometers, extensometers,
geodetic surveys, etc. were within the expected ranges.

Acknowledgments. The authors acknowledge the project team members of Water Supply Divi-
sion (BBA) of Ministry of Land, Water and Natural Resources (KATS), Angkasa Consulting Ser-
vices Sdn. Bhd. and China International Water & Electric Corp. (M) Sdn. Bhd. who contributed
to the development and execution of the piping risk reduction measures for the project.
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Abstract. A super large rock avalanche occurred along Zhamu Creek, southeast
Tibet on April 9, 2000, and triggered the Yigong landslide dam. The dam with a
height of 60 m, a length of 2500 m, a width of 2500 m and a lake volume of 2.015
Gm3, threatened life and property both downstream and upstream. This paper
reports a rapid assessment method for dam breaching with limited geometric and
hydrological information of landslide dams. The method can be divided into three
steps: first, Google map was used to obtain regional DEM data; second, Global
Mapper was used to analyze the regional DEM data and obtain the river channel
profiles; third, the HEC-RAS 4.1 was used to simulate the outburst discharge
and flood evolution process. The results show that the excavation of spillway
can decrease the dam breach peak discharge and control the life and property risk.
The present method can be used for breach flood assessment of sudden unexpected
landslide dams and providing a scientific basis for decision making in landslide
dams risk management.

Keywords: Yigong landslide dam · Dam breaching · Peak discharge · Flood
routing · Excavate spillway

1 Introduction

A landslide dam is a type of natural dam formed by the lateral obstruction of a river with
landslide, avalanche, debris flow and so on (Zhang et al. 2016). The longevity of most
landslide dams is short, about 52% lasted less than oneweek (Peng andZhang 2012). The
breach of landslide dam has brought widespread hazard to life and property in history
not only because of their magnitude but also because they usually occur suddenly and
unpredictably (Walder and O’Connor 1997). For instance, in 1786, the burst of landslide
dam in Luding-Kangding, killed more than 10 thousand people (Fan et al. 2012). Due
to the sudden formation of landslide dams, it is usually difficult to obtain the detailed
geometric parameters and downstream terrain data quickly. Therefore, prediction of
potential peak discharge and resulting hydrograph based on limited data can help to
decide mitigation measures and reduce life and property losses.
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Previously, there are two methods have been used to predicted probable peak dis-
charge from potential dam failure (Walder and O’Connor 1997). One method is to estab-
lish the regression equations based on the dam parameters and impoundedwater volume:
dam height, dam volume, lake depth, lake volume, or some combination thereof (Costa
1985; Costa and Schuster 1988; Peng and Zhang 2012). The other method is to establish
physical model and calculate the peak discharge and breach size of dams by computer
(Fread 1991; Mizuyama 2006; Chang and Zhang 2010; Li 2017). Although, the outburst
flood of landslide dams is frequently studied, the first model can get approximate peak
discharge, but it is difficult to make a detailed analysis for the dam. The second model
needs detailed hydraulics and geological parameters, but the information usually poorly
known when a landslide dam suddenly formed.

In this study, an rapid assessment method based on regional DEM data of landslide
dams and river channels profiles is proposed to predict the discharge andwater level of the
2000 Yigong landslide dam. Additionally, the discharge and flooded area of downstream
are compared whether the spillway excavated or not.

2 Methodology of Simulating Landslide Dam Breach Flood

The one-dimensional river hydraulic analysis program HEC-RAS 4.1 has been used
to establish the river channel model and simulate the flood evolution. The HEC-RAS
model solves the Saint Venant equations formulated for natural channels (U.S. Corps of
Engineers 2002)

∂A
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+ ∂Q
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− ql = 0 (1)
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(
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∂x
+ gA

(
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where A is cross-sectional area perpendicular to the flow; Q is discharge; ql is lateral
inflow due to tributary; g is acceleration due to gravity; H is elevation of the water
surface above a specified datum; Sf is longitudinal boundary friction slope; t is temporal
coordinate; and x is longitudinal coordinate.

The equations are solved by using the well-known four-point implicit box finite
difference scheme.

The establishment of the HEC-RAS model includes three steps: first, using Google
Map to obtain the regional DEM data; second, using the Global Mapper to analyze the
regional DEM data, and establish the river channel profiles; third, importing the river
channel profiles to the HEC-RAS to establish the river channel model. Besides, in order
to simulate the flood evolution, the channel geometry, boundary conditions and channel
resistance are required. During the calculation, a similar breach formation concept is
used. The failure begins at the top of the dam, growing in depth, bottom width, and side
slope angle simultaneously (Gary 2003).
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3 Flood Simulation of the 2000 Yigong Landslide Dam

3.1 Introduction of the 2000 Yigong Landslide Dam

The Yigong landslide dam was caused by rock avalanche (which was mixed with ice
blocks and water) in the mountains of Tibet at 30°10′39′′N, 94°56′25′′E on 9 April 2000
(Delaney and Evans 2015), Fig. 1 shows the location of the Yigong landslide dam area,
the distance to Yigong Town is approximately 26 km, and the location is 50 km from
Lulang Town and 95 km from Bomi City (Zhou et al. 2014).

The landslide debris completely blocked the Yigong Zangpo River, with a dam
volume of 3 × 108 m3, a dam height of 60 m, a dam width of 2500 m, a dam length
of 2500 m, a lake volume of 2.015 Gm3. Figure 2 shows the water level-lake capacity
curve, the inflow rate was about 518 m3/s.

By 28April 2000, the Chinese ArmyCorps completed the excavation of the spillway,
with a length of 1000m, a topwidth of 150m, a bottomwidth of 30m, and a depth of 30m.
On 10 June 2000, the dam breached and generated a major outburst flood downstream
in the Yarlung Zangpo (Tibet). The peak discharge at the dam site was almost about
124,000 m3/s. The maximum discharge at Tongmai was about 120,000 m3/s, 17 km
downstream from the dam (Shang et al. 2003). Besides, at a distance of 462 km from
the dam site (Fig. 2), the water level began to rise at 12:00 pm on 11 June, and the peak
discharge was about 44,200 m3/s (Tewari 2004).

Fig. 1. The 2000 Yigong landslide dam Fig. 2. Water level-lake capacity curve

3.2 Establishment of the Model

The flood routing process of the 2000 Yigong landslide dam can be calculated by HEC-
RAS 4.1. Firstly, the Google Earth was used to search the Yigong landslide dam site
and river direction to obtain the regional maps based on 30 m DEM data, including
longitude and latitude information. Then, the Global mapper was used to obtain the
3D terrain data and river section profiles. According to the topographic characteristic,
a total of 37 typical river section are extracted. Finally, the regional DEM data, river
section profiles and spillway parameters are input to the HEC-RAS 4.1. The Manning
coefficients on the channel and bank of the Yigong landslide dam are 0.035 and 0.045,
respectively. Figure 4 shows the section of the dam site (Fig. 3).
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Fig. 3. Interface of HEC-RAS 4.1 Fig. 4. Section of the dam site

3.3 Flood Evolution Simulation

The lower reaches of the Yigong landslide dam are mostly located in high mountains
and canyons. According to Google Earth map, it was found that there are three main
areas that may be impacted by the dam breach flood, namely Tongmai bridge, Motuo
county and Beibeng village. Among them, the Tongmai bridge was about 17 km away
from the dam site and its elevation was about 2,033 m, the Motuo village was about
165 km away from the dam site and its elevation was 1,076 m, and the Beibeng country
was about 189 km away from the dam site and its elevation was 859 m.

Figure 5 shows the flood process and the upstream and downstream water level
before and after the excavation of spillway at the dam site. It can be found that after the
excavation of the spillway, the maximum water level at the dam site decrease obviously,
and the peak discharge is decreased from 251,507 m3/s to 118,284 m3/s.

Fig. 5. Water level and breach discharge at the dam site

Figures 6 and 7 show the discharge and flooded area of the Tongmai bridge. The
peak discharge at the Tongmai bridge of excavated and non-excavated spillway are
241,911 m3/s and 116,929 m3/s, respectively. The water level and breach discharge
decreased significantly after the spillway excavated compared to none spillway exca-
vated. Besides, the Tongmai bridge will be flooded after the dam breach whether the
spillway excavated or not. This is also consistent with the actual record. Shang et al.
(2003) also reported a maximum instantaneous discharge of about 120,000 m3/s at the
Tongmai bridge, and flood the Tongmai bridge.
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(a) none spillway excavation                                 (b) spillway excavation

Fig. 6. Water level and breach discharge at the Tongmai bridge

(a) none spillway excavation                                (b) spillway excavation

Fig. 7. Flooded area at the Tongmai bridge

Figures 8, 9, 10 and 11 show the discharge and flooded area of the Motuo county
and Beibeng village, both the discharge and water level are decreased obviously after
the spillway excavated. The Motuo county and Beibeng village are no longer flooded
after the excavation of spillway.

(a) none spillway excavation                                 (b) spillway excavation

Fig. 8. Water level and breach discharge at the Motuo county

(a) none spillway excavation                          (b) spillway excavation

Fig. 9. Flooded area at the Motuo county
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(a) none spillway excavation                           (b) spillway excavation

Fig. 10. Water level and breach discharge at the Beibeng village

(a) none spillway excavation                                 (b) spillway excavation

Fig. 11. Flooded area at the Beibeng village

The result of flood evolution simulation shows that the peak discharge and peak
water level are greatly reduced with the spillway excavated compared to none spillway
excavated. Besides, the excavation of spillway greatly reduce the hazard of the down-
stream. This is because the excavation of the spillway reduced the maximum reservoir
water level of the landslide dam by almost 30 m, and the corresponding maximum reser-
voir capacity by 1 billion m3, which was conducive to reducing the water energy and
dam breach rate of the landslide dam. Therefore, the excavation of spillway plays an
important role in disaster reduction.

4 Results

This paper analyzes the outburst flood evolution of the Yigong landslide dam based on
limited information, the main conclusions are as follow:

The three-dimensional geographic information combined with the flood evolution
software HEC-RAS 4.1 can realize the rapid assessment of the outburst flood when a
landslide dam formed and provide a basis for the emergency management and decision-
making of the landslide dams.

After the Yigong landslide dam formed, the peak discharge of dam breach can be as
high as 251,507m3/swithout taking engineeringmeasures (spillway),whichwill flooded
the Tongmai bridge, Motuo village and Beibeng country in the downstream. After the
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excavation of spillway, the Motuo village and Beibeng country are not flooded, which
indicates that the excavation of spillway can reduce the risk of downstreamwhen the dam
breach, but give early warning and evacuate the downstream population is still needed.
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Abstract. The author participated in the emergency treatment of the barrier lake
formed by the second landslide of Baige, Jinsha River, and put forward the
estimation and prediction methods of the water level, storage capacity and dis-
charged flow process of the barrier lake and the prediction methods of the time
when the barrier lake enters the stage of burst. These methods have been applied
in the emergency treatment, providing reference information for the emergency
response.

Keywords: Baige barrier lake · Emergency response · Burst · Estimation and
prediction · Development process

1 Introduction

In the wee hours of October 11, 2018 and on November 3, 2018, two landslides occurred
in Baige village, Boluo Town, Jiangda County, Tibet Autonomous Region, blocking the
Jinsha River and forming two dangerous cases of barrier lake.

Since Baige landslide formed a barrier to block the river, China Renewable Energy
Engineering Institute has set up a technical team for emergency response to the dangerous
situation of the barrier lake on the Jinsha River, organized professional forces to predict
the possible risks and influence scope, and provided technical support for the national
energy administration to formulate emergency plan. In the second emergency response
process, China Renewable Energy Engineering Institute carried out basic efforts such
as the measurement of the reservoir capacity of the barrier plug and risk judgment,
analysis of bursting flood of barrier lake and evolution, and risk dynamic assessment. The
Institute rechecked and forewarned the time of burst, updated and forewarned the water
conditions along the river in real time after burst. The countermeasures, such as artificial
intervention excavation of the barrier, cofferdam breaking of Suwalong Hydropower
Station and emergency vacating of Liyuan Hydropower Station, are put forward, which
provide technical support for risk prediction and scientific decision-makingof emergency
response of the barrier lake.As amember of the technical team for emergency response of
JinshaRiver barrier lake, I participated in the emergency responsework of the two barrier
lakes. I estimated and predicted the water level and flow information in the development
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process of the second barrier lake, and successfully predicted the time when the barrier
lake entered the stage of burst. In the second part hereof, the dangerous situation and
emergency response process [1] of the second Baige barrier lake are briefly introduced;
in the third part, the estimation and prediction method of the development process of
the barrier lake water level, water storage and discharge is given; in the fourth part, the
prediction method of the time when the barrier lake enters the stage of flow burst is
given, and the accuracy of the prediction method is analyzed; in the fifth part, this paper
is summarized.

2 Overview of the Second Danger Case of Baige Barrier Lake
and the Emergency Response

At about 17:40 on November 3, 2018, the second landslide occurred at the original
landslide point of Baige barrier lake. The landslide is about 1.6 million m3, and the slope
is about 6.6 million m3, of which the total is 8.2 million m3. The last natural discharge
channel is blocked. The total volume of the barrier is about 30.2 million m3, and the top
elevation is about 2,966 m, which will form a barrier lake with a storage capacity of 775
million m3. See Fig. 1 for the barrier conditions after the second landslide.

After the dangerous situation of the barrier lake was researched and determined,
it is decided to carry out manual intervention excavation for the barrier. At 14:42 on
November 8, the first equipment arrived at the weir top and excavation began; at about
17:00 on November 11, the construction of the barrier drain channel was completed. At
5:00 on the November 12, the water level of the barrier lake rose to the bottom elevation
of the manually excavated discharge chute; at 10:50, the manually excavated discharge
chute officially and comprehensively overflowed. At 8:00 on November 13, the flow
of the burst increased to about 70 m3/s and entered the bursting stage; at 18:20, the
maximum peak flow of the burst was estimated to be about 33,900 m3/s. See Fig. 2 for
flow burst of barrier.

After the burst of the barrier, the flood peak formed rapidly advanced to the down-
stream, passing through the stations of Yebatan, Lawa, Batang, Suwalong, Benzilan,
Shigu andLiyuan in turn.At 20:00 on theNovember 13, the flood atYebatanHydropower
Station reached a peak of 28,300 m3/s; at 1:00 on November 14, the flood at Batang
Hydrological Station reached a peak of 20,900 m3/s; at 3:50 on November 14, the flood
at Suwalong Hydropower Station under construction reached a peak of 19,800 m3/s.
From 3:00 on November 15, the inflow of Liyuan Hydropower Station began to increase
significantly, and the maximum inflow reached 7,200 m3/s at 12:30, then decreased
slowly.

After the occurrence of the second landslide, through the analysis and evaluation of
the impact of the breach, three engineering measures are mainly taken: (1) To reduce
the adverse impact of the bursting flood on the power station under construction, the
existing power station and the residents along the river, it is needed tomanually intervene
and excavate the barrier; (2) To reduce the adverse impact of the superposition of the
bursting flood and the bursting flood caused by the collapse of the cofferdamof Suwalong
Hydropower Station, it is needed to remove the cofferdam of Suwalong Hydropower
Station (3). To ensure the safety of concrete faced rock-fill damof theLiyuanHydropower
Station, it is needed to empty the storage of Liyuan Hydropower Station in emergency.
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Fig. 1. Barrier Blocking the River after the Second Baige Landslide
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Fig. 2. Burst of Barrier (16:00 on November 13)

3 Estimation and Prediction of Development Process of Water
Level, Storage and Discharge Flow of Barrier Lake

The process curve of the water level, storage capacity and discharge of the weir lake
can be drawn according to the water level storage capacity curve of Baige barrier lake,
the shape, size and elevation information of discharge chute, the released water level
information of the barrier lake and the flow information from the upstream of the barrier
lake, and the prediction curve can be further drawn based on the existing data.

Before the discharge channel overflows, the measured and predicted curves of the
water level and storage capacity of the barrier lake can be drawn on a single map with
double coordinates, as shown in Fig. 3. The water level ordinates are arranged according
to equal spacing, and the storage capacity (water storage) ordinates are marked after
the corresponding storage capacity of each water level is found according to the water
level-storage capacity curve. The abscissa is the time (MM-DD).

According to the measured water level time information, the measured curve can be
drawn. The predicted curve is drawn through the “add trend line” function of EXCEL.

Note that the current time is t and the corresponding elevation is h. Several (for
example, three) times ti recorded before and corresponding elevation hi (i = 1, 2, 3)
are selected. It is estimated that a prediction curve at the time T corresponding to the
elevation H at the top of the barrier is composed of (ti, hi), (t, h) and (T, H), and the Curve
l of its cubic polynomial function is added. Pay attention to adjust the value of T so that
the trend line and the common time segment of the measured line can be reunited and
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Fig. 3. Measured and Predicted Curve of Water Level and Storage Capacity

smoothly connected as much as possible, and then change the format of Curve l to “no
line”. In this way, the drawing of the actual measurement and the prediction of water
level and storage capacity curve are completed.

After the overflow of discharge chute, the curve of water level, storage capacity and
discharge need be drawn. The abscissa of water level storage capacity change curve and
discharge change curve is time (MMDDHH). The two curves are arranged up and down
to align the abscissa. Before entering the flow breaking stage, the discharge chute size
is known, and the discharge flow can be calculated by the formula (2) of broad-crested
weir discharge:

Q = mB
√
2g(h − z)3/2 (1)

In the formula, m is the parameter, and 0.4 is taken; B is the width, and the length of
the middle line of the trapezoid section of the discharge chute is taken, changing with
the water level; g is the acceleration of gravity, and 9.8 m/s2 is taken; h is the water level
of the upstream of the barrier lake, and z is the elevation of the bottom of the discharge
chute. The change curve of water level, storage capacity and discharge flow of the barrier
lake before entering the burst stage is shown in Fig. 4.

After entering the burst stage, the discharge flow is calculated by water balance. The
average discharge from t1 to t2 can be obtained from the measured reservoir capacity
V(t1) and the upstream inflow q(t1) corresponding to the upstream water level h1 at t1,
and the measured reservoir capacity V(t2) and the upstream inflow q(t2) corresponding
to the upstream water level q(t2) at t2. The average discharge flow between t1 and t2 is:

Q = [q(t1)+q(t2)]/2+ [V (t2) − V (t1)]/(t2 − t1) (2)

The average flow can be used as the discharge flow at time of (t1+ t2)/2. According
to a series of data, discharge flow at a series of times can be got, which can be obtained
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Fig. 4. Water Level Storage Capacity and Discharge Flow Change Curve of the Barrier Lake
(Before Entering the Burst Stage)
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Fig. 5. Water Level- Storage Capacity and Discharge Curve of Barrier Lake (after Entering the
Stage of Flow Burst)
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by interpolation or extrapolation. The peak discharge needs to be obtained by shortening
the time interval as much as possible. The change curve of water level, storage capacity
and discharge of the barrier lake after entering the stage of flow burst is shown in Fig. 5.

There are two points need to be explained:
(1) In the water level prediction, the water level information at the time when the

estimated water level reaches the weir crest, the current time and the past time was used
to fit with the cubic function, and the estimated time was adjusted to make the prediction
curve coincide with the actual measurement and trend line in the current time segment
as much as possible and connect smoothly. This is to use the change trend from the past
to the present to predict the future. The closer the current time is, the more accurate it
is. So it is necessary to timely update the predicted curve based on the newly obtained
data.

(2)Before entering into the burst stage, the discharge flowwas small and the influence
on the change of water level was too small. The water balance could not be used to calcu-
late such a small discharge flow, while the shape of the discharge chute was known, and
the discharge could be calculated more accurately with the relevant hydraulic formula;
after entering the burst stage, the shape of the breach was unknown, and the discharge
became large, which was the main factor of the change of water level, so water balance
could be used is used to calculate the discharge flow.

4 Time Prediction of the Barrier Lake Entering the Stage of Flow
Burst

According to the prediction of water level change and the formula of starting velocity of
rock block, the time of Baige barrier lake entering the stage of flow burst can be inferred.

The Formula (3) of the average velocity of the starting section of the rock block
caused by local scour is

Vc = 0.75
√

(ρs/ρ − 1)gd(D/d)1/6 (3)

In the Formula, ρs , the density of rock block is 2,700 kg/m3; ρ, the density of water
is 1000 kg/m3; g is the acceleration of gravity, and 9.8 m/s2 is taken; d is the diameter of
rock block, and 0.5 m is taken; D is the calculated water depth, the difference between
the water level of the barrier lake and the elevation of the bottom of the discharge chute
is taken, that is, D = h − z, in which z = 2,952 m.

When starting, the section flow meets the Formula that

Q = VcB(h − z) (4)

By simultaneous Formula (1), (3) and (4), the following can be got

h = z +
[
0.75

m

√
ρs/ρ − 1

2

]3

d (5)

Substituting in the data, h= 2,954.6 m (starting velocity Vc= 2.85 m/s) can be got.
Looking up the latest water level prediction curve, it is can be got that the corresponding
time of the water level is about 8:00 am on November 13.
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Next, the prediction accuracy of this method was analyzed. The coefficient of rock
block diameter d in Formula (5) is calculated to be 5.17, that is, the selection deviation
of rock block diameter is 0.1 m, the elevation deviation would be about 0.5 m, and the
corresponding time on the prediction curve would be about three hours. It took 21 h for
the barrier to pass through the chute completely and enter the flow burst stage. However,
the selection of the rock block diameter was very subjective, and the difference of 0.2 m
was normal, so the error of the prediction method was about 30%. The initial stage of
flow burst developed slowly. There was no obvious time point at the time of entering
the flow breaking stage. At 8:00 in the morning, the front personnel came to the scene
to observe the flow breaking phenomenon after dawn, so the time of entering the flow
burst stage was set as 8:00 in the morning.

5 Conclusion

This paper introduces the second dangerous situation and emergency response process
of Baige barrier lake, in which the estimation and predictionmethod of barrier lake water
level, discharge and burst time put forward by the author in the process of emergency
response are given. It also analyzes the accuracy of the prediction method of the time
that the barrier lake enters burst stage, and confirms the rationality of the successful
prediction in the process of emergency response.
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Abstract. A drum centrifuge accommodates a long soil model in its drum, hence
models distributed geotechnical problems better than a beam centrifuge. A mod-
ular package has been designed for the HKUST 870 g-ton drum centrifuge to
simulate overtopping and erosion of embankment dams. For the sake of space-
saving and convenient operation, 1/6 of the drum model channel is designed as a
fluid storage tank. The fluid storage tank is sealed by a top cover, and controlled
by a fixed baffle and a movable baffle driven by a three-dimensional centrifuge
actuator. After the drum centrifuge spins to the design speed, the movable baffle
can be lifted by the actuator to release the fluid into the reservoir of the embank-
ment. The rising rate of the water level can be controlled by adjusting the lifted
height of the baffle. The embankment can then be overtopped. High-speed cam-
eras and a PICV system will be employed to monitor the erosion or break process
of the embankment. Pore pressure sensors are installed inside the embankment to
measure the pore pressure response.

Keywords: Drum centrifuge · Embankment overtopping · Erosion · Flood ·
Geotechnical hazard

1 Introduction

In the past decades, numerous embankment failures have caused catastrophic loss of
life and property in many countries (Liu et al. 2009; Chang and Zhang 2010). Statis-
tics show that overtopping and internal erosion in the earthfill are two most common
causes of embankment dam failure (Peng and Zhang 2012, Chanson 2015). However,
the understanding of the mechanisms of overtopping failure and internal erosion of the
embankment dams is still inadequate due to the lack of an effective research approach.
The real-time in situ measurement of the embankment failure is costly and difficult to
conduct. The laboratory flume tests are constrained to small scales and confining pres-
sure, so that they cannot properly simulate either the real soil behavior or the flood-soil
interaction (Zhu et al. 2006; Balmfroth et al. 2009; Cao et al. 2011; Do et al. 2016). In
comparison, a centrifuge model is able to fulfill the identical stress field in a small-scale
model, which has been used to study embankment problems (Cheng and Zhang 2011;
Li et al. 2018). However, the traditional beam centrifuge modeling has two limitations

© Springer Nature Switzerland AG 2020
J.-M. Zhang et al. (Eds.): ICED 2020, SSGG, pp. 201–205, 2020.
https://doi.org/10.1007/978-3-030-46351-9_18

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-46351-9_18&domain=pdf
https://doi.org/10.1007/978-3-030-46351-9_18


202 W. Lu and L. Zhang

in simulating the overtopping and internal erosion of embankment dams: (1) limited
space of the model container for accommodating gentle-slope embankment dams; (2)
boundary reflection of the model container. In order to overcome the limitations of beam
centrifuge tests, a drum centrifuge with a much longer model channel has become an
alternative and a more suitable experimental approach (Springman et al. 2001; Eichhorn
and Haigh 2019).

An 870 g-ton drum centrifuge with a three-dimensional (3D) robot will be installed
in the Hong Kong University of Science and Technology (HKUST). A modular pack-
age has been designed on this drum centrifuge to simulate overtopping and erosion of
embankment dams. This paper aims to introduce the principle and technical specifica-
tions of the HKUST drum centrifuge facility, and the model package for embankment
dam simulation.

2 Principle of Drum Centrifuge Modeling

The principle of centrifuge modeling (including beam and drum centrifuges) is to use a
spinning centrifuge machine to increase the gravitational acceleration of the soil model
by the centrifugal force, so that the stress field in the model is identical to that in the
prototype (Schofield 1980). The scaling laws for the centrifuge model test are shown in
Table 1. Substituting the pore fluid with a high-viscosity fluid resolves the time conflict
(Chu and Zhang 2010).

Table 1. Similarity laws for centrifuge model tests.

Centrifugal
acceleration (G)

Length Strain Stress Displacement Time (dynamic) Time (diffusion)

N 1/N 1 1 1/N 1/N 1/N2

The difference between a beam centrifuge and a drum centrifuge lies in the model
container, which is a box on the beam centrifuge, but a circular channel on the drum
centrifuge. The much longer model channel enables the drum centrifuge to simulate
distributed geotechnical problems, such as long-distance landslides, debris flows, wave-
seabed interactions and embankment dam erosion (Fig. 1).

            
(a) Beam centrifuge                                     (b) Drum centrifuge

Fig. 1. Top view of beam and drum centrifuges.
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3 HKUST Drum Centrifuge

An 870 g-ton drum centrifuge is being developed by Thomas Broadbent and Sons Lim-
ited and will be installed in the Hong Kong University of Science and Technology
(Fig. 2(a and b)) in April 2020. The drum, with an inner diameter of 2.2 m, is fabricated
with carbon manganese steel and a robust protective paint coating. The depth, width and
length of the model channel are 0.4 m, 0.7 m and 6.9 m, respectively. The maximum
rotation speed is around 450 r/min, which realizes a radial acceleration of 250 g on a test
payload of 3480 kg. The HKUST drum centrifuge is the largest of its kind in the world.
Besides, it is possible to add the capability of spinning both 30 g-ton beam and 2 g-ton
permeameter test environments in the future, which will further augment the modelling
power of this facility.

D=2.2 m

0.4 m

(a) (c)

(b)

Fig. 2. The HKUST drum centrifuge.

As shown in Fig. 2(c), an actuator that can move in two directions in the plane
is attached to the tool table on the HKUST drum centrifuge. The maximum moving
velocity and the load capacity are 5 mm/s and ±5 kN respectively. In combination with
the tool table rotary actuator integrated into the twin concentric shaft system on the basic
centrifuge, an inflight 3D movement of the actuator in the model channel is achieved,
which allows fully controllable 3Dpositioning and load application throughout thewhole
model in the drum channel. This 3D actuator system can be used as a sand rainer, a soil
pourer, a model profiler and a loading device.

A compact high-speed image capture system using a high-speed camera and par-
ticle image velocimetry (PIV) technique, and an array of photoconductive sensors and
Doppler velocimeters are employed to instrument the drum channel to enable captur-
ing the debris flow, bed erosion and sediment transport processes in the channel. Two
independent Ethernet-based 32-channel data acquisition systems, Drum DAS and Tool
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Table DAS, are installed at the base platform. The Tool Table DAS utilizes a fiber optic
rotary joint for the LAN interface, whereas the Drum DAS utilizes a wireless 150 MN/S
interface for the LAS connection due to the presence of the brake and clutch assembly
of the Twin Concentric Shaft Drive.

4 Embankment Dam Modular Package

In order to simulate overtopping and erosion of embankment dams, a fluid circulation
system has been designed. For the sake of space-saving and convenient operation, 1/6
of the drum model channel is designed as a fluid storage tank. The fluid storage tank is
sealed by a top cover, and controlled by a fixed baffle and a movable baffle driven by the
3D centrifuge actuator, as shown in Fig. 3.

Fig. 3. Diagram of the embankment modular package.

Before the test, a feed pipe together and the 3D actuator system are used for inflight
model installation. The drum channel and tool table spin together at a low speed, mean-
while, soil is poured into the channel at a designed location through the feed pipe. Then,
the 3D actuator system is utilized for shaping the embankment slopes, levelling the dam
rest, and profiling the pre-made breach on the embankment. After the embankment dam
model is installed, the drum centrifuge is gradually accelerated to a design rotational
speed and maintains this speed for a period of time to facilitate soil consolidation.

During the test, themovable baffle is uplifted by the actuator to let thefluid toflow into
the reservoir behind the embankment. The rising rate of the water level can be controlled
by adjusting the lifted height of the baffle. The baffle keepsmoving upward until thewater
overtops the embankment. Photoconductive sensors and Doppler velocimetry sensors
are used to monitor the flow velocity. High-speed cameras and the PICV system are
employed to monitor the erosion or break process of the embankment. Pore pressure
sensors inside the embankment are used to measure the change of pore pressure inside
the embankment.
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5 Summary

This paper provides a brief introduction to the 870 g-ton drum centrifuge in the Hong
KongUniversity of Science andTechnology.Amodular package to simulate overtopping
and erosion of embankment dams is presented in detail.

Acknowledgement. The drum centrifuge facility is supported by the Research Grants Council
of the Hong Kong SAR (Grant No. C6021-17EF) and HKUST.
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Abstract. In this study, we gave insights to the displacement prediction of con-
crete dams, in specific, we integrated a finite element method with a data-driven
method named Random coefficient model. Using the finite element method, the
coefficients of explanatory variables in the Random coefficientmodel were of each
monitoring point were constrained, in order to model the displacement of these
monitoring points simultaneously, and to take the temporal and spatial correlations
among monitoring points into account. The proposed model was validated by a
case study of the concrete dam at Jinping-I hydropower station. Results indicated
that the proposed model outperformed both the classical statistical model and the
Random coefficient model without finite element method.

Keywords: Dam displacement · Finite element method · Data-driven approach ·
Random coefficient model

1 Introduction

Two approaches have been commonly used to predict the displacements of a dam: one is
numerical simulation using finite element methods, and the other is statistical model [1].
For statistical models, the modeling methods have been improved from simple linear
regression methods to advanced machine learning algorithms. In addition, recent years,
many synthetic statistical models which integrate several machine learning methods
have been developed [2]. One issue should be noted is that finite element methods can
simulate the displacement at an arbitrarily point of the dam, whereas statistical models
can merely analyze the displacement data at each monitoring point. Moreover, the data
recorded at eachmonitoring point was oftenmodeled independently without considering
the spatial and temporal correlations between each monitoring point. In order to take the
structural correlations between each monitoring point into account, in advance of the
statistical modelling, recent researches had classified the monitoring points into several
groups using clustering methods. For example, Shao et al. [3] clustered the monitoring
points based on their spatial characteristics. Hu et al. [4] provided a clustering model
which considers the temporal-spatial characteristics. Although the clustering methods
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can reflect the structural correlations among monitoring points to a certain extent, their
constraint ability is still not satisfactory, as they provide constraint for each group rather
than for each monitoring point.

In this study, we took the advantage of finite element method that it can simulate
the displacement at arbitrary points on the dam, to constrain the spatial and temporal
correlations between each monitoring point. Specifically, we investigated the effects of
the crucial factors (i.e., water pressure and temperature component) on the dam displace-
ments, by varying them gradually and conducting simulation using the finite element
model. As for the statistical model, the random coefficient model was selected, which
has a benefit in solving multi-colinearity problem by making the coefficients of each
explanatory variable follow one or several Gaussian distributions.

2 Model Development

The displacement of the concrete dam δ consists of three components: water pressure
component δH , temperature component δT and aging component δθ :

δ = δH + δθ + δT (1)

The water pressure component δH denotes displacement caused by itself δ1H, dam
foundation δ2H and rotation of the dam bedrock δ3H. Here, δH can be simplified as

δH =
n∑

i=1
aiHi (n= 4 for arch dams, further information see [4]), where H is the upstream

water level, ai are coefficients related to the dam height h, the downstream slope angle
m, the distance from the monitoring point to the dam foundation d. Here, ai mainly
depends on the dam’s material properties including elastic modulus of the dam body
Ec and elastic modulus of the foundation Er. Assuming that Ec and Er have a linear
relation: Er = λEc, δH becomes:

δH = 1

Ec

n∑

i=1

a0i H
i (2)

where a0i is a coefficient determined by h, m, d and λ. With a given designed elastic
modulus of the dam body E0

c and upstream water level H, we can obtain a numerical
solution of water pressure component δ0H using the finite element method. Then, a series
of coefficients a1i can be calculated from Eq. (3), by fitting the upstream water level H
and numerical solution δ0H.

δ0H = 1

E0
c

n∑

i=1

a1i H
i (3)

Substituting a0i by a1i in Eq. (2), δH can be expressed as:

δH = E0
c

Ec

1

E0
c

n∑

i=1

a1i H
i = E0

c

Ec
δ0H = ξδ0H (4)

where ξ is the ratio between E0
c and Ec.
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We assume that the displacement linearly depends on the temperature load dL =
αLdT, where α is the coefficient of linear expansion, L is the length and T is the tempera-
ture. The coefficient of linear expansion α is the only random coefficient in the equation.
δT can be expressed as:

δT = αc

n∑

i=1

b0i T
i (5)

where b0i represents the coefficients of temperature component,αc is the actual coefficient
of linear expansion of the dam body.

δT then can be expressed as:

δT = αc

α0c

α0c

1

n∑

i=1

b1i T
i = αc

α0c
δ0T = ψδ0T (6)

where ψ is the ratio from αc to α0c .
δθ can be expressed by an empirical formula:

δθ =
L∑

l=0

M∑

m=0

(d1lmθ + d2lm ln θ)xlzm (7)

where x and z are horizontal and vertical coordinates of the monitoring point,
respectively, θ is time, d1lm and d2lm are unknown coefficients.

The radial displacement fitted by the finite element method becomes:

δi = δiH + δiT + δiθ

= ξiδ
0
H + ψiδ

0
T +

L∑

l=0

M∑

m=0
(d1lmθ + d2lm ln θ)xliz

m
i + u

(8)

where i is the index of monitoring point, u is the random error.
The coefficients of explanatory variables can be solved using a random coefficient

model. The monitoring displacement data is a two dimensional panel data contains time
series and cross-section panel. Data on one panel represents the displacement data at an
indicated time. The regression coefficients of one panel can be expressed by:

yit =
K∑

k=1

βkixkit + uit =
K∑

k=1

(βk + γki)xkit + u (9)

where yit is the two-dimensional dam displacement data; xkit is the two-dimensional
data of explanatory variables; t is the time index; i is the index of section; k is the index
of the explanatory variables; the coefficient βki is independent with time, which can be
decomposed into βk and γki; β = (β1, . . . , βK)

′
is the common mean coefficient vector,

γ = (γ1i, . . . , γKi)
′
is the degree of deviation from each individual to the common mean

value. The objective is to obtain βki from the two dimensional data series yit and xkit.
Details can be found in [4].



Displacement Prediction of Concrete Dams 209

3 Case Study

We selected the radial displacement data of the concrete dam at Jinping- I Hydropower
Station as an example. A dataset of 24 monitoring points recorded from June 16, 2013
to August 25, 2015 were selected (see Fig. 1). Each monitoring point has 274 validated
data samples.

Fig. 1. Distribution of dam sections and the monitoring points from the upstream side view.

We first developed a three-dimensional finite element model based on the actual geo-
logical characteristics of the dam including dam body, dam foundation and surrounding
mountains. The model of dam body was discretized into 38537 elements and 31941
nodes. The surrounding mountains were set to 2–3 times higher than the dam body. The
crest of the dam and the dam body were free to move. The water load was applied to the
upstream surface of the dam and the bottom of reservoir. The elastic modulus of dam
body and dam foundation were initially set to 30 GPa and 25 GPa, respectively. We first
neglected the gravity and temperature load, and varied the water level from 1700 m to
1880 m, and then simulated the associate dam displacement (see Fig. 2).

Fig. 2. Radial displacement simulated by finite element method with varying upstream water
levels: (a) 1700 m; (b) 1780 m and (c) 1880 m.

Afterwards, we calibrated the coordinates of the monitoring points in real world with
the coordinates in the finite element model. Taking the monitoring points at Sect. 5# as
an example, Fig. 3(a) and (b) display the displacement versus the upstream water level
and temperature, respectively.

The coefficients of the explanatory variables in each component can be fitted with the
random coefficient model. The dataset was divided into two groups, 80% of the whole
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Fig. 3. The simulated radial displacement versus (a) upstream water level and (b) temperature for
monitoring points located at vertical line 5#.

data were selected as fitting data, and the other 20% were selected to validate the model.
The fitting and predicting results obtained from the proposed synthetic model are shown
in Fig. 4. Both the fitting results (left side of the blue line) and validating results (right
side of the blue line) fit well with the monitoring data.

Fig. 4. Modeling results for monitoring points located at vertical line 5#: (a) PL5-4, (b) PL5-3
and (c) PL5-2. The red dots represent the monitoring data and the black line represents the fitting
results. The green area denotes the residual.

To evaluate the accuracy of the proposed model, we calculated the coefficient of
determination R for data of all the monitoring points, and compared R of the proposed
model (FEM-RCM) with the statistical model regressed using ordinary least squares
regression (OLS), and with the synthesis model of clustering model and random coeffi-
cient model (Clustering-RCM). As shown in Fig. 5, the proposed model overperforms
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Fig. 5. Comparing R of the FEM-RCMmodel with Clustering-RCMmodel and statistical model
using OLS regression.

the Clustering-RCMmodel, and the Clustering-RCMmodel overperforms the statistical
model using OLS regression.

4 Conclusion

In this work, we presented a synthetic model which integrates the finite element method
into a statistical model (i.e., random coefficient model), aiming to constrain the structural
correlations in statistical model by the temporal and spatial characteristics obtained from
finite element model.With this objective in mind, we first used the finite element method
to simulate the displacement at eachmonitoring point, and determined the coefficients of
explanatoryvariables of thewater pressure and temperature components of displacement.
Then, we implanted the coefficients obtained with the finite element method into the
randomcoefficientmodel. Finally,wevalidated the proposedmodelwith a case study.We
found that the proposed model overperformed a combined model of random coefficient
model and Gaussian mixture clustering model, owing to the benefit that finite element
model can provide constraint for each monitoring point, whereas the clustering model
merely provides constraint for each class.
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Abstract. The mechanism of plant roots for slope stabilization is an important
issue for the landslide prevention and control. The study of deformation and fail-
ure behavior of ecologically reinforced slopes under vertical loading is of great
significance to a reasonable slope stability evaluation method. In this paper, cen-
trifugal model tests were conducted to study the deformation and failure behavior
of ecologically strengthened soil slopes and pure soil slopes under vertical loading
conditions. A coupling effect between deformation localization and local failure
was found in the slope failure process. The occurrence and development of defor-
mation localization caused the slope failure. Compared with the pure soil slope,
ecological soil slopes could bear higher loads and exhibit smaller deformation.
Plant roots could increase stability of the soil slope by reducing the degree of
deformation localization in the slope, slowing down the formation process of the
slip surface and finally delaying the slope failure.

Keywords: Plant roots · Top loading · Failure characteristics · Reinforcement
mechanism

1 Introduction

In the twenty-first century, a large number of water conservancy projects have been built
in China, and the protection of reservoir slopes has always been an important issue in the
engineering field. In order to reduce landslide disasters, many slope protection projects
have been built in China in recent years, and at the same time, local environment has been
damaged to some extent. Ecological slope protection uses plant roots as soil anchor to
improve the shear resistance of soil, finally achieving the effect of slope consolidation.
It also has the function of water conservation, soil erosion reduction and ecological
environment improvement, which traditional projects do not have. To maximize the
reinforcement effect andminimize the financial outlay of the ecological slope protection,
many researchers used the finite element method, physical slope model, field sampling
experiment to study the mechanical and hydrological properties of plant roots and slope
stability from the aspect of root geometry [1], root architecture [2], root-soil composites
[3, 4] and roots with water flow [5]. Due to the complex distribution of plant roots, the
centrifuge model tests have an advantage.
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2 Description of Model Tests

2.1 Devices

The device for the centrifuge model test was the 50 g-t geotechnical centrifuge at
Tsinghua University, which could be accelerated to a maximum of 250 g. The slope
model container was 500 mm long, 200 mm wide and 350 mm high. The container was
made of aluminum alloy with negligible deformation during the test. For clear obser-
vation, one side of the metal model container was replaced by a 4-cm-thick organic
glass, which was bonded by the silica gel. Compared with centrifugal force, the friction
between the slope model and the organic glass was negligible.

A loading device with a maximum load of 10 kN was installed to provide vertical
loading through the loading plate (Fig. 1). The loading platewas 200mm long and 50mm
wide, keeping a distance from the top of the model before tests. The load was uniform in
width because of the same wide size of the loading plate and the model container. The
loading device was controlled by electric signals. Step load was conducted during the
tests to make deformation caused by the load keep stable. The loading plate was rigidly
connected to a horizontal device, which provided restrictions on the possible tilting.

2.2 Schemes

Two centrifuge model tests were conducted with the application of vertical load on the
top of the slopes. One soil slope was planted with grass as ecological reinforcement, the
other was not treated. The physical parameters of the ecologically reinforced soil slope
and the pure soil slope were controlled to the same extent, which made plant roots the
only variable.

2.3 Model Preparation

Figures 1 and 2 showed the schematic and the photographic views of the model slope.
The slopewas 300mm in heightwith a gradient of 1.5:1. An additional horizontal ground
soil layer was set at the bottom to eliminate the influence of the model container, which
was 20 mm in depth.

Fig. 1. Schematic view of the model (unit:
mm).

Fig. 2. Photographic view of the model.



214 M. Xiao et al.

A type of silty clay with a specific gravity of 2.7 was used in the tests as the model
soil. The density and the water content of the soil were controlled around 1.50 g/cm3 and
18%. Watering was ceased one day before the model test for the ecological soil slope.
After the tests, the soil moisture content near the slip surface was 16.9% and 17.1% for
the pure soil slope and ecological soil slope, separately. Thus, the water content effect
on slope stability could be left out for simplification. The model soil was compacted into
the container in layers, each layer 50–60 mm thick. The slope for the test was obtained
from the compacted cuboids by oblique cutting and redundant soil removing.

Ryegrasswas selected as the experimental plants. Because the root systemof ryegrass
is well developed and often penetrates deep into the soil. It should be noted that ryegrass
grows fast and survives hard conditions, which provides convenience for the experiment.

The seeds of ryegrass were sowed in pits with 5 mm in diameter, which were dug
by nails after facture of model slopes. Watering once or twice a day was conducted
during the next two weeks. Before the experiment, grass body above slopes was cut off
to prevent its dragging effect under centrifugal force. The taproot of the most experiment
ryegrass was 1–3 mm long and 0.2–0.3 mm in diameter (Fig. 3).

Fig. 3. Close view of grass roots after the tests.

2.4 Test Process and Measurements

During the test, themodelwas acceleratedgradually to the 50g-level, 1–2minkeeping for
each 5 g to make deformation stable. The loading plate was fixed rigidly on the loading
device and did not contact the top of the slope before loading. When the centrifugal
acceleration reached the 50 g level, the settlement of the slope top gradually came
to stability and then vertical load was steppedly applied. Real-time loading data was
monitored by a load transducer to control the loading process, which was installed at
the top of the slope.

An image-recording and displacement measurement system was used to record the
images of the slope during the tests [6]. A camera was installed on the centrifuge to
record pictures and videos of the soil slope through the organic glass. A series of images
were obtained by dividing videos. After choosing the measurement points and an image
series, an image-correlation analysis algorithm was used to measure the displacement of
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specific points. The system locatedmeasurement points by difference of grey scale, so as
to track and obtain the displacement. A number of white granite particles were placed on
one side of the slope to create a colorful region with a significant grey scale difference,
which could satisfy the measurement requirements and make it easy for observation.

3 Deformation and Failure Behavior of Slopes

3.1 Ultimate Bearing Capacity

After the deformation of soil slopes caused by centrifugal force at 50 g stabilizing,
the vertical load was applied on the top of the slope. The load-settlement relationship
was shown in Fig. 4. It could be seen that the settlement at the slope top continued to
increase with increasing load. The ultimate bearing capacity of the ecological soil slope
was around 170 kPa. For the pure soil slope, the ultimate bearing capacity was about
75 kPa. This demonstrated that the plant roots had a significant effect on slope stability.

Fig. 4. Load-settlement relationship during the tests.

3.2 Failure Morphology

Through the analysis of a series of images, the slip surface of the slopes under loading
conditions could be observed andmarked using the black lines in the photographs (Figs. 5
and 6). The slip surface of ecologically reinforced soil slope on the top of slope was
deeper than that of the pure soil slope.

3.3 Deformation Behavior

Displacement of some typical points were measured to analyze the deformation and
failure characteristics of the soil slope. These points, A, B and C, were in the same
location for the reinforced and unreinforced slopes, under the top loading plate, near the
slip surface and on the base body, respectively (Figs. 5 and 6).
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Fig. 5. Slip surface of the ecologically rein forced soil slope.

Fig. 6. Slip surface of the pure soil slope.

The measurement results showed that the horizontal displacement of the three points
exhibited significant difference (Fig. 7). As the load increased, the horizontal displace-
ment of point A and B had a remarkable increase, while the horizontal displacement
of point C was relatively small. Further comparison indicated that the displacement
of ecologically reinforced slope was significantly smaller than the pure soil slope,
demonstrating that plant roots could reduce the deformation of the soil slope.

Fig. 7. Horizontal displacement of three typical points.

Three groups of contour points at different elevations were selected to measure
the horizontal displacement at several typical moments, and the horizontal distribution
curve was obtained as shown in Fig. 8. It could be seen that for the pure soil slope, the
displacement of the soil body in the base part was relatively small, and the deformation
and failure mainly occurred on the sliding body and the soil body under the load. This
showed that the base part of the soil slope could be approximately regarded as a rigid
body, which was insignificantly affected by the load.

The same analysis was conducted on the ecologically reinforced soil slope (Fig. 9).
It was found that the horizontal displacements of points from the base part and from the
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sliding part were also quite different, but the horizontal displacement did not increase
strictly from the interior to the surface of the slope. It tended to decrease near the surface
of the slope. This showed that the degree of sliding deformation was changed by the
plant roots. It had been found that the plant roots in the soil not only reinforced soil as
soft ribs, but also loosed soil and changed soil water content through transpiration [7]. In
the test, the plant roots decreased slope deformation, thus significantly showed its shear
resistant ability. But at the same time, it could be found that structure of soil near the
slope surface was changed and some complex deformation was produced. Under this
experimental parameters, the plant roots turned out the reinforcement effect.

Comparing Figs. 8 and 9, it could be found that the horizontal displacement of the
ecologically reinforced soil slope was smaller than that of the pure soil slope at the same
location. This indicated that the deformation trend of the ecological soil slope was less
intense.

Fig. 8. Horizontal distributions of horizontal displacement for the pure soil slope.

Fig. 9. Horizontal distributions of horizontal displacement for the ecologically reinforced soil
slope.

Figure 10 showed the displacement vector diagramof somepoints on the ecologically
reinforced soil slope. Analyze the horizontal distribution of displacement for five rows of
typical points on the ecological soil slope. It could be found that the largest displacement
appeared at points near but not closest to the slope surface for the upper three rows of
points, where the grass was planted, while for the two rows of points below, the largest
displacement appeared at points closest to the slope surface. This demonstrated that there
was a tendency of adhesion in the soil under the surface of slope. The trend of adhesion
was about 4–5 cm and the end of plant roots was generally about 5–6 cm from slope
surface. This demonstrated that the plant roots had shear resistant ability and adhesion
characteristics in the slope.
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Fig. 10. Displacement vector graph of the ecologically reinforced soil slope.

3.4 Failure and Reinforcement Mechanism

The failure mechanism of soil slopes was discussed based on the measured displacement
and integrated analysis of deformation and failure process [8].

The study of failure mechanism showed that the development and localization of
deformation was the reason for the occurrence of sliding surface and sliding body [9].
The horizontal distributions of the horizontal strain at the middle height for three dif-
ferent moments were shown in Figs. 11 and 12. For both tests, the horizontal strain
distribution was uniform and small at the beginning of the loading. With increasing
load, the horizontal strain increased and an evident peak appeared and grew in two cer-
tain areas. This demonstrated that the deformation localization occurred during loading
and became severe with the rise of load. After the slip surfaces appeared, the deformation
localization continued to grow. Thus, it could be concluded that there was a coupling
effect between deformation localization and local failure. The development of the defor-
mation localization caused local failure and the local failure promoted new deformation
localization. In both tests, the deformation localization caused two slip surfaces. One
developed to the slope surface, the other developed to the base part of soil slope (Figs. 5
and 6).

Fig. 11. Horizontal distributions of horizontal
strain for the pure soil slope.

Fig. 12. Horizontal distributions of horizontal
strain for the ecologically reinforced soil
slope.
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Analyze the occurrence time of the two slip surfaces by ultimate bearing capacities
(the ecological slope: 170 kPa, the pure soil slope 85 kPa). It could be found that for
the pure soil slope, the deformation localization developed almost synchronously, both
behaved significant change between the load of 50 kPa and 150 kPa. For the ecologically
reinforced soil slope, two slip surface appeared under more different load (Fig. 12). The
one developing to the base part of the soil slope appeared severe deformation between
the load of 50 kPa and 150 kPa, while the one developing to the slope surface appeared
severe deformation between the load of 150 kPa and 250 kPa. Thus, it could be concluded
that plant roots could reinforce the soil slope by reducing the degree of deformation
localization, restraining and delaying formation of the slip surface, and finally delay the
slope failure. This was the plant roots reinforcement mechanism.

4 Conclusion

Comparative centrifuge model tests were conducted to study the deformation and failure
characteristics of the slope with plant roots. Based on the observations and measurement
results, the main conclusions could be drawn as follows:

(1) The plant roots could increase stability level and reduce deformation of the soil
slope.

(2) Plant roots could change the original soil structure. Moderate amount of plants
could restrain sliding deformation and show shear resistant ability. The slip surface
curve for the ecological soil slope was less smooth and behaved a more changeable
curvature.

(3) There was a coupling effect between deformation localization and local failure in
the slope failure process for the ecological reinforced and unreinforced slopes. The
slope failure mechanism could be attributed to the development of deformation
localization.

(4) Plant roots could reduce the degree of the deformation localization in the slope, and
thus delayed the slope failure.

Acknowledgements. The study is supported by National Key R&D Program of China
(2018YFC1508503) and Tsinghua University Initiative Scientific Research Program.

References

1. Ng, C.W.W., Kamchoom,V., Leung, A.K.: Centrifugemodelling of the effects of root geometry
on transpiration-induced suction and stability of vegetated slopes. Landslides, 1–14 (2015)

2. Li, Y., Wang, Y., Ma, C., Zhang, H., Wang, Y., Song, S., et al.: Influence of the spatial layout
of plant roots on slope stability. Ecol. Eng. 91, 477–486 (2016)

3. Wang, X., Hong, M.M., Huang, Z., Zhao, Y.F., Ou, Y.S., Jia, H.X., et al.: Biomechanical
properties of plant root systems and their ability to stabilize slopes in geohazard-prone regions.
Soil Tillage Res. 189, 148–157 (2019)

4. Zhang,L.,Yue, S.Y.,Xue, J.: Study and analysis on the protectionmechanismof river vegetation
slope protection. Henan Water Cons. South-to-North Water Diversion 2017(1), 84–84 (2017)



220 M. Xiao et al.

5. Liu, F.Y., Liu, L.S., Wang, J.S., Liu, L.: Water flow test and application of different vegetation
ecological slope protection in Jingjiang River. PortWaterway Eng. 546(09), 18–23+ 46 (2018)

6. Zhang, G., Hu, Y., Zhang, J.M.: New image analysis-based displacement-measurement system
for geotechnical centrifuge modeling tests. Measurement 42(1), 87–96 (2009)

7. Wu, H.W.: Atmosphere-plant-soil interactions: theories and mechanisms. Chin. J. Geotech.
Eng. 39(1), 1–47 (2017)

8. Zhang, G., Hu, Y., Wang, L.: Behaviour and mechanism of failure process of soil slopes.
Environ. Earth Sci. 73(4), 1–13 (2015)

9. Zhang, J.H., Zhang, Y., Pu, J.L., Wei, Z.X., Gao, Y.L.: Centrifuge modeling of soil nail
reinforcements. Chin. Civil Eng. J. 42(1), 76–80 (2009)



Numerical Simulation of Landslide Dam
Formation and Failure Process

Shengyang Zhou1 and Limin Zhang1,2,3(B)

1 Department of Civil and Environmental Engineering, The Hong Kong University of Science
and Technology, Hong Kong, China

szhouaq@connect.ust.hk, cezhangl@ust.hk
2 State Key Laboratory of Hydraulics and Mountain River Engineering, College of Water

Resource and Hydropower, Sichuan University, Chengdu, China
3 HKUST Shenzhen Research Institute, Shenzhen, China

Abstract. Landslide dams are typically formed by loose landslide deposits which
can be vulnerable to overtopping failure. Subsequent flash flood can pose great
threat to downstream area. Hong Kong is subject to subtropical weather and the
terrain is hilly. Due to the changing climate, extreme rainfall is becomingmore and
more frequent which can cause a large number of landslides. Therefore, it is essen-
tial to evaluate possible landslide dam formation and failure process, especially on
Hong Kong Island which is densely populated. In this paper, a physically-based
distributed cell model, EDDA 2.0, is adopted which is capable to predict rainfall-
induced landslides, debris flows, erosion and deposition process, and flash floods.
Possible landslide dam formation and failure are predicted under an extreme rain-
fall condition (65% of the 24-h PMP, ProbableMaximumPrecipitation). Although
the magnitude of the landslide and the landslide dam is not very large, the sub-
sequent flash flood can pose much greater threat to people’s lives and properties
especially in urban area such as Hong Kong Island where the population density
is rather high.

Keywords: Landslide dam · Dam break · Flash flood · Rainstorm

1 Introduction

Due to the subtropical weather and the hilly terrain, Landslides and debris flows are
common natural hazards in Hong Kong. Hong Kong is experiencing extreme rainfall
more andmore frequently under the changing climate. If a large-scale landslide happens,
loose deposits can be deposited in the channel. With large amount of surface water
entering the channel, a landslide dam can be formed. If the dam breaks, downstream
area can be seriously flooded, posing great threat to people’s lives and properties. This
can be especially serious when happening on Hong Kong Island, where the terrain is
rather hilly, and the population density is high.

There have been numerous studies on landslide dam break simulation. For example,
Valiani et al. simulated Malpasset Dam break with a two-dimensional finite volume
method [1]; Fan et al. simulated dam-breach flood of the Tangjiashan landslide dam
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with two models: the BREACH model and the SOBEK 1-D-2-D model [2]; Chang
and Zhang simulated the erosion process of landslide dam due to overtopping with a
physically-based breach model [3]. Several physically-based breach model have been
developed to simulate dam break, e.g., DAMBRK[4], BREACH [5], BEED [6], SIMBA
[7], and etc. However, these models can only simulate breaching process.

This paper aims to simulate the full process of landslide dam formation, dam failure,
and subsequent flooding conditions with a physically-based model (EDDA 2.0). Infil-
tration analysis is conducted first to predict likely landslides. Then landslide movement
and deposition is calculated. After that, water accumulation and erosion of landslide
dam is simulated. Finally, the erosion process and flood routing analysis is carried out.

2 Methodology

In this study, a physically-based distributed cell model, EDDA 2.0, proposed by Shen
et al. (2017) is adopted to predict likely rainfall-induced slope failures, landslide move-
ments, landslide dam formation, dam break and subsequent flash floods over a small
catchment located at Central area on Hong Kong Island (see Fig. 1).

Fig. 1. Study area

2.1 Prediction of Landslide

To predict rainfall-induced landslides, infiltration process has to be analyzed first. This
paper adopts the Richards equation to describe the infiltration process:

∂

∂z∗

(
k
∂�

∂z∗

)
+ ∂k

∂z∗
cosβ = ∂θ

∂t
(1)

where k is the coefficient of permeability, Ψ is pore-pressure head, z∗ is the layer
thickness; β is the slope angle; θ is the volumetric water content; and t is time.
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In this model, landslide is treated as a flow material, and the dynamics of the
flow material can be described by depth-averaged mass conservation equations and
momentum conservation equations:

∂h
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+ ∂(hvx)

∂x
+ ∂

(
hvy

)
∂y

= i[Cv∗ + (1 − Cv∗)sb] + A[CvA + (1 − CvA)sA] (2)
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∂x

]
− vx{i[Cv∗ + (1 − Cv∗ )sb] + A[CvA + (1 − CvA)sA]}

h
(4)

where h is the flow depth; t is time; vx and vy are the average flow velocities in the x and y
directions, respectively; i is the rate of erosion or deposition, which can be expressed as
i = −∂zb/∂t ; A is the entrainment rate; Cv* is the volume fraction of solids in erodible
bed; CvA is the volume fraction of solids in the entrained materials; sb and sA are the
degrees of saturation in the erodible bed and the entrained materials, respectively; Cv is
the volumetric sediment concentration of the mixture; g is the gravitational acceleration;
S f x is the flow resistance slopes in the x direction; zb is the bed elevation; and the sgn
function is used to make sure the direction of resistance is opposite to the flow direction.

2.2 Prediction of Landslide Dam Formation and Failure

Erosion process and deposition process are of great importance when simulating land-
slide dam formation and dam break. When the shear stress is greater than the critical
shear stress value and the volumetric sediment concentration is smaller than a critical
value, bed erosion occurs.When the flowmixture moves to a flatter area, where the volu-
metric sediment concentration is larger than the equilibrium value and the flow velocity
is smaller than a critical value, deposition occurs. The erosion process can be described
by the following equation:

i = Ke(τ − τc) (5)

The deposition process is expressed as:

i = δd

(
1 − V

pVe

)
CV∞ − CV

Cv∗
V (6)

where i is the erosion/deposition rate, Ke is the coefficient of erodibility; τ is the shear
stress, τc is the critical erosive shear stress; δd is a coefficient of deposition rate; V is
the flow velocity; Ve is the critical flow velocity; Cv∞ is the equilibrium volumetric
sediment concentration; p is a coefficient of location difference.

Through the above analysis, the landslide dam formation and dam break process can
be described.
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3 Case Study on Hong Kong Island

Since there has been no landslide dam formation in Hong Kong, the case in this paper
is assumed. The study area is relatively small, and the landslide scale is small. Due to
the location of the study area, once a landslide dam is formed, it can be very dangerous
because the down-stream area is densely populated.

Figure 2 shows the location of the landslide and landslide dam. Firstly, a major
landslide event occurswith the heavy rainfall. The landslide volume is as high as 6,000m3

(see Fig. 2(a)) After the failure of the slope, the landslide material runs down along the
channel and finally deposited somewhere downstream (see Fig. 2(b)). The deposit of
landslide blocks the main stream and a landslide dam is formed when the surface water
accumulates.When the water depth is larger than the dam height, water runs downstream
on top of the dam, and thus, erosion occurs. And then due to overtopping, the landslide
dam begins to fail.

Fig. 2. (a) Slope failure inventory; (b) landslide dam

Figure 3 shows the discharge history of a specific cell A (see Fig. 2(b)). After the
landslide dam formation, the discharge becomes 0, which means the water is blocked in
the dam. Then when dam failure occurs, the flow discharge becomes larger suddenly and
the peak discharge can be as high as 40 m3/s. Then after the major failure, the discharge
becomes smaller and smaller.

Fig. 3. Flow discharge at cell A
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4 Conclusions

This paper presents a physically-based distributed cell model for predicting the full pro-
cess of landslide occurrence, landslide dam formation, and dam break due to overtopping
erosion. This case is an assumed case since there is no actual landslide dam breaking
case in Hong Kong. The hazard scale is relatively small, but it shows the capability to
simulate the full process of the model, EDDA 2.0. And therefore, this model can be
used for simulating landslide dam formation and failure process, and subsequent risk
assessment.
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Research and Development Program of the Ministry of Science and Technology of China (Project
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Abstract. Most predictions of the seismic displacement of dam slope are often
based onNewmarkmethod but neglects the site amplification effects of the canyon.
The purpose of this study is to investigate the effects on the dam deformation using
Nested Newmark Model (NNM), which can assess the post-earthquake profile
of the dam slope. The seismic amplification is analytically obtained from the
homogeneous half-space solutions of seismic waves of the scattering induced by
a symmetrical V-shaped canyon, and then involved into NNM to calculate the
relative displacements from the toe to the crest. An example is presented here
to make a comparison of the seismic displacements of the dam with or without
the site amplification effects of canyon. The comparison indicates the significant
influences of the canyon-shaped site amplification on the dam slope stability. The
presented method provides a way to predict the post-earthquake profile of earth
dam in a canyon.

Keywords: Earth dams · Earthquake · Permanent displacement · Amplification
effects · Canyon

1 Introduction

Previous experiences (e.g., [1, 2]) with earth dams located in a canyon demonstrate a
higher incidence of performance problems during earthquakes. The permanent slope
displacements after seismic event are very important for the safety of the dam. The
classic Newmark method [3] is widely used and improved to determine the seismic
displacement. However, the site amplification effect of the canyon has not been involved
in Newmark method. Zhang et al. [4] present a rigorous solution of wave functions for
the plane SH waves scattering induced by a symmetrical V-shaped canyon and obtain
a high amplification of displacements at the wave. The narrow V-shaped canyon could
result in seismic amplifications and then could make the permanent displacement much
larger. The purpose of this study is to include the derived site amplification effects of
canyon into Nested NewmarkModel (NNM), which is proposed by Leshchinsky [5] and
can enable assessment of a post-earthquake slope profile. Through an example, the site
amplification effect is further investigated on the seismic displacement of dam slope.
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2 Methodology and Formulations

The two-dimensional (2D) canyon model is depicted in Fig. 1. The normalized displace-
ments of the surface of canyon model have been obtained by Zhang et al. [4]. In fact, the
normalized displacements represent the transfer factor of the site response at a specific
frequency. The transfer functions at a specific location can be obtained by combining
the transfer factors at various frequencies. The input Fourier spectrum of the incident
seismic acceleration time history can be obtained with the fast Fourier transform tech-
nique (FFT), Afterwards, the corresponding Fourier spectrum of the input velocity time
history should be multiplied by the transfer functions to obtain the response Fourier
spectrum at the targeted locations. Finally, through the inverse fast Fourier transform,
the earthquake response in the time domain can be obtained accordingly. In this way, the
amplification or de-amplification of the wave at each frequency is taken into account in
the site responses.

Fig. 1. 2D model of a symmetrical V-shaped canyon redrawn after Zhang et al. [4]

In the framework of the nested Newmark method, Leshchinsky [5] employs the
LE approach to determine the post-earthquake profile of the slopes subjected to the
translational and rotational failure, respectively. Figure 2 represents a homogeneous soil
slope model subjected to the pseudo-static seismic forces on the verge of failure. The
inclination of the slope is described by angle β; the height of the slope is defined as
H; and the soil is characterized by internal friction angle ϕ, cohesion c, and unit soil
weight γ . First, discretizing the lower slope into n blocks and conducting the pseudo-
static approach can obtain the yield acceleration kyi and the corresponding slip surface.
With the acceleration-time history of the input motion obtained by the aforementioned
method, the acceleration of the block i could be derived as follow:

kHi (t) = [k(t) − kyi ]g (1)

which can subsequently be integrated over time increments, �t, to attain the relative
velocity of a given block:

vi (t) = vi (t0 + �t) +
∫ t

t0+�t
kHi (t)dt (2)
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Fig. 2. Nested Newmark model

Integrating the relative velocity, the horizontal displacement of a given block could
be obtained:

di (t) =
∫ t

t0+�t
vi (t)dt (3)

The total horizontal displacement of each nested block is then integrated for a given
time increment, starting with the basal region and sequentially proceeding towards the
crest (see Fig. 2).

dH =
H∫

0

di (t)dH (4)

Furthermore, the yield accelerations of the upper nested blocks increase with
the height increase. Therefore, the upper regions may not encounter yield and their
displacement is solely a result of displacement of underlying failures.

3 Results and Discussions

An earth dam examplewhich is located in a gentle canyon is introduced here, as shown in
Fig. 3, to assess the site amplification effects of the canyon on the post-earthquake profile
of dam slope. The width and depth of this canyon is 340 m, 25 m, respectively. The shear
wave velocity of this canyon is 300 m/s. For a specific seismic wave time history such as
the Maoxian wave (Wenchuan 2008) which has been widely used in the academic study
and engineering design, it is more than sufficient to compute the transfer functions in its
major frequency band within 25 Hz. The incident Maoxian wave (Wenchuan 2008) has
a PGA of 0.288 g, as shown in Fig. 4. Using the analytical approach of Zhang et al. [4]
can obtain the time domain results of the seismic responses along the height, as shown
in Fig. 4. A toe failure which begins from the height 12.76 m is considered in this study.
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Fig. 3. (a) Example for an earth dam subjected toWenchuan earthquake; (b) Profile of the located
canyon

From Fig. 5a, it indicates that the yield acceleration increases with the dam slope
height, which means difficult for top region of the dam to encounter yield subjected
to the same input motion. The peak acceleration obtained by this study demonstrates
obvious amplification with the height. Compared to the constant input motion in the
origin NNM, the acceleration profile of this study indicates that larger region would
encounter yield in Fig. 5b. Due to lager failure zone and integrated time, the estimation
obtained from this study is larger than those by NNM and rigid block theorem. From this
result, neglecting the amplification effects also yield the displacements for one-block
and nested Newmark models, respectively. The site amplification effects can induce a
much larger value of the displacement.

Fig. 4. The ground motion and the motions for the seismic responses with the dam height.
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Fig. 5. Calculated results: (a) seismic yield acceleration and responses; (b) displacements derived
from Newmark methods.

4 Conclusions

This study presents a modified approach to determine the seismic displacement of slope
of earth dam built in a canyon. The site amplification effects of the canyon are involved
here using the analytical results calculated by Zhang et al. [4]. Conducting the NNM can
obtain the post-earthquake profile of the earth dam slope.When ignoring the site amplifi-
cation effects could underestimate the seismic displacement significantly. The presented
approach to assess permanent displacement of slope is very useful for anti-earthquake
design and reinforcement of earth dam in practice. In addition, the soil amplification is
not considered here but involving it into the presented analysis is straightforward.
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Abstract. The seismic response of Aratozawa rockfill dam (Japan) is simulated
in the present work by using ECP constitutive model and Aster FE code [1]. Static
calculation is first performed for computing initial stress and strain fields. Then, the
numerical convergence problem in dynamic step under two-component seismic
loadings is discussed. It is found that the numerical damping induced by time-
integration algorithms does not help solving the numerical convergence problem.
However, the augmentation of subdivision level of calculation step is very efficient.
The total duration of calculation is extended but practically acceptable. Finally,
the dynamic response of Aratozwa dam is compared with real measurements
presented in the literature with three sets of model parameters. All results show
great agreement with the measurements and also be reconfirmed by Anderson’s
criteria.

Keywords: Rockfill dam · Seismic loading · Computational convergence

1 Introduction

With the development of calculation power, methodologies of numerical simulation on
clay core rockfill dams have been developed [2]. Most of the severe damage to high
embankment dams and geotechnical structures during earthquakes can be attributed to
shearwave propagation,which causes destructive horizontalmovements. Thus, the effect
of compressionwave is frequently neglected andmost numerical studies have extensively
focused on dynamic non-linear response induced uniquely by shear wave. In addition,
the literature contains very few investigations of the combined influence of shear and
compression waves on embankment dams. Whether the addition of compression wave
into a finite element code could largely affect the dynamic response and cause special
computational problem is still unclear. Moreover, more than 50 large dams of Class A
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(H ≥ 20 m) in France need to be reevaluated under complete strong seismic loading in
order to respond to changes in safety regulations. As a consequence, the emphasis of this
paper is on presenting the numerical simulation of the seismic response of a Japanese
rockfill dam, Aratozawa. The static and dynamic calculation procedures are then respec-
tively detailed with special attention paid to the numerical convergence problem. Finally,
the numerical results are compared with real in-situ measurements.

Aratozawa dam is located in Miyagi Prefecture, Japan. It is a 74.4 m high rockfill
dam with a central clay core. The dam was built in 1991 and activated in 1998 for
irrigation and flood control purposes. The dam consists of five zones, and three sets of
3-component strong motion seismometers were installed at three locations, i.e., the dam
crest, the mid-core and the bottom gallery in the largest cross-section of the central part
of the dam (see Fig. 1). The Iwate-Miyagi Nairiku earthquake (MJ = 7.2) [3] occurred
on June 14, 2008, with its epicenter 8 km below southwestern Iwate Prefecture. During
the main shock, a peak acceleration of 10.24 m/s2 was measured by strong motion
accelerometers at the bottom gallery. However, the dam remained in a stable working
condition and the reservoir functions were not clearly affected by the main shock.

Fig. 1. Cross section of the Aratozawa dam with seismometers located at the crest, mid-core and
bottom gallery (from [3]).

2 Soil Constitutive Model

Experimental studies indicate that soil behaves in a non-linear way. Thus; in this paper,
an elastoplastic non-linear constitutive model ECP [4] is applied, which was developed
at MSSMat laboratory of Ecole Centrale Paris. The model considers one isotropic and
three deviatoric mechanisms, which are coupled by the volumetric plastic strain in order
to correctly simulate soil behavior in a large range of loading paths. Both coarse and
fine granular soils can be simulated since the model’s yield surface varies from Mohr-
Coulomb criteria to Cam-clay surface according to a model parameter b. The behavior is
decomposed in three functional regimes by an internal parameter quantifying the degree
of mobilized friction: pseudo-elastic, hysteretic and mobilized regimes. A calibration
procedure of ECP model parameters was proposed by Lopez-Cabellero ([5] and [6]).
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2.1 Mechanical Properties of Aratozawa Dam

In order tomaintain the precision of input signals, the rock foundation of Aratozawa dam
is assumed to be rigid, described by a simple elastic linear equation with the following
parameters: E = 143 GPa, ν = 0.3 and ρ = 2200 kg/m3.

Filters and rockfills are assumed to be drained during Miyagi earthquake. However,
central clay is simulated under undrained condition by ECP model. Due to the lack
of feasible deep detection methods, the knowledge about the mechanical behavior of
central clay is incomplete. Thus, based on the known plasticity index of central clay,
three sets of ECP model parameters with different fine fractions: Jeu1, Jeu2 and Jeu3
are respectively proposed by Kham [7].

3 Simulation of Aratozawa Dam

3.1 Finite Element Mesh

The adopted mesh in this study is bi-dimensional in plane strain deformation. In order to
accurately capture the wave propagation, the size of the used finite element mesh needs
to be inferior to earthquake predominant wavelength. Note that Eq. (1) is pertinent
uniquely for linear elastic media. Thus, a security factor must be taken into account for
soil non-linear degradation (i.e. shear wave velocity).

�z < λ
N = Vs

N∗ fmax
(1)

where λ,N, Vs and fmax are respectivelywavelength, security factor, shear wave velocity
and maximum frequency. Finally, �z < 1 m is chosen and the finite element mesh is
presented in Fig. 2 which contains 3462 quadratic elements and 7564 nodes.

Fig. 2. 2D mesh of Aratozawa dam (visualized in Salome-Meca).

3.2 Static Calculation

The objective of static calculation, including construction by layers and the rise of
water level in dam reservoir, is to estimate the non-linear initial state of the dam before
dynamic calculation, by assessing the initial stress, strain and internal variables fields. In
this step, the displacement of the dam foundation is blocked. The construction by layer
is performed in order to reproduce the real construction over 3 years and each layer is
approximately equal to 5 m. A consolidation phase of 10 years is then simulated, which
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represents the time interval between the end of construction and the occurrence of the
Miyagi earthquake. Hydrostatic pressure condition is applied on the upstream of the core
for simulating the in-flow water whereas constant zero pressure is applied to simulate
free out-flow water on downstream side (see Fig. 3).

Fig. 3. Comparison of the water pressure distribution of Aratozawa dam (after [3]).

3.3 Dynamic Calculation

The addition of seismic loadings is impossible while the dam foundation is immovable
and a transition of boundary conditions is necessary. Thus, the embedding of dam foun-
dation is first replaced by very rigid springs. Nodal forces are then calculated from them
and re-applied to the contour of the dam foundation. In addition, damping elements are
placed on the periphery of the foundation in order to absorb the waves diffracted by the
dam.

Numerical Convergence Studies and Dynamic Response of Aratozawa Dam
In the initial dynamic calculation with two-component seismic loadings, computational
convergence problem is revealed by the presence of considerable accelerations (Acc >

100 m/s2) at the crest of the dam.

Fig. 4. Comparison of acceleration at the crest of the dam and global relative residuewith different
subdivision step.
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First, attempts have been made by adding numerical damping in time-integration
algorithms [8].However, the results do not appear to be improved. Then, the calculations’
information files are verified with special caution and it seems that almost all unreal
‘peak’ accelerations happen suddenly while the global relative error largely exceeds
convergence criterion. Therefore, a quantitative study of subdivision level of calculation
step is investigated. The results of the same dynamic calculation with four different
subdivision levels are presented in Fig. 4.

Red solid line represents the acceleration at the crest of the dam and blue solid line
represents the evolution of the global relative error. It is clear that the global relative
error decreases sensitively with the increase in subniveau making ‘peak’ accelerations to
disappear. Calculation time is also checked: it increases from 37 h when subniveau = 2 to
40 h when subniveau = 4, which is practically acceptable. Then, the calculated horizontal

Fig. 5. Calculated horizontal accelerations and the real measurements (after [3]).

Fig. 6. Calculated vertical accelerations and the real measurements (after [3])
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and vertical accelerations of Aratozawa dam are compared with the real measurements
presented in the literature.

Figure 5 and 6 show that all three sets of parameters give qualitatively correct results
compared with real measurements. Accordingly, 6 of 10 parameters of Anderson’s Cri-
teria [9] are applied (C1, C2, C3, C4, C5 and C8) in order to evaluate the quality of a
calculated signal with respect to a reference one. Finally, Anderson average scores of
three sets of parameters are all greater than 8.5/10, which reconfirms this present work.

4 Conclusion

Seismic response of Aratozawa rockfill dam is simulated in this study. The coherence
between numerical results and real in-situ measurement demonstrates that the method-
ology of Aster FE code and soil constitutive model used in this paper are accurate to
reproduce the seismic response of large rockfill dams. In addition, subdivision level
needs to be increased to avoid computational convergence problem.

Acknowledgements. The authors acknowledge JCOLD for sharing the data during the CFBR-
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Abstract. The problems of granulometric stability related to particle migration
phenomena (i) at the contact between materials affected by different grain size
or (ii) through widely or gap graded soils (i.e. suffusion) are well recognized, as
shown by several historical dams incidents. For a complete simulation of these
phenomena and their evolution towards possible limit conditions (i.e. clogging,
blinding, complete erosion), the (space and time) variability of soils granulometric
properties (i.e. voids volume, porosity, permeability, flow velocity, local piezomet-
ric gradients, flow direction,…), as well as the particles erodibility and deposition,
must be taken into account. The available empirical and analytical (derived from
“continuum” mechanics) methods to analyze particle migration phenomena gen-
erally don’t considerer the coupled effects of these micro-structural (at the grain
scale), meso-structural (porosity, permeability) and hydraulic variables. Thus, a
numerical procedure allowing to simulate coupled 1D seepage and particle migra-
tion processes, by taking into account the mutual dependency of the above cited
governing variables, has been developed and applied to carry out detailed analyses
and review of available, selected experimental data.

Keywords: Soil migration processes · Numerical procedure · Review of
experimental data

1 Introduction

The granulometric compatibility between materials characterized by different grain size
distribution (GSD) plays a key role in safety of embankment dams and levees [1]. The
possible migration of fine particles through voids larger than their size, at the con-
tact between different materials due to seepage, may be analyzed through different
approaches: empirical criteria (e.g. [2–5]), analytical (e.g. [6–9]) and numerical (e.g.
[10, 11]) models.

For a reliable simulation and a better comprehension of these dangerous, often hid-
den, phenomena, as well as their evolution towards possible granulometric limit states
(i.e. clogging, blinding, complete erosion), the (space and time) variability of granulo-
metric properties, particularly voids volume, porosity (n), permeability (k), flow velocity
and direction, local piezometric gradients, should be considered [12].
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To this purpose, a numerical procedure that couples the effects of geometrical (at the
“grains” micro-scale, e.g. GSD, porosity, volume voids and constriction sizes distribu-
tions) and geotechnical (e.g. permeability, piezometric gradients, seepage velocity….)
governing variables, has been recently developed and refined [13].

The proposed procedure and a “traditional” continuum model have been applied to
the interpretation of some experimental measurements in the paper.

Results of simulations show that the procedure allows to highlight/understand the
micro-mechanical aspects that govern the growth of the effective filtering zone; the
“continuum” approach allows only a partial description (particularly at the macro-scale)
of the local variability of the granulometric properties.

2 “Continuum” Modeling Approach

By considering a representative elementary volume (R.E.V.) of a granular material com-
posed by the volume of particles in suspension, the fluid phase and the solid phase
(stable and deposited particles) volumes (Fig. 1), the particle migration process can be
described, along space x and time t, by the following system of three partial differential
equations (PDEs) [7, 8]:

• fluid mass balance equation

∇ ·
[
(1 − cs) · n · ⇀

v f

]
= −∂[(1 − cs) · n]

∂t
(1)

• solid mass balance equation

∇ ·
(
cs · n · ⇀

v sp

)
= ∂[(1 − cs) · n]

∂t
(2)

⇀
v f being the velocity vector of the fluid phase; cs, the concentration of particles

in suspension; n, volumetric porosity; ⇀
v sp, the velocity vector of the suspended and

transported particles (⇀vsp = χ · ⇀
v f , with χ ε (0; 1], [14]);

‘kinetic equation’, describing the deposition and erosion processes of the
deposited/accumulated particles within voids; to this purpose, different formulations
have been proposed in the past [6–9]. The available relationships in general do not allow
to simulate simultaneously coupled erosion and deposition processes.

The (three) unknown variables of the problem are n, cs, vf , depending on time (t) and
space (x). If the following hypotheses: (i) vsp = vf (χ = 1, [14]) and (ii) unidirectional

flow (1-D case) are assumed, since ⇀
vD = n · ⇀

v f (
⇀
vD , Darcy’s velocity), by combining

the Eqs. (1) and (2), it is obtained:

vD,x · ∂cs
∂x

= ∂[(1 − cs) · n]
∂t

(3)

Considering the “kinetic” equation proposed by Vardoulakis [6], which allows to
simulate fluidization and erosion (not deposition) processes [15],

∂n(x, t)

∂t
= λ · [1 − n(x, t)] · cs(x, t) · n(x, t) · vsp(x, t) (4)
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Fig. 1. Physical scheme of a R.E.V. within a granular material subject to particle migration:
particularly, suspended (eroded) particles move through voids formed by stable (not eroded)
particles; deposited particles remain trapped within these voids.

λ being an experimentally calibrated parameter [6], the above system of three
governing PDEs becomes:

{
vD,x · ∂cs (x,t)

∂x = ∂[n(x,t) · (1−cs (x,t))]
∂t

∂n(x,t)
∂t = λ · [1 − n(x, t)] · cs(x, t)vD,x

(5)

The system is solved by an explicit second order method Finite Difference Method,
FDM (�x , �t are space and time integration intervals, respectively; i = i-th element of
the system composed by two different contacting materials):

∂cs
∂x

∼= 1

2�x

(
ct−1
s,i+1 − ct−1

s,i−1

)
(6.a)

∂cs
∂t

∼= 1

�t

[
cts,i − 1

2

(
ct−1
s,i+1 + ct−1

s,i−1

)]
(6.b)

∂n

∂t
∼= 1

�t

[
nti − 1

2

(
nt−1
i+1 + nt−1

i−1

)]
(6.c)

The final explicit resolving equation is thus obtained:

cts,i =
1
2

(
ct−1
s,i+1 + ct−1

s,i−1

)
· nt−1

i
�t − vD,i,t−1 ·

(
ct−1
s,i+1−ct−1

s,i−1

)

2�x[
nt−1
i
�t −

(
1 − ct−1

s,i

)
· λi ·

(
1 − nt−1

i

)
· vD,i,t−1

] (7)

3 Proposed Numerical Procedure

A numerical procedure to simulate coupled particle migration and seepage processes,
previously developed by the Authors and based on the model proposed by [10], is herein
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presented. As the model by Indraratna and Vafai [10], the proposed procedure is founded
on the fluid and solid mass balance equations, and on the concept of critical hydraulic
gradient derived from limit equilibrium considerations, where the migration of particles
is assumed to occur under applied hydraulic gradients exceeding the critical value, this
one depending on particle diameter and its confining conditions (plugged or unplugged
particles).

With respect to themodel by Indraratna andVafai [10], the proposedprocedure allows
to considerer the effective “internal geometry” of the porous materials (i.e. Constriction
Sizes Distribution, CSD, instead of an average diameter of voids) in the particle migra-
tion phenomena simulation. To this purpose, an advanced geometrical and hydraulic
characterization of the granular material is worked out.

3.1 Geometrical Characterization

To determine the distribution of the volume of voids (VVD) within porous media (and
the corresponding Constriction Size Distribution, CSD), several methods are available
in technical literature (e.g. [16, 17]).

In the proposed procedure, the ‘geometric-probabilistic’ model by Musso and Fed-
erico [18] is applied, according to which the cumulative probability function F(V ) of
the dimensions of voids is expressed as:

F(V ) = e−βV − e−βVmin

e−βVmax − e−βVmin
(8)

Specifically, for an assigned volume V of a pore, the volume of the largest particle
(Vcs), able to move through the porous material, satisfies the relation Vcs < V (Fig. 2).

By assuming spherical particles (D, diameter), on the basis of geometric observations
[14], it is possible to determine the diameters of the smallest (Dcs,min) and largest (Dcs,max)
particles passing through the smallest (Vcs,min) and largest (Vcs,max) pores. In otherwords,
the minimum and maximum constriction sizes (Fig. 2):

for pores formed by three spherical particles

Dcs,min = 2 ·
(
30.5/3 − 1/2

)
· D → Vcs,min = 1.94 · 10−3 · D3 (9)

for pores formed by four spherical particles

Dcs,max =
(
20.5 − 1

)
· D → Vcs,max = 3.72 · 10−2 · D3 (10)

By defining the coefficient η = Vcs/V, it is obtained:

ηmin = Vcs,min

Vmin
= 1.15 · 10−2; ηmax = Vcs,max

Vmax
= 7.81 · 10−2 (11, 12)

Thus, the volume of constriction sizes (Vcs) and the corresponding diameter (Dcs)
can be generally evaluated as:

Vcs = η(V ) · V (13)
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Fig. 2. Constriction size for pores formed by (a) three and (b) four particles

Dcs = 3

√
η(V ) · V · 6

π
(14)

The corresponding passing percentagePcs is assumed equal to the passing percentage
Pv (= F(V)) associated with related void.

If a linear change of η with volume V is simply assumed, it is obtained:

η(V ) = 1

Vmax − Vmin
· [(ηmax − ηmin) · V + (ηminVmax − ηmaxVmin)] (15)

3.2 Hydraulic Characterization

The permeability coefficient (k) represents the fundamental parameter on which the
seepage velocity through a porous medium mainly depends. k can be evaluated through
the Kozeny-Carman relationship [19], according to grain size properties and porosity,
which may vary along space and time due to particle migration phenomena:

k = χ · γw

μw

· n3

(1 − n)2
· D2

h (16)

Dh is the equivalent diameter of grains: Dh = 1/
∑

i
�Pi
d̄i

; χ is a numerical coefficient
[19]; μw is the water viscosity.

The soil particles can be scoured if subjected to a seepage velocity greater than a
critical value (vcr); the analysis of the actions on a movable particle and the dynamic
equilibrium along the flow direction [14] allow to estimate vcr .

Particularly, two types of kinematics of particles can be distinguished: (a) frictional
and rolling (unconfined particles, D ≤ Dv,0); (b) purely frictional (confined particles, D∼= Dv,0). If the drag force Fh (Stokes law) overcomes the maximum local shear force
related to the effective weight of the particle and the acting confining stresses (Fs), the
particle can be eroded.

By imposing Fh = ∑
i Fs,i , for a horizontal flow path under laminar flow conditions,

the following general expression for vcr is obtained:

vcr = n

3μw

·
[
(γs − γw)

D2

6
+ λD

2

(
σ ′
z + σ ′

y

)]
tan ϕ (17)
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λ is a coefficient allowing to consider the density of the granular matrix (0 < λ ≤
4/π); λ = 4/π for granular matrix composed by spherical particles arranged in hexagonal
configuration, most dense state [16, 19]; γs is the volume unit weight of particles; γw is
the volume unit weight of interstitial fluid; σ ′

z is the effective stress along the direction
z; σ ′

y is the effective stress orthogonally acting to the plane x-z; ϕ is the internal friction
angle.

3.3 Problem’s Setting and Governing Equations

Referring to a B-T system (B = fine grained material; T = transition granular mate-
rial), the heterogeneous porous medium is decomposed into several elements (li =
length of ith element; N = number of elements), each characterized by initial grain
size curve (Di,j,0; Pi,j,0), porosity ni,0 and permeability ki,0 (Fig. 3); i, j and t define
the system element, materials granular fractions and the elapsed time, respectively [13,
14]. Each element is schematically composed by original (not eroded) material (Vor,i,t),
deposited/accumulated particles (Vdep,i,t) and particles in suspension (Vsusp,i,t) due to
migration phenomena, and water saturating the ith element (Vw,i,t).

The variables (Di,j,t ; Pi,j,t) and ni,t (and then ki,t according to Eq. 16) evolve because
of erosion-deposition processes, associated with particle migration, causing an unsteady
seepage flow.

The unsteady state is simply analyzed by considering a sequence of steady states
(time interval,Δt; “successive steady states” method); for eachΔt, the piezometric load
for the ith element (Δhi,t) and the corresponding seepage velocity (vi,t = ki,t · Δhi,t /li)
are determined through the continuity equation expressed as follows:

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

k1,t
l1

− k2,t
l2

0 · · · · · · 0

0 k2,t
l2

− k3,t
l3

0 · · · 0
...

...
...

...
...

...

0 · · · ki,t
li

− ki+1,t
li+1

· · · 0
...

...
...

...
...

...

0 · · · · · · 0 kN−1,t
lN−1

− kN ,t
lN

1 1 · · · · · · · · · 1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

·

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

�h1,t
�h1,t

...

�h2,t
...

�hN ,t

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0
0
...

0
...

�H

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(18)

being ΔH the hydraulic load imposed to the system.
Therefore, the suspension rate Q through the elements of the section Ω , and the

volumeof the suspensionVm,t , composed by the scoured particles dragged by the seeping
fluid, entered and washed out from each element, is the same during each Δt:

Q = Ω · ki,t · �hi,t
li

; Vm,t = Q · �t (19)

So, the total volume of each element (Vi), generally composed of the original
(not eroded) material (Vor,i,t), accumulated/deposited material (Vdep,i,t), material in
suspension (Vsusp,i,t) and water saturating the ith element (Vw,i,t), doesn’t vary during
Δt (Vi = Vor,i,t + Vdep,i,t + Vsusp,i,t + Vw,i,t = constant).
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To determine the eroded or erodible particles, the hydraulic and geometrical compat-
ibility conditions must be verified. Particularly, the hydraulic compatibility conditions
consist in comparing the previous defined critical velocity vcr,i,j,t of the jth granulomet-
ric fraction, within the ith element at the instant t, with the effective seepage velocity
(vi,t /ni,t). Unconfined and confined particles are distinguished according to average diam-
eter of voidsDv,0,i,t , defined as [10]: Dv,0,i,t = 2.67 ·ni,t ·Dh,i,t/

(
1 − ni,t

)
: particularly,

unconfined if Di, j,t < Dv,0,i,t ; confined if Di, j,t ≥ Dv,0,i,t . The geometrical compati-
bility conditions concern the comparison between the diameter of the jth granulometric
fraction (Di,j,t) belonging to the ith element with the constriction sizes of the (i + 1)th

element and the evaluation of the probability of one forward step, PF,i,j,t [11]. For each
Di,j,t , the percentage Pcs,i,j,t of smaller constriction sizes of the (i + 1)th element is
defined.

If Di,j,t < min(Dcs,i+1,j,t ; j) (smaller diameter of constriction sizes of the (i + 1)th

element), PF,i,j,t = 1; ifDi,j,t > max(Dcs,i+1,j,t ; j) (larger diameter of constriction sizes of
the (i + 1)th element), PF,i,j,t = 0; if min(Dcs,i+1,j,t ; j) < Di,j,t < max(Dcs,i+1,j,t , j), PF,i,j,t

(∈ (0,1)) is expressed as follows:

PF,i, j,t = (
1 − Pcs,i, j,t

) +
∑3

w=0
[1 − (

Pcs,i, j,t
)4] · (

1 − Pcs,i, j,t
) · Pcs,i, j,t

·
{[

1 − (
Pcs,i, j,t

)3] · (
Pcs,i, j,t

)}w

(20)

Fig. 3. Problem setting. One-dimensional unsteady seepage flow through a heterogeneous base
(B) – transition (T) system; B and T are divided into elements; a constant hydraulic load �H is
imposed.

PF,i,j,t ∈ (0,1) means that not all particles belonging to the jth granulometric fraction
can be eroded and then pass through the pores network up to the (i + 1)th element;
although erodible, the amount (1 − PF,i,j,t) is trapped in the pores network and can
remain in suspension or deposit [11].
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Definitively, the particles with vcr,i,j,t < vi,t /ni,t (hydraulic condition) and PF,i, j,t >

0 (geometrical condition) simultaneously, are therefore scoured.
For each eroded particle, themigration path (Lmig,i,j,t) is determined.Lmig,i,j,t depends

on the number (mi,j,t) of constrictions greater than the particle (Di,j,t), along its path,
before its arrest [18].

The length of the migration path is compared to the length that the particles can cross
during each step Δt; particularly, Lmig,i, j,t = min

(
s · mi, j,t ; vi,t · �t

)
, s being the unit

step (average migration path for each constriction).
Therefore, Vsusp,i,t is composed by particles eroded from the (i − 1)th element

(Vacc,in), particles of the ith element with PF,i,j,t ∈ (0,1), Vacc (i.e. potentially erodible,
but trapped in the pores network).

All these particles can deposit; then: Vsusp,i,t = Vacc,i,t + Vacc,in,i,t – Vdep,i,t–1. The
deposited particles are determined according to the probability Pdep,i,j,t [20]:

Pdep,i, j,t = 4

[(
θi,t · Di, j,t

Dv,0,i,t

)2

−
(

θi,t · Di, j,t

Dv,0,i,t

)3
]

+
(

θi,t · Di, j,t

Dv,0,i,t

)4

(21)

being θi,t = θ0 · e−[(vi,t/ni,t)/vclogg], with θ0 and vclogg experimental coefficients.
Once re-definedVor,i,t (reduced by eroded particles),Vdep,i,t andVsusp,i,t , it is possible

to determined Vw,i,t (Vi = constant); therefore, for each element the porosity ni,t (and
then the permeability ki,t) and the GSD (Di,j,t ; Pi,j,t) can be updated.

Thus, the main outputs provided by the proposed procedure at each time step are:
grain size distributions, porosity, permeability, eroded and deposited particles volumes,
discharge rate and seepage flow velocity.

4 Applications and Comparisons

The “continuum” approach (based on Vourdalakis’s equation as previously assumed)
and the proposed numerical procedure have been applied to the lab experimental results
obtained by Locke et al. [11].

Particularly, the effects of a downward seepage flow through a systemB-T composed
by a well-graded sand (150 mm thickness), as base soil (B), and a well-graded gravel
(800 mm thickness), as transition (T ), are investigated (Fig. 4).

Transition material (T ) is characterized by D15 (particles diameter corresponding to
the 15% passing) = 10.1 mm; different base soils (B), characterized by d85 (particles
diameter corresponding to the 85% passing) satisfying the values of the piping ratio
D15/d85 = 4 and 7 [2] are tested. The initial porosity of the base soils (B) was assumed
constant (35%); the initial transition (T ) porosity was estimated at 40%. The applied
hydraulic load (ΔH) corresponds to an initial flow rate of 0.02 l/s/m2. In particular,
since the permeability coefficients of base soils are k = 8 • 10−5 m/s (for D15/d85 = 4),
k = 4 • 10−5 m/s (forD15/d85 = 7), and of the transition k = 2 • 10−2 m/s, ΔH is equal
to 0.04 m and 0.08 m, respectively. Duration of test is approximately 2 h. To interpret
lab measurements, the following input parameters are assigned:

• “continuum approach” (“kinetic equation by Vardoulakis”):Δx = 0.002 m; n= 0.35
for 0.15 m of base soil and n = 0.40 for the remaining 0.80 m granular transition; Δt
= 3 s; duration of simulation = 2 h; the value of λ are parametrically assigned to fit
the lab results: values of λ for tested materials are not “a priori” available;



Modeling of Soil Migration Phenomena in Embankment Dams 247

Fig. 4. Experimental apparatus (adapted from [11]).

• proposed numerical procedure (PNP): length of base soil (B) = 0.15 m; length of
transition = 0.80 m; number of elements of base soil (B) = 3 (Δx = 0.05 m); number
of elements of the transition (T ) = 16 (Δx = 0.05 m); n = 0.35 (base soil); n = 0.40
(transition material); Δt = 3 min; duration of simulation = 2 h.
Δx, Δt are related to the computational times. However, by modifying them, the
results don’t change. The two sets of input parameter are comparable.
The comparison between measured and numerical (according to the both applied
approaches) values of the “mass (MPT ) passing through the transition material
[g/cm2]” is carried out (Figs. 5 and 6). MPT is estimated as:

• proposed procedure (PNP)

MPT = Vs,out ρs/S (22)

Vs,out being the volume of eroded particle leaving the base soil and passing through
the transition material; ρs, the grains density/unit weight; S, area of the sample cross
section;

• continuum approach

MPT = csn ρsVtot/S (23)

Vtot (Δx • S), the volume of each discretized element.

To apply the “continuum” approach (and to fit the lab results), specific values of
the a priori unknown parameter λ [6] must be assigned. By this way, the measured
values of the mass passing through the transition material, i.e. the amount of eroded
particles at the interface B-T, may be simulated (Fig. 5). Anyway, the “continuum”
model does not get any information concerning to the progressive generation of the filter
thickness, specifically about the reasons for which the new generated zone (the filter)
can (or cannot) control further fine particle movements. If the PNP is applied, the same
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appreciable agreement, between the computed values of the mass passing through the
transitionmaterial and labmeasurements, is observed (Fig. 6). In addition to this “global”
variable, the PNP also provides information at the micro (particle) scale, particularly
through the GSD and CSD curves and their evolution, at the different distances from the
interface B-T (Figs. 7 and 8). Referring to the base soil (B) characterized by D15/d85 =
4, the constriction sizes of T rapidly and considerably reduce (from Dcs,50 = 2.2 mm
of the initial CSD of T up to Dcs,50 = 0.8 mm of the CSD of T at the end of the test;
Dcs,50 = constriction size diameter corresponding to 50% passing, Figs. 7 and 8). To
this purpose, small variations of GSD and CSD of T are observed at 0.20 m from the
interface B-T (Fig. 8); fine particles movements through growing filter are prevented
within small distances from the interface B-T.

Fig. 5. “Mass passing through transition” vs distance according to the “continuum” approach
(kinetic equation by Vardoulakis).

Fig. 6. “Mass passing through transition” vs distance according to the proposed numerical
procedure.
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Concerning to the base soil (B) characterized by D15/d85 = 7, the eroded particles
of B (finer than those ones of B with D15/d85 = 4) travel longer distances through the
growing filter. Small variations of GSD and CSD of T are observed at 0.05 m from the
interface B-T (Fig. 9); thus, the eroded particles of B more easily move through voids
larger than their size, beginning to deposit/accumulate at 0.20 m from the interface B-T
(Fig. 10).

Fig. 7. Proposed procedure: final GSD and CSD curves of transition (T) for soil base (B) with
D15/d85 = 4, at the distance from the interface B-T of 0.05 m.

At this distance, the corresponding constriction sizes of T are thus smaller than those
ones of T at 0.05 m from the interface B-T (Fig. 9). The experimental minimum 0.25 m–
0.35 m values [11] of the filter thickness (composed by fine particles of B, trapped
within the voids network of T ) is better interpreted, at the both “macro” (in terms of
mass passing through T ) and “micro” (in terms of evolution of GSD and CSD curves
of filter material, at different distances from the interface B-T ) scales, by applying the
proposed procedure.

Fig. 8. Proposed procedure: final GSD and CSD curves of transition (T) for soil base (B) with
D15/d85 = 4, at the distance from the interface B-T of 0.20 m.
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Fig. 9. Proposed procedure: final GSD and CSD curves of transition (T) for soil base (B) with
D15/d85 = 7, at the distance from the interface B-T of 0.05 m.

Fig. 10. Proposed procedure: final GSD and CSD curves of transition (T) for soil base (B) with
D15/d85 = 7, at the distance from the interface B-T of 0.20 m.

Therefore, the PNP allows to simulate the progressive changes of the transition grain
size and the corresponding generation of the filter zone, due to the deposition of fine
particles, up to the final, equilibrium condition.

By this way, the efficiency (macro-behaviour) of a granular transition to control pos-
siblemigration phenomenamay be checked through the simulation of erosion-deposition
phenomena, carried out at the grain scale (micro-behaviour).
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5 Concluding Remarks

The progressive variations (in the space, 1D, and along time, t) of the physical (porosity
n) and hydraulic (permeability k) properties of a granular medium, during the coupled
seepage flow, particles deposition and scouring phenomena, are simulated through a
numerical procedure.

The procedure takes into account voids, constriction sizes and local porosities of
the granular materials (geometric-probabilistic model) as well as the rate of the seeping
suspension and piezometric gradients.

The main effects of these coupled processes include the amount and the distribution
of accumulated material, porosity and permeability changes, as well as the GSD and
CSD variations, and allow to interpret (at the micro “particle” scale) the results of a
large scale lab test [11, 21]. The procedure can be furthermore applied to model the
filtering action carried out by geotextiles [22].

The comparisons between different numerical results and the corresponding lab
measurements allowed to point out the limits of “continuum” models, particularly in
simulating the micro-scale effects (i.e. variations of GSD and CSD curves, migration
path lengths,…) related to the coupled seepage and particle migration processes, which
play an essential role in the geotechnical design of granular transitions as protective
filters.
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Abstract. Internal erosion affects the stability of embankment dams and other
earthen structures, and usually develops at the interface of multiple layer sur-
faces with different particle sizes. It is characterized by weak areas formed in
the embankments around water sluices and pressure conduits. This study presents
the phenomenon of internal erosion aided by lab experimentations. Permeability
and particle size distribution tests were performed under varying characteristics
of the soil-structure interface. Weak zone development in a structure with fine soil
particles and vulnerable to displacement was a function of the flow velocity of the
water. Surface roughness at the interface adds to the displacement potential of fine
particles. The smooth surface interface helps increase the flow velocities, thereby
enhancing the rate of internal erosion. Loss of fine particles at the interface helps
significantly increase erosion, especially at the boundary, resulting in intense ero-
sive action. A significant difference was observed between the erosion potential
of rough and smooth concrete structures and the soil for nearly half of the total
area of the sample, which was eroded in both cases. The variation of velocity is
mainly seen at the embedded structure’s interface in the soil, and remained con-
stant around the other regions of the soil sample, indicating no specific impact.
The erosion of the soil particles was mainly dependent on the distance from the
soil-structure interface.

Keywords: Contact erosion · Boundary effect · Levee failure · Soil-structure
interface

1 Introduction

In general, failures caused by internal erosion of embankment dams and their founda-
tions are classified into three general failure modes. Internal erosion associated with
the structure through and through, internal erosion and foundation with internal bank
erosion [1]. The term internal erosion here refers to the separation of soil particles from
the soil structure due to mechanical or chemical action of the seepage flow, followed by
the formation of piping structures. For internal erosion, fine particles are eroded by the
seepage flow, which flows between larger particles to leave a coarse skeleton behind.
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Progressive erosion and soil transportation result in the formation of pipe structures in
the soil, which lead to soil surface instability [2].

Internal erosion has been widely investing under set boundary conditions. Increased
water permeability around underground structures and the concentration of water ingress
can result from sandy ground [3]. Additionally, a critical hydraulic gradient for erosion
inside the interface, shear strength of the interface, severity of the soil and the porous
soil structure affect its permeability and in turn, the erosion of the interface [4]. Internal
erosion is initiated due to the breach of the minimum flow threshold [5]. The repeated
water level movements result in an intense erosion of fine particles, and these changes
make the soil structure unstable [6–8].

There is a lack of research on the evaluation of the impact of internal erosion on the
loss of ground or velocity of seepage flow within a predefined boundary. In this study,
a newly design permeability test apparatus that can specify the flow around the soil-
structure interface is tested and used to investigate the effect of soil-structure interface
on the permeability of the soil around ground structures.

2 Outline of the Experiment

2.1 Experimental Apparatus

An experimental apparatus that can evaluate the impact of the soil-structure boundary
on the permeability of the soil has been developed. The experimental apparatus mainly
consists of a soil chamber, a vacuum system, a constant-head water tank, and an outflow
system with weighing equipment, as shown in Fig. 1.

Fig. 1. Schematic diagramof the experimental system; (a) saturated soil preparation, (b) apparatus
setup for water permeability test

The schematic diagram of the soil chamber for the preparation of the saturated soil is
shown in Fig. 1(a). The bottom of the soil chamber is divided into five sections (S1–S5),
and the outflow system is connected to each section. The water first passes through the
soil specimen and drains out from the five different sections. The weight of the outflowed
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water is measured by means of electronic balances (RJ-3200) and the permeability of
each section (S1–S5 of Fig. 1(a)) is then evaluated. The specimen is then saturated
using the vacuum method. The capped soil chamber and the water tank are connected
to a vacuum pump that removes the residual air in the soil specimen. The water tank
is then connected to the soil chamber to introduce the water into the soil specimen to
ensure complete saturation. The saturated soil is then tested for permeability, where a
constant-head water tank is used to apply the water head on the soil chamber, as shown
in Fig. 1(b).

2.2 Erodible Soil Materials

Erodible soil material, as referred to in a previous study by Ke and Takahashi [2], is
chosen as the soil material to evaluate the potential of internal instability of the soil.
The soil sample was prepared by mixing silica sand Nos. 3 and 8 using a weight ratio
of 4:1. The particle size distribution of silica sand Nos. 3 and 8 and the mixed soil are
shown in Fig. 2. The potential for internal erosion is evaluated by Kenney and Lau’s
method [9]. The H/F ratio was used to determine the soil stability, where H is the mass
fraction between grain size D and 4D, and F represents the mass fraction at any grain
size D, as shown in Fig. 2. The erodible particle size in this soil material was found to
be 0.425 mm, where H/F < 1.3.

Fig. 2. Particle size distribution curves

2.3 Modeling of the Concrete Structure and Experimental Cases

The impact of the soil-structure boundary and the roughness of the structure surface are
discussed in this section. A 270 mm diameter cylinder is used to model the concrete
structure buried in the soil, as shown in Fig. 3. Furthermore, the roughness of the surface
of the concrete structure is varied by paste-up the sand, with a grain size of 2 mm.
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(a) different concrete of roughness (b) the structure in the soil used in the test

Fig. 3. Testing specimen apparatus for interface roughness

Table 1 shows the details of each experimental case for the soil material with two
different compaction degrees (Dc) of 60% and 90%, respectively. In all the cases, the
initialwater contentwas set to 3% to ensure uniformity during themixing and compaction
process.

Table 1. Experimental cases

Soil only Concrete structure in soil

Smooth concrete Rough concrete
(with 2 mm sand)

Dc = 60%
(ρd = 1.65 g/cm3)

Soil_60 SC_60 RC_60

Dc = 90%
(ρd = 1.73 g/cm3)

Soil_90 SC_90 RC_90

2.4 Experimental Procedure

The experiment process consists of the three parts; soil specimen preparation, saturation,
and the constant head permeability test. The detailed procedure is given as follows.

Step 1: Silica sand No. 3, which has a grain size of 20 mm and a specific density, was
compacted. This layer behaves as the drainage layer to ensure the eroded particles do
not accumulate at the bottom of the soil chamber. For the experiments with the concrete
structure, the concrete model was installed before ground compaction.
Step 2: The silica sand and water were mixed well in a specific weight ratio to obtain
the pre-designed relative density and molded to a height of 100 mm. The dry density of
each of the specimens is shown in Table 1.
Step 3: The soil chamber was capped and connected to the vacuum-pump and water
tank, as shown in Fig. 1(a). The specimen was then saturated using the vacuum method.
Water was introduced from the bottom to the top, and the saturation was stopped when
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the water reached the top of the specimen. The cap was then removed after decreasing
the vacuum pressure when the specimen was saturated.
Step 4: The constantwater level permeability test was then conductedwith theWaterhead
difference of 200m (hydraulics gradient i= 2) after installing the acrylic cylinder, which
supplied the water at a constant water level, as shown in Fig. 1(b). Simultaneously, the
flow from the five sections, as shown in Fig. 1, were measured using the electric balance
for the entire testing process. This flowwas used to calculate the flow velocity at different
sections, to investigate the influence of the soil-structure boundary on the permeability.
Step 5: A sieving test was then conducted to identify the movements of the fine particles.
Further, samples were collected from 15 different areas of each of the different sections
(S1–S5) and layers (L1–L3), as shown in Fig. 1. The erosion index, calculated from the
PSD curve, was then used to discuss the occurrence of internal erosion in each area of
the soil.

3 Testing Results

3.1 The Impact of the Soil-Structure Interface on the Permeability

Figures 4 and 5 show the temporal change of the flow velocity, calculated for the five
sections at different distances from the soil-structure surface. The velocities are calcu-
lated every 1 min. Figure 4 represents the loose sand with a compaction degree of 60%,
while Fig. 5 represents dense sand (Dc = 90%).

It can be seen that for all the cases, the soil velocity is almost the same for all the
sections for each of the samples tested. Moreover, the flow velocity for the sample Dc
60 is almost twice as that for the sample Dc 90. When the concrete structure is installed
in the area S1, the velocity around the soil-structure surface (S1) increases significantly,
while there is almost no change in the other areas (S2–S5).

With respect to the roughness of the soil-structure boundary, it can be seen that the
velocity for the smooth concrete sample shows a slightly larger value as compared to that
of the rough concrete sample. The above results indicate that the velocity is significantly
larger near the soil-structure boundary, and is affected by the roughness of the boundary.

3.2 The Impact of the Soil-Structure Interface on the Occurrence of Erosion

A sieving test was conducted on the 15 samples collected from each of the sections
and layers mentioned earlier, to investigate the impact of the soil-structure interface
on the occurrence of erosion. Figure 6 shows the example of particle size distribution
(PSD) curves for the 15 different areas for the case of RC_60. The circular marks
(black symbols) show the PSD for the initial soil material before the experiment, and
the diamond-shaped marks (red symbols) shows the PSD for the eroded soil after the
experiment was conducted. The figure shows that the PSD is significantly affected by
seepage in section S1, closest to the soil-structure, as compared to other sections (S2–S5).
Additionally, by comparing the PSD for samples at different heights from the bottom,
it can be seen that the change in PSD near the bottom (L3) is more significant than the
top layer (L1) of the specimen.
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(a) Only soil (Dc 60)

(b) Soil + smooth concrete (Dc 60)

(c) Soil + rough concrete (Dc 60)
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Fig. 4. Velocity for loose soil (Dc = 60%)

(a) Only soil (Dc 90)

(b) Soil + smooth concrete (Dc 90)

(c) Soil + rough concrete (Dc 90)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

1 2 3 4 5 6 7 8 9 10 11 12

Fl
ow

 v
el

oc
ity

 (
cm

/m
in

)

Time (minute)

S1 Velocity S2 Velocity S3 Velocity S4 Velocity S5 Velocity

0.0

0.1

0.2

0.3

0.4

0.5

0.6

1 2 3 4 5 6 7 8 9 10 11 12

Fl
ow

 v
el

oc
ity

 (
cm

/m
in

)

Time (minute)

S1 Velocity S2 Velocity S3 Velocity S4 Velocity S5 Velocity

0.0

0.1

0.2

0.3

0.4

0.5

0.6

1 2 3 4 5 6 7 8 9 10 11 12

Fl
ow

 v
el

oc
ity

 (
cm

/m
in

)

Time (minute)

S1 Velocity S2 Velocity S3 Velocity S4 Velocity S5 Velocity

Fig. 5. Velocity for dense soil (Dc = 90%)

The grading index IG proposed byMuirWood [10] was used to evaluate the variation
of the PSD and discuss the erosion condition of the samples. IG represents the changes
in particle grading and is defined as the ratio of the area under the current grain size
distribution to the area under the initial grain size distribution before the seepage test
was conducted. IG equals one prior to erosion and decreases when erosion occurs. The
distribution of the IG values for the 15 different areas are as shown in Figs. 7 and 8.
Figure 7 shows the result for the loose ground condition (Dc = 60%) and Fig. 8 shows
the results for the dense ground condition (Dc = 90%).

In the cases without the concrete structure (Fig. 7(a) and Fig. 8(a)), irrespective of the
compaction degree, the IG value lies close to 1, i.e., the movement of the fine particles
is relatively small. Moreover, the figures suggest that layers L1 and L3 were exposed to
a higher degree of erosion than L2. Additionally, in the case where only soft concrete
was used, the layer near the structure demonstrated a higher degree of erosion. A similar
result was found for the rough concrete cases with additional erosion areas in the upper
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L1-S1 L1-S4L1-S2 L1-S3 L1-S5

L2-S1 L2-S4L2-S2 L2-S3 L2-S5

L3-S1 L3-S4L3-S2 L3-S3 L3-S5

Symbol : Initial soil , : Eroded soil

L1-S1 L1-S4L1-S2 L1-S3 L1-S5

L2-S1 L2-S4L2-S2 L2-S3 L2-S5

L3-S1 L3-S4L3-S2 L3-S3 L3-S5

Symbol : Initial soil , : Eroded soil

Fig. 6. Changing of PSD for RC_60

(a) Only soil (Dc 60)

(b) Soil + smooth concrete (Dc 60)

(c) Soil + rough concrete (Dc 60)

S1 S2 S3 S4 S5

L1 1.00 0.97 0.98 0.98 1.00

L2 1.00 1.00 1.01 1.02 1.03

L3 1.00 0.97 0.97 0.98 1.02

S1 S2 S3 S4 S5

L1 0.93 1.00 0.99 1.01 0.98

L2 0.92 0.97 1.00 0.97 0.99

L3 0.91 0.98 1.01 1.02 1.02

S1 S2 S3 S4 S5

L1 0.83 0.99 1.06 1.02 0.95

L2 0.83 0.98 1.02 1.03 1.00

L3 0.72 0.93 0.98 0.98 0.98

Fig. 7. IG for each area (Dc = 60%).

(a) Only soil (Dc 90)

(b) Soil + smooth concrete (Dc 90)

(c) Soil + rough concrete (Dc 90)

S1 S2 S3 S4 S5

L1 1.02 0.99 0.99 1.00 0.99

L2 1.01 0.98 0.99 1.00 1.03

L3 1.01 0.94 0.96 0.93 1.06

S1 S2 S3 S4 S5

L1 0.89 0.94 1.01 0.97 1.02

L2 0.94 1.05 1.01 1.00 1.01

L3 0.91 0.97 0.98 0.99 1.05

S1 S2 S3 S4 S5

L1 0.83 0.98 1.00 1.01 0.98

L2 0.92 1.00 1.02 1.02 1.02

L3 0.78 0.95 0.98 0.98 0.96

Fig. 8. IG for each area (Dc = 90%)

and lower areas of the structure. Figure 7 and 8 show the IG values based on the Dc
values (60 & 90) for all the samples.

In the absence of the structure, erosion at the upper and lower levels was noted
as the leading cause. In the case of the soft structures, erosion was visible near the
structure’s surface, and was more significant in the case where rough concrete was used.
Additionally, although the difference in flow velocity was doubled (as seen in Figs. 4
and 5), there was no significant difference in the IG value between the samples based
on their degree of compaction. Studies have shown that the reason for reduced erosion
despite the high flow rates is attributed to the roughness of the sample with particle sizes
less than 3 mm, which protects the particles against erosion.
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4 Conclusions

Based on the results, the weak zone development in the aligning structure, in which
the fine soil particles are vulnerable to displacement, is a function of the flow velocity
around the interface. The surface roughness at the interface adds to the displacement
potential of the fine particles. It was found that the flow velocity through the sample in
the case where the Dc of 60% was almost twice the velocity in the case where the Dc of
90%. Consequently, more erosion was seen in the soil with a Dc of 60%. The interface
with a smooth surface assists in increasing the flow velocities, thereby enhancing the
rate of internal erosion. The loss of fine particles at the interface of the two surfaces
helps in increasing the rate of erosion significantly, especially at the boundary. Hence,
intense erosive action was seen at the soil-structure interface. There was a significant
difference between the erosion potential of the rough and smooth concrete structures
and the soil was eroded over nearly half of the total area of the sample in both cases. As
the permeability flow is allowed to continue for an extended period, erosion deceases
at the lower layer of soil. This phenomenon is due to the accumulation and clogging
of fine eroded particles in the rough edges of the soil-structure interface. The variation
in velocity is mainly seen in the embedded structure’s interface in the soil. The flow
velocity remained constant around the other regions of the soil sample indicating no
specific impact. The erosion of the soil particles was mainly dependent on the distance
from the soil-structure interface and the impacts of the distance on the erosion are being
studied.
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Abstract. The increase of seepage forcewould reduce the effective stress of parti-
cles and result in the erosion of particles for the heave failure. The sheet piles/cutoff
walls are often employed in the dams to control the seepage. In this paper, a solver
of computation fluid dynamics (CFD) involving two-fluid phases is developed
and coupled with the discrete element method (DEM) software for mimicking
the piping process. The binary-sized particles are selected to study the impact of
fine particles on the mechanisms of seepage. The results demonstrated that the
developed software could successfully model the seepage process. It adopts the
characteristics of particle displacements, drag force and porosity to illustrate the
erosion mechanism. The results imply the seepage impact triggers the movement
of particles in the downstream side with a looser condition for the skeleton, which
resulting in the transportation of particles in the upstream side to achieve a flow
channel.

Keywords: Seepage · Hydraulic gradient · Fine particles · Drag force · Porosity

1 Introduction

The erosion phenomenon contains two categories as surface erosion and internal ero-
sion depending on the form of surface flow and internal seepage respectively [1]. It
mainly occurs within the water retaining structures, such as the dams and dikes, with a
change of permeability, porosity, pore pressure, shear resistance and internal structure
for the system. This would affect the internal stability of structures, threaten peoples
safety and cause economic loss. Foster et al. [2] found 46% of dam failure was occurred
due to piping through the embankment based on the incidents taken from the Interna-
tional Commission on Large Dams (ICOLD). Hence, it is necessary to understand the
occurrence and mechanisms of erosion induced by seepage in depth.

Numerous categories of experiment method could be found to study the erosion of
soils, as the flume test [3], rotating cylinder test [4, 5], hole erosion test [6] and et al.
In literature, the internal erosion is suggested depending on the grain size distribution,
stress state and anisotropic condition of the system [7–9]. With the increase of clay
content, it could reduce the flow density and increase the internal erosion resistance
[8, 9]. Furthermore, a significantly larger local hydraulic gradient is observed around the
cutoff walls, which are often employed to control the seepage of dams [10, 11]. With the
development of techniques, it draws attention to performing numerical simulations for
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understanding the mechanisms of internal instability, for instance, the DEM approach
without the corporation of the fluid phase [12]. In recent decades, the coupledDEM-CFD
technique becomes a popular method, involving the information of continuum-scale and
particle-scale, to conduct simulations [13–16]. Tao and Tao [16] employed this technique
and found most of the orientation of contact forces concentrated on a more horizontal
direction during the erosion process.

It is believed that the factors of particle size distribution/gap-graded particles, the
porosity of the system and hydraulic gradient are vital for the process of a piping phe-
nomenon.Works reported in the literatureweremainlywith one fluid phase circumstance
and the hydraulic condition is achieved with the change of fluid velocity, which could
not simulate the true excavation process and give rise to this work. A solver of Open-
Foam is developed to an open-sourced CFD-DEM software for performing simulations
containing two-fluid phases. The binary-sized particles are adopted to study the impact
of fine particles on the mechanisms of seepage with results presented in Sect. 3. Finally,
it gives a summary of this paper.

2 Methodology

The CFD-DEM approach, coupled with the open-sourced software OpenFOAM and
LIGGGHTS, is employed here to investigate the multi-phases properties. The fluid flow
is simulated by the OpenFOAM software from solving the Navier-Stokes equations. A
solver named as interFoam is developed in this study to handle the two-fluid phases condi-
tion and coupled with LIGGGHTS software for performing the simulations. The motion
of incompressible flow is governed by the volume-averaged Navier-Stokes equation as,

∂
(
α f ρ f u f

)

∂t
+ ∇ · (

α f ρ f u f u f
) = −α f ∇ p − K sl

(
u f − up

) + ∇ · τ (1)

where u f and α f denote the velocity and porosity of fluid flow respectively. up refers
to the averaged particle velocity. ∇ is the gradient operator. ρ f is the density of fluid,
calculated as ρ f = α1ρ1 + α2ρ2, in which α1 and α2 are the phase fraction parameters,
and ρ1 and ρ2 are the corresponded density of fluid phase. The stress tensor for the fluid
phase is calculated as τ = ν f ∇u f , in which ν f is the fluid viscosity. K sl denotes the
momentum exchange with the particulate phase.

The CFD method divides the momentum exchange into an implicit and an explicit
term, stemming from either the hydrostatic forces or the hydrodynamic forces. The typi-
cal hydrostatic force is buoyancy force. In this study, the hydrodynamic fluid-interaction
force is regarded as the Di Felice drag force. For each cell, the volumetric fluid-particle
interaction force (Fd) is determined by the total drag force of particles inside the cell.

Regarding the coupling procedures, the DEM solver first gives the positions of parti-
cles and calculates the velocities, and then passes the information to the CFD solver for
determining the corresponding cells of particles. Based on the particle volume fraction
of fluid cells, it estimates the fluid forces acting on the particles and returns the results
to the DEM solver for updating the positions and velocities of particles. The simulation
is conducted by repeating these procedures.
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3 Macro-micro Scale Observations of the Seepage Erosion

The spherical particles are adopted for the simulation using the Hertz contact model,
with the properties of materials presented in Table 1. The parameter of stiffness has a
negligible impact on erosion behavior [13], and it is thus reduced to 5 MPa for speeding
up the simulations. In the simulation process, the steps for data exchange between DEM
and CFD is determined as 10. Hence, the timestep of DEM solver and CFD solver are
set as 5e-6s and 5e-5s respectively. The binary-sized spheres are selected to study the
seepage failure, with the mass ratio set as 0.3 and 0.7 for the fine particles and coarse
particles respectively.

Table 1. Properties of particles and boundary

Young’s
modulus

Radii of particles Friction
coefficient

Poission’s
ratio

Restitution
coefficient

Gravity

5 MPa rmin = 0.25mm
rmax = 1mm

0.85 0.45 0.1 9.81 N/m2

The numerical procedures contain two steps. First, it only uses DEM software for
randomly generating and depositing particles into the container to prepare the sample
under a quasi-static condition. Then, the regionof the retainingwall is cleared via deleting
particles for importing the boundary. After that, the specimen is submerged with fluid
flow to perform simulations.

The literature shows that the piping phenomenon mainly appears around the sheet
piles. Hence, it adopts a narrow simulation boundary in this work as shown in Fig. 1(1)
for saving the computation effort. To mimic the excavation condition, the downstream
side is determined as the left side of the retaining wall with the soil deposit of 0.03 m.
Regarding the upstream side, it refers to the right side of the boundary with a deposit
height of 0.045 m.

(1) initial configuration of particles  (2) initial configuration of meshes

Fig. 1. The initial configuration for the numerical simulation
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Different water tables are set at the upstream side to study the impact of hydraulic
gradient on the seepage failure phenomenon, with the water level defined at 0.025 m for
the downstream side. Benmebarek et al. [17] found that heave behaviour was difficult
to be captured using the coarse meshes. For speeding up the simulations, it adopts fine
meshes for the central area. Regarding the other regions, they are constructedwith coarse
meshes as shown in Fig. 1(2).

The process of seepage failure consists of three main stages as, (1) first visible/initial
movement of particles, (2) heave progression to form the seepage path, (3) total heave.
The spatial distribution of particle velocity is studied to observe the initial erosion
behaviour at t = 0.1 s. For each hydraulic condition, the high magnitude appears around
the boundary. With the raising of the water table in the upstream side (h), the particle
velocity is also enhanced, in particular for the area close to the retaining wall (Fig. 2).

(1) h=0.04m                        (2) h=0.05m                          (3) h=0.06m

(4) h=0.07m                  (2) h=0.08m                          (3) h=0.09m

Fig. 2. The spatial distribution of particle velocity at t = 0.1 s

The seepage impact on heave behavior is studied in terms of the highest position
for particles located on the downstream side. According to Fig. 3(1), the phenomenon
is initially occurred at h = 0.06 m and becomes more significant with the increase of h
value. Taken h = 0.09 m as an example, it depicts the behavior of particles displacement
in Fig. 3(2). The fluid flow induces higher magnitudes around the retaining wall and
lifts some particles out of the soil skeleton. However, regarding the region below the
boundary, it is under a relatively static condition. Figure 4 displays the spatial distribution
of peak drag force to further understand the seepage failure. The behavior is similar to
the observations of the displacements of particles.
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(1) Seepage behaviour at t=0.5s          (2) the displacement behavior for 0.09h m=
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Fig. 3. Observations of the seepage impact

Fig. 4. Observations of seepage impact at t = 0.5 s for h = 0.09 m

Figure 5 portrays the temporal-spatial distribution of the porosity for the specimen
of h = 0.09m. Depending on the detachment of particles, it produces a higher porosity
adjacent to the retaining wall in the downstream side and then regressed to the upstream
side during erosion for forming the flow channel. Combinedwith the results of drag force
and displacement, it could be deduced that the occurrence of erosion mainly depending
on the drag force for triggering the movement of particles, which would then alter the
porosity and internal structure.

(1) t=0.05s         (2) t=0.1s          (3) t=0.25s        (4) t=0.5s

Fig. 5. The evolution of porosity of specimen during seepage for h = 0.09 m
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4 Summary

This paper illustrates the CFD-DEM simulation of heave behaviour subjected to the
seepage impact. It demonstrates that the developed technique successfully mimicked the
piping process. The results show that the seepage erosion depending on the significant
large drag force for transporting particles. Themigration of particles through soil skeleton
would then increase the porosity adjacent to piles/sheet boundary and forms a channel
from the downstream side to the upstream side during the seepage process.
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Abstract. Internal erosion processes in soils play an important role on the insta-
bility analyses of hillslopes and embankment dams. Field observations support
the assumption that the internal fine particles may migrate among the channels
formed by coarser particles under the high hydraulic gradient condition, where
the enrichment of fine particles has great potential on the increase of local pore-
water pressure due to their low permeability. Although a number of traditional
seepage experiments in laboratory have provided data showing the effect of soil
properties on the macroscopic permeability, however, much remains unknown
particularly for microscopic erosion processes. Therefore, in the current study, a
series of one-dimensional soil seepage tests were firstly conducted by controlling
the coarse to fine particle size ratio, and then the X-ray tomography tests were
carried out at beamline BL13W1 at the Shanghai Synchrotron Radiation Facility
(SSRF) to obtain the particle distributions and three-dimensional pore structures.
By coupling discrete element method (DEM) with Darcy’s law, the internal parti-
cle erosion processes were back-analyzed. The results reveal that the preferential
erosion can occur in the top and bottom regions of the soil specimen, and the
migrated fine particles can be supplied when the pore size is large enough along
the seepage path.

Keywords: Internal erosion · Gap graded soil · Seepage test · X-ray
tomography · Discrete element method · Fluid-solid coupling

1 Introduction

The migration of fine particles in porous media, also known as internal erosion, has been
substantially investigated by researchers from different disciplines. Consequently, the
theoretical research has been applied in the fields of piping [1], slope failure initiation [2]
and oil extraction [3, 4], and particle migration has become a multi-discipline research
topic in past 20 years. Internal erosion is frequently found within dams and is considered
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as one of the major causes of dam failure initiation. Anderson [5] reported that the
Baldwin Hills dam failure was initiated by internal erosion, subsequently killed five
people.The analysis of 206 earth dams in theUnitedStates found that 29%ofdamfailures
were caused by internal erosion, and 44% and 40% of dams in Japan and Switzerland
were due to internal erosion, respectively [6].

Kenney and Lau [7] stated that the soil is composed of soil skeleton and loose fine
particles, and proposed a method that could determine the loss of movable fine particles
based on the particle gradation curve, which plays an important role in the laboratory
study of piping. Ke and Takahashi [8] carried out the one-dimensional upward seepage
tests to study the effect of fine particle content, relative density of soil, and hydraulic
gradient on the effects of internal erosion and subsequent soil strength. Besides exper-
imental approach, many researchers further analyzed fluid and particle characteristics
such as velocity and force during internal erosion by using numerical simulation, such as
Computational Fluid Dynamics (CFD) coupled with Discrete Element Method (DEM)
[1, 9]. However, both experimental and numerical approaches are still facing challenges.
Currently, the laboratory 1D seepage test is not able to directly obtain the variation of
migration particles and pore structure during the seepage process, thus not able to provide
quantitative feedback for numerical verification. In this paper, imaging technology was
introduced into the research method of this problem. The soil samples under the seepage
effect were scanned by X-ray, and the three-dimensional structure of soil was recon-
structed. The discrete element coupling with Darcy flow was then used to back-analyze
the internal erosion process of soil.

2 Methodology

2.1 Experimental Test

The computerized tomography (CT)with high energy is able to visualize the soil sample’s
micro-pore structure. Furthermore, numerical method can track these fine particles’
status including position and velocity over time. Coupling the quasi dynamic CT and the
dynamic simulation is an available method to understand the internal erosion problem.

The computerized tomography operation was carried out at the BL13W1 beamline
at the Shanghai Synchrotron Radiation Facility. The photon energy was set as 33 keV to
permit monochromator work well. The soil samples with fine particle size range from
72 to 100 µm and coarse particle size range from 600 to 800 µm were put into the
PVC by compacting, and were firstly experienced the seepage in 1D column test (see
Fig. 1a) without confining pressure under the hydraulic gradients set as 21 for 20 h.
After the test, samples were frozen and transported to the CT laboratory for scan (see
Fig. 1b). The spatial resolution of CT scan was set as 9 µm to make sure enough mesh
to reconstruct the fine particles (8–10 mesh element is required for a single particle in
3D reconstruction). These initial obtained images were further processed including bit
conversion, phase retrieval, phase projections and 3D reconstruction in the PITER and
ImageJ software packages.
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(a) (b)

Fig. 1. (a) Device for seepage experiment; (b) Schematic of sample scanning in computerized
tomography (CT) laboratory (orange, yellow and gray particles represent the upper, middle and
bottom parts of the sample respectively).

2.2 Numerical Simulation

The fluid equation in saturated porous media is applied to solve the fluid action on
particles, which follows the Darcy fluid and mass conservation [10]. The equation can
be expressed as in Eq. 1:
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where H is total fluid head including the pressure head and elevation head; kx , ky ,
and kz are the coefficient of permeability in three principle directions in the Cartesian
coordinate system; Q is the fluid flux; n is the porosity of the porous media with updates
from DEM calculation; Cw is the compressibility of water which is normally assumed
to be 4.4 × 10−10 Pa−1 in porous media; and γw is the unit weight of water.

The following head and flow boundary conditions are considered:
Head boundary condition: H = Hb(t)

Flow boundary condition: (kx
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)ly + (kz
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)lz + q(t) = 0 (2)

where q(t) is the specified flow rate at the flow boundary; lx , ly, lz are direction cosines
of the outward unit vector perpendicular to the flow boundary.

The equation is solved by the finite difference method. And the shape functions are
used to calculate the fluid velocity at any point based on the assumption of a continuum.
The drag force is calculated as follows [11]:

f d = n

1 − n
βVpur (3)

where ur is the relative velocity vector between the particle and the fluid; Vp is the
volume of the particle. The parameter β is related to porosity n [12, 13].
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Cundall [14] firstly proposed the concept of DEM and used it to study rock slopes
with fractured structures. Particle flow discrete element method is able to deal with
discontinuous media. It only needs to display iterative analysis of the equations of
motion and force-displacement. For the fluid-structure interaction calculation process,
the sphere boundary calculation process is also relatively simple by using the discrete
element method. In the two-dimensional and three-dimensional models, these elements
are respectively represented by disks and spheres. There are mainly two contact relation-
ships between the ball and the ball, and the ball and the wall (see Fig. 2). Both particles
and walls follow Newton’s second law and force-displacement law [15].

(a) (b)

Fig. 2. The contact relationships in particle flow discrete element method (a) between particle
and particle (b) between particle and wall; (gc is the contact gap; d is the distance between the
centers of the balls or the distance from the center of the ball to the wall; h is the half of contact
gap; x1, x2 is the position of the ball 1 and the ball 2; R1, R2 is the radius of the ball 1 and the ball
2 respectively; nc is the direction of the wall).

The basic equation of the discrete element method has the following form:

mx ′′(t) + cx ′(t) + kx(t) = f (t) (4)

where m is the mass of the element; x is the displacement; t is the time; k is the stiffness
coefficient; f is the load to the unit. The velocity x ′(t) and acceleration x ′′(t) are solved
by the central difference method.

x ′(t) = [x(t + �t) − x(t − �t)]/(2�t)

x ′′(t) = [x(t + �t) − 2x(t) + x(t − �t)]/(�t)2 (5)

Because real particles with irregular shapes increase the difficulty of fine particle
migration, in order to better simulate the fine particle migration process, the ratio of
coarse to fine particles is set as 6.0. At the same time, considering that the calculation
speed of the discrete element is related to the square power of the particle mass, the
diameter of the fine particles is set to 0.5 mm. And the model is set to a cube with a side
length of 20 mm (see Fig. 3b), which is equivalent to the middle rectangular portion of
the circular sample.
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3 Results and Discussion

The CT microscopic imaging technology can be used to intuitively obtain the particle
distribution, arrangement and combination type of these particles in space (see Fig. 3a).
It is observed that coarse particles usually form the skeleton of the soil with the filling of
fine particles. Under the action of the fluid (mainly drag force) on particles, fine particles
will move along the pore channel in the seepage direction. After a period of time (20 h in
the paper), the coarse particles locally displaced and rotated slightly. Part of fine particles
were eroded away and even flowed out, which resulted in the formation of the larger
holes in the soil sample in Fig. 3a. Furthermore, these holes provide space for the further
migration of fine particles.

(a) (bb) 

Fig. 3. (a) Y_Z section at the center of the sample after seepage test for 20 h; (b) Particles position
and velocity profile at 15 s.

The sample is divided equally into three parts in the longitudinal direction: the upper,
themiddle and the bottomas shown inFig. 1b.Cross sections (inscribed square of circular
sample) were cut at distances from the bottom of the soil sample of 17.4 mm, 10.0 mm,
and 2.5 mm respectively to represent the three parts as shown in Fig. 4a–c. Meanwhile,
three cross sections were cut at distances from the bottom of the numerical model among
[18, 20 mm], [9, 11 mm] and [0, 2 mm] respectively as shown in Fig. 4d–f. Those fine
particles located at the upper were locally eroded especially its middle part in Fig. 4a
and d, because the relatively less energy of fluid was consumed. The fine particles in the
middle of the sample were eroded less as shown in Fig. 4b due to the particle supplies
from the upper. But there are relatively less particles in the middle of the numerical result
due to the larger space for migration in Fig. 4e. The relatively numerous fine particles
located at the bottom were eroded especially in the simulation due to lack of supply of
particles from the upper and large space for migration.
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(a) 

(d) 

(b) 

(e) 

(c) 

(f) 

Fig. 4. Comparison of CT and numerical simulation results. (a) and (d) represent the upper part
of the sample; (b) and (e) represent the middle part of the sample; (c) and (f) represent the lower
of the sample.

4 Conclusions and Outlook

In current study, one-dimensional seepage experiments combinedwith CT imaging tech-
nology were carried out in order to study the characteristics of internal soil erosion. A
simplified numerical model couplingDEMandDarcy flow is developed to back analyses
the laboratory results. The following conclusions are drawnbased on data interpretations:

1. CT imaging technology is an effective method to obtain the characteristic of the
eroded soil sample. By comparison of theCT and numerical simulation results, theDarcy
flow coupling with DEM is an effective method to calculate the particle migration due
to water seepage.

2. Relatively more fine particles located at the upper and bottom of the sample are
eroded but less particles at the middle part are eroded due to the particle supplies from
the upper side.

Due to the limitation of experimental conditions, time depend continuous seepage
scanning experiments could not be carried out, and only samples after the seepage
process was scanned. In the future, the seepage experiment device will be improved to
conduct simultaneous seepage and scanning experiments on the CT platform. Besides,
the effects of shape on themovement of fine particleswas not considered in the numerical
simulation. Therefore, clump technology will be used to create irregular shaped particles
for simulation.
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Abstract. In this paper, erosionof sediment bed is simulated numerically basedon
CFD-DEM coupled method. Fluid phase is simulated through computational fluid
dynamics (CFD) approach. Such simulation is conducted by solving locally aver-
aged Navier-Stokes equation in CFD solver. The particles are simulated through
discrete element method (DEM). The interaction between fluid and particles is
considered with an unresolved approach by exchanging the information of inter-
action forces between the CFD and DEM computation process in CFDEM. Drag
force and buoyancy force are considered in this study. The coupling model is first
applied to a particle settling test to investigate its performance and the sensitiv-
ity of grid size. After benchmarking, the tool is employed to simulate an erosion
experiment involving 20000 particles. The results help to describe the erosion
pattern of a sediment bed.

Keywords: Erosion · CFD-DEM · Sediment movement

1 Introduction

Themovement of sediment-watermixture could be observed in awide range of engineer-
ing cases. Accurate prediction of such phenomenon is vital in engineering applications
relevant to granular media, such as local scour, debris flow and erosion of embankment
dams. For instance, statistical data showed that from 1950 to 1990, more than 60% of
bridges failure are caused by hydraulic accident like scour and debris (Shirole and Holt
1991).

Over the past few decades, a large amount of laboratory experiments have been
performed to investigate sediment erosion. Existing laboratory experiments provided
considerable experimental data (Smart 1984; Rickenmann 1991; Camenen and Larson
2005). Empirical equations have been established based on these results. Some of them
are still widely used today (Bagnold 1973). However, one problem that often arises in
experiments is that the tracking of trajectory of individual particles and measurement of
velocity profile could be relatively difficult in actual experiments.

Another common approach to study this process is conducting numerical simula-
tion. The direct numerical simulation of sediment-water mixture movement could be
conducted by two approaches involving different model types, i.e. continuum model
and coupled discrete model. Continuum model is established based on conservation of
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mass and momentum. Such approach could provide the velocity and concentration pro-
file in the process of erosion (Pudasaini 2012; Domnik and Pudasaini 2012; Domnik
et al. 2013). However, continuum model lacks of micro scale description of particle
motion (Zhao and Shan 2013). To obtain such information, CFD-DEM coupled model
is applied. Papista et al. (2010) applied CFD-DEM model to analyse the initial stage of
sedimentmotion. Zheng et al. (2018) implement a 2-DCFD-DEMsimulation to simulate
the erosion characteristics of the sediment bed in a micro and macro perspectives. The
CFD-DEM model has been already proved to be reliable and efficient in many chemi-
cal engineering cases. However, it is relatively rare to apply 3-D CFD-DEM model to
study erosion and scour. In this study, a 3-D CFD-DEM model is established to sim-
ulate the erosion of 20000 particles under the action of fluid. The theoretical basis of
applied model is firstly introduced. After that, the simulated condition is presented. In
the end, the performance of numerical model and the characteristics of erosion process
are discussed.

2 Methodology of the Erosion Simulation

2.1 Theoretical Basis for CFD-DEM Model

The open-source LAMMPS-based DEM code LIGGGHTS and CFD package Open-
Foam are employed in this study. The coupling framework is built based on the CFDEM
project (Goniva et al. 2010). The coupling of particles and fluid is considered by the
exchange of the interaction forces between two phases, including drag force and buoy-
ancy force. In the particle-fluid interaction process, the particles involved are governed
by the Newton’s law. Pore fluid is assumed to be continuous in this study, which could
be numerically analyzed by solving locally averaged Navier-Stokes equation (Anderson
and Jackson 1967). The detailed discussion of governing equations for particles and fluid
is shown below.

Governing Equations for Particles. The translational and rotational motions of an
individual particle is treated following the equations shown below in LIGGGHTS (Kloss
et al. 2012; Zhao and Shan 2013):

mi
dU p

i

dt
=

nci∑

j=1

Fc
i j + F f

i + Fg
i (1)

Ii
dωi

dt
=

nci∑

j=1

M j
i (2)

where mi and Ii denote the mass and moment of inertia of particle i. Up
i and ωi are the

translational and rotational angular velocities. Fi and Mi are forces and torque action
on particle i. Specifically, Ff denotes the interaction forces, which including buoyancy
force and drag force in this study. Fc denotes contact forces between two particles. Fg

denotes the force of gravity acting on particle i. In LIGGGHTS, Hertzian contact law
and Coulomb’s friction criteria are applied.
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Governing Equations for Fluid. The equations shown below are calculated by the
CFD solver:

∂(ερ)

∂t
+ ∇ · (ερU f ) = 0 (3)

∂(ερU f )

∂t
+ ∇ · (ερU f U f ) − ε∇ ·

(
μρU f

)
= −∇p − fp + ερg (4)

Equation (3) and (4) are respectively the continuity equation and locally averaged
Navier-Stokes equation solved by CFD module, where Uf denotes the average velocity
in a CFD cell. ε denotes the volume fraction of fluid in a cell. ρ is the averaged density
calculated by the density of fluid and particle and their volume fraction. P denotes the
fluid pressure. fp denotes the interaction forces applied on fluid by particle.

Particle-Fluid Interaction Forces. The key to accurately simulate the movement of
sediment-water movement is the reasonable consideration of interaction forces between
two phases. In this study, drag force and buoyancy force are considered. The drag forces
is calculated by the equation used by Di Felice (1994):

Fd = 1

8
Cdρπd2p(U

f −U p)

∣∣∣U f −U p
∣∣∣ε1−χ (5)

where Cd denotes the particle-fluid drag coefficient. εχ is applied to consider the influ-
ence of other particles in the system. Both Cd andχ could be calculated by Renolds num-
ber. According to previous research, Di Felice equation works well under low Renolds
numbers condition (Kafui et al. 2002; Zhao and Shan 2013). The buoyancy force of a
spherical particle is calculated following the equation shown below:

Fb = 1

6
πρd3pg (6)

2.2 Interaction Procedures

In this study, the CFD time step is 100 times longer than the DEM time step. The CFD
and DEM modules couple once whenever DEM runs 100 time steps. It is should be
noted that the interaction approach in this study is one-way interaction. The interaction
forces applied on fluid is based on the particle information of the last time step, rather
than an iterative result.

2.3 Benchmark Cases

To test if the coupled CFD-DEM model could predict the interaction between the sed-
iment particle and fluid accurately, a single particle settling case is designed to test the
performance of the model.

A spherical particle with a diameter 0.1 mm and density of 3000 kg/m3 is released
from rest in water. The size of the fluid container is 0.05m × 0.05m × 0.1m. Three
different mesh sizes have been applied to investigate the performance of coupling model
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Table 1. Settling test result with different mesh sizes

Grid size (mm) CFD cells number Error in the particle final velocity Calculation time (s)

2.5 320 6.093% 1

0.5 40000 2.557% 28

0.25 320000 1.614% 514

and the effect of CFD mesh size on the result error. Obtained simulation results are
compared with analytical solution through Stokes equation. The results are shown in
Table 1.

When the ration of CFD mesh size to the particle diameter is around 5:1, both the
error and the calculation time are acceptable. This became the basis for choosing the
mesh size in our subsequent simulation.

3 Erosion Simulation

The erosion simulation is conducted with 20000 spherical particles in a region with a
size of 0.05m× 0.2m× 0.1m. Periodical boundary is applied in this model, so that the
departing particles return to the calculation region from the opposite side with the same
velocity. The velocity profile of fluid at the inlet is linearly distributed. The maximum
velocity is at the top and the bottom velocity is 0. The detailed simulated condition is
shown in Table 2.

Table 2. Erosion simulation condition

Parameters Value

Particle number 20000

Density of particles (kg/m3) 3000

Diameter of particles (mm) 0.15

Top velocity (m/s) 2

CFD time step (s) 1e–3

DEM time step (s) 1e–5

The snapshots of the sediment bed under erosion in different time are shown in Fig. 1.
The different colors represent the velocity of the particles.

The erosion form could be observed from the simulation results. At the initial stage of
erosion, all simulated particlesmovedwith thefluid for a short time (a). This phenomenon
is probably due to the initial velocity of fluid field. After that, the velocity of fluid
decreases due to the blocking of particles. That leads to an overall decrease in the velocity
of all particles. Most of the particles stop moving except those near the entrance. These
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Inlet

Flow Direction

Outlet

Fig. 1. Snapshots of eroded sediment bed

moving particles are transported through the direction of the current, which forms an
erosion pit near the entrance (b). As the pit grows larger, the rolling particles become
less. Some particles at the top layer leap, suspend and crash the bed (c).When the number
of the particles entering and leaving the erosion pit reaches a balance, the size of the pit
gradually stops changing (d).

4 Results and Discussion

A 3-D coupled CFD-DEMmodel is applied to simulate the erosion of 20000 particles by
water. The main conclusion could be summarized as follows: By conducting a spherical
particle settling test, the error of simulation result of particle-fluid interaction is analyzed.
It is found that when the ratio of CFD mesh size to the particle dimension is around 5:1,
both of the accuracy and computational time of calculating the interaction force are
acceptable. The subsequent simulation result proved the reliability of applied coupling
model.

The erosion pattern is also analyzed. The erosion pit appears near the entrance
because of the difference in particle velocity at different locations. As the shape of the
erosion pit changes, the number of particles entering and leaving the pit reaches balance,
which forms a erosion pit with an equilibrium depth. It can also be observed that the
erosion rate is relatively high at the initial stage of erosion, and gradually decreases until
the equilibrium depth is reached.
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Abstract. Allowance safety factor design (AFSD) as a traditional method of anti-
sliding stability analysis has many limitations. For instance, it cannot consider the
uncertainty of variables andmake risk assessment. Tomake up for these shortcom-
ings, this paper provides a simple method to investigate the real failure probability
of allowable safety factor Ka through the reliability theory and gives the recom-
mended value of the Ka . The real safety level of the Ka can be represented by its
corresponding reliability index distribution, which is composed of the reliability
indexes calculated by a group of gravity dams with the same safety factor. Using
90% to ensure the conservative evaluation of the target reliability index βt of such
distribution, we can get the βt corresponding to the Ka , which is able to roughly
assess the risk degree of the Ka . Moreover, the Ka can be calibrated according to
the βt provided by the engineering specification.

Keywords: Gravity dam · Safety factor · Reliability analysis · Anti-sliding
stability

1 Introduction

Anti-sliding stability analysis is one of the most concerned problems in gravity dam
design. Nowadays, the domestic standards mainly use the allowance safety factor design
(AFSD) to analyze this problem.

The current code (SL319-2018) [1] provides the allowable safety factor Ka of gravity
dams, which is taken as 3 under normal conditions. Since this Ka is usually determined
by engineering experience, it lacks physical significance to assess the risk of damage.
In addition, it is unreasonable that the Ka of gravity dams are not graded according to
the geometric parameters and geographical locations, which results in the same safety
standard of dam with different safety degree.

In order to make up for weaknesses for AFSD, this paper proposes a theory for the
reliability-based calibration of the safety factors. In this way, we can evaluate the real
safety level of Ka , and the recommended safety factors of different levels are provided,
which is likely to bring convenient for practical engineering applications, and makes the
selection of safety factor more reasonable.
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2 Reliability-Based Calibration of Safety Factor Design

Structures that share the same safety factor K can have different β because these two
coefficients have different theoretical basis. When a series of gravity dams with the same
safety factor can be selected to calculate their reliability indexes, a special statistical
distribution can be formed to represent the real safety level of the K .

2.1 RBD

Fig. 1. A
model of simple
gravity dam.

A representative gravity dam is illustrated in Fig. 1, which the uplift
pressure at the dam foundation is triangular distribution. The K can be
showed as follows:

K = mρgh2 − mρwghαH

ρwgH2 f + 2mh

ρwgH2 c = A f + Bc (1)

FromEq. 1, we can see that the variables include the friction coefficient
f , the cohesion force c, dam height H , the water head height of dam
heel h.
In the analysis of anti-slip stability of gravity dams, the performance
function needs to express the safety factor as the function of input parameters, and update
it as:

Z = g(x1, x2, · · · xm) = K − 1 = A f + Bc − 1 = 0 (2)

where x1, x2, · · · xm are all the parameters that affect the safety of the gravity dam.
Since c is a positive number, it is more practical to assume that c obeys the log-

normal distribution. This means that the reliability index β needs to be obtained for the
numerical solution by other methods. This paper chooses the first and second moment
method which is one of the most widely used methods at present.

2.2 Reliability-Based Calibration of the Safety Factor for Gravity Dam

Clearly, the value of Ka is based on human experience,which lacks physical significance.
When we calibrate Ka based on the reliability theory, it simplifies the application of the
reliability-based design (RBD) in practice and makes the AFSD more reasonable. The
process of calibration is as follows:

When an allowable safety factor Ka is given, its actual safety level can be represented
by the corresponding distribution of reliability index, as follows:

K (xd) = Ka ⇒ (
μβ, σβ

)
(3)

where μβ and σβ are respectively the mean and standard deviation of the statistical
distribution of reliability index.

Based on the actual engineering situation, the assurance rate of 90%points is selected
from the statistical distribution of reliability index to estimate the target reliability index
βT, which can be defined as βT = μβ − 1.28σβ . That’s to say, by calculating the βT for
some samples satisfying K = Ka , the following relation is valid:

K = Ka ⇒ βT = μβ − 1.28σβ (4)
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For each structure that satisfies the condition K = Ka, we can also define the difference
between the real reliability index β and the target value βT as follows:

εi = βi |(K = Ka) − βT (5)

where βi is the real reliability index of case i, and the meaning of “|” is similar to “|” in
conditional probability. The total difference degree can evaluate though the mean square
error σε, i.e.

σε =
√

∫ ε2dp (6)

Substituting Eqs. 4, 5 into Eq. 6, the expression of σε will be upgraded to:

σε =
√
1 + 1.282σβ = 1.62σβ (7)

Overall, σε and σβ can measure the degree of dispersion of the reliability index
distribution.

3 Main Random Variables of Gravity Dams

In above paragraphs, variables of gravity dams can be divided into shear strength param-
eters (friction coefficient f , cohesion force c) and geometric parameters (dam height
H , the water head height of dam heel h, etc.). It is obvious that f and c, compared with
geometric parameters, need to deal with COVs varying from a wide range. Because rock
and soil are natural materials, c and f are regarded as random variables [2]. Hence, the
five variables need to be considered as:

μc, δc, μ f , δ f , H (8)

Table 1 lists the value ranges and distribution types of the above five variables in the
specifications and literature [1–5].According to this, Box-Behnken designmethodwhich
is a relatively simple and efficient experimental design method is adopted to sample the
main variables, as shown in Table 1.

Table 1. Sampling the parameters involved in the stability analysis of gravity dam.

Variable Range Type Complete samples

μ f (°) 0.70–1.50 Normal {0.94, 1.2, 1.46}

δ f 0.15–0.2 Normal {0.16, 0.18, 0.2}

μc (MPa) 0.9–1.50 Log-normal {0.83, 1.1, 1.41}

δc 0.25–0.3 Normal {0.3, 0.33, 0.35}

H (m) 30–200 Normal {50, 100, 150}
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4 Calibration of Safety Factor in Gravity Dam Engineering

4.1 Calibration Process

The calibration process requires a series of gravity dams with the same safety factors,
which are used to calculate the reliability index and establish the reliability index distri-
bution corresponding to the safety factor. Table 2 shows that these dams can be obtained
from the following two groups of samples:

Table 2. Gravity dam cases used in this study.

Group name Parameters for sampling Count
of cases

Constraint
condition

Results

B-1 μc, δc, δ f , H 81 K = Ka μ f , β

B-2 μ f , δc, δ f , H 81 K = Ka μc, β

When the allowable safety factor is determined Ka, the gravity dam that meets the
condition of K = Ka can be obtained by using B-1 and B-2. The steps of calibration are
these:

(1) Obtain 162 special gravity dams with the allowable safety factor Ka = 2.5 though
the groups of B-1 and B-2. We can calculate the reliability index β of this group of
gravity dams through the first order second moment method.

(2) With gainingmany reliability indexes, we establish the reliability index distribution,
and then quantify the μβ and σβ of such distribution;

(3) Calculate the target reliability index βt according to Eq. 4.
(4) Replace the allowance safety factor Ka = 2.5, 3, 3.5, 4, 4.5, then repeat steps 1–4

to obtain the corresponding calculated reliability index distribution under different
Ka (See Fig. 2) and the target reliability index βt .

(5) Determine a nonlinear fitting between Ka and βt , which this fitting expression is
shown in Eq. 9.

4.2 Calibration Results

According to Sect. 3, the results are drawn in Fig. 2 and Fig. 3. The following conclusions
can be obtained:

(1) The statistical distribution of the reliability index is approximate to the normal
distribution, so that the target reliability of βt applying Eq. 4 has a reasonable basis.

(2) When reliability indexes β have the same safety factor Ka, they are likely to be
very discrete, which can be reflected by σβ . Consequently, the safety factor K is a rough
estimate of the stability in gravity dam projects.

(3) It is clearly that the variation σβ increase rapidly when Ka increases, which
indicates that the safety factor performance becomes worse. That is to say, for important
a gravity dam with high safety factor K , RBD is still required.
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Fig. 3. Real reliability index caused by ASFD.

We can also get the fitting expression between Ka and βt from Fig. 3:

Ka = 0.72e0.35βt (9)

In the limit state, the common target reliability indexes βt of gravity dams are 4.2, 3.7,
3.2 [6], which can modify Ka by the Eq. 9. Table 3 lists the recommended values of Ka
corresponding to different structural safety degrees based on reliability theory. Therefore,
according to the structural safety degree provided by the geological exploration, the
allowable safety factor Ka can be reasonably selected in the future.

Table 3. The recommended design chart for ASFD.

Safety degree I II III

Target reliability indexes βt 4.2 3.7 3.2

Allowance safety factor Ka 3.1 2.7 2.4

5 Conclusion

In this paper, we put forward a simple way to calibrate the Ka based on the reliability
analysis to compensate for the over-empirically selected Ka in the code. This method
is to select a group of special gravity dam projects with the same K , and then use the



288 N. Hao and X. Li

statistical distribution of those dams calculated β to represent the real safety degree of
the Ka . In addition, we can utilize σβ to measure the discrete degree of the reliability
index distribution, which are able to evaluate the performance of the calibrated safety
factor Ka .

When the calibration process is carried out based on the reliability theory according
to different safety degrees, we list the suggested values of Ka under this method. These
recommendations are based on careful estimates of the 90% guarantee.

As we all know, there are three kinds of failure surfaces in the gravity dam projects,
such as foundation surface, deep sliding surface and concrete surface [7]. Each surface
can calibrate the safety factor and sub-coefficient by the simplemethod introduced in this
study. It is a pity that we only explore the stability against sliding along the foundation
base of gravity dam, and the other two modes will continue in the future.

Acknowledgement. This study is supported by theNationalNatural Science Foundation of China
(No. 51979002).
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Abstract. The break of large landslide dam will trigger catastrophic flood hazard
to the downstream area. Tomanage the flood risk,multiplemitigationmeasures are
required, such as evacuation and removal of obstacles in the river channel. Design
of these mitigation measures relies on the estimation of critical flood parameters,
namely, peak discharges and stages along the river. However, uncertainties in out-
burst flood prediction and flood routing analysis have significant influence on the
estimation of these flood parameters. Ignoring these uncertainties will undermine
the reliability of the estimated flood parameters, which might lead to insufficient
design of risk mitigation measures. To enhance the reliability of landslide dam
break risk management, we quantify the influence of uncertainties in both land-
slide dam material erodibility and river channel roughness on the estimation of
flood parameters. Successive Baige landslide dams on the Jinsha River in 2018 are
investigated to show how the uncertainty quantification facilitates robust decision
making for risk management.

Keywords: Landslide dam · Dam break · Flood · Risk management ·
Uncertainty quantification

1 Introduction

The Jinsha River, the upper reach of the Yangtze River, was blocked twice by landslide
mass in 2018. The first landslide dam was about 61 m high, corresponding to a barrier
lake of 249 million m3. While the second dam was 35 m higher than the first one, form-
ing a lake of 757 million m3. Large amount of water will be released once a landslide
dam as large as these two dams breaks. Risk management for the downstream flood risk
introduced by the break of a landslide dam is of the utmost importance. Generally, risk
management involves an iteration of several steps: design of risk mitigation measures,
prediction of outburst flood, flood routing analysis, evaluation and modification of risk
mitigation measures. Common risk mitigation measures include engineering measures
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(e.g., excavating a diversion channel on the dam crest and removing obstacles in the
river) and non-engineering measures (e.g., evacuation and emptying downstream reser-
voirs). Dam breaching flood can be estimated using empirical equations [1] or numerical
simulation [2–4], and then flood routing analysis is carried out to estimate the flood and
water level at downstream areas [2, 3]. Based on results from dam breaching and flood
routing analyses, risk mitigation measures to be implemented in downstream areas, such
as removal of obstacles in the river channel and evacuation, can be designed. However,
there are various uncertainties underlying the analyses, namely, uncertainties in erodi-
bility of dam materials and riverbed roughness. These uncertainties have great impact
on the estimation of flood parameters. Ignoring these uncertainties might lead to insuf-
ficient design of risk mitigation measures. Previous study considered the uncertainty
in erodibility of dam materials to facilitate decision-making for dam break emergency
management [5]. Further analysis is desired to take the uncertainty in riverbed roughness
into consideration.

In order to enhance the reliability of landslide dam break risk management, this
study proposed an uncertainty quantification method, which quantifies the impact of
both uncertainties in erodibility of dam materials and riverbed roughness on the esti-
mation of flood parameters. Firstly, peak outflow rate and breach time are predicted by
empirical equations considering probabilities of different erodibility. Then, the breach-
ing hydrograph is reconstructed based on a typical landslide dam breaching hydrograph.
Flood routing analysis is carried out based on the reconstructed hydrograph considering
different Manning’s coefficient. Finally, the distribution of peak discharge and water
surface elevation can be obtained to serve as a basis for robust decision making. The
proposed method is illustrated by an application to Baige landslide dams in 2018.

2 Methodology

2.1 Prediction of Outburst Flood

The outburst flood can be predicted by empirical methods [1, 6, 7] or numerical methods
(e.g., BREACH [8], DABA [9], DB-IWHR [10]). Empirical equations proposed by [1]
are used in this study as an example:

Qp = g0.5H−0.407
d V 0.512

l ea (1)

Tb = H−0.43
d V 0.241

l eb (2)

where Qp is the peak outflow rate (m/s); g is the gravitational acceleration (m/s2); Hd is
the dam height (m); Vl is the lake volume (m3); a is an erodibility-related coefficient,
which equals 1.276, −0.336, −1.532 for high, medium and low erodibilities, respec-
tively; Tb is the breach time (h); b is also an erodibility-related coefficient which equals
−0.805 and −0.674 for high and medium erodibilities, respectively.

Based on the estimated peak outflow rate and breach time, a breaching hydrograph
can be reconstructed based on a previous landslide dam breaching hydrograph. Outflow
rate is scaled by the ratio of the predicted peak outflow rate to the measured peak outflow
rate in the previous case. Time is scaled by the ratio of the predicted breach time to the
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observed breach time in the previous case. In this study, Tangjiashan landslide dam
breaching hydrograph is used as an example. The peak outflow rate and breach time are
6500 m3/s and 14 h [1], respectively, in Tangjiashan case.

The erodibility of dam materials can be assessed through in-situ tests or engineering
judgement. In most cases, landslide dam sites are hard to access due to transportation
difficulties and limited time. Therefore, engineering judgement plays a more important
role in the risk management stage. The erodibility can be assessed based on local geol-
ogy, landslide travel distance, unmanned aerial vehicle photos, and site investigation on
previous landslide dams. However, the reliability of engineering judgement is based on
individual experience. Thus, uncertainty in this kind of judgement is inevitable, and its
influence on risk management should be investigated. In this study, each category of
erodibility is given a probability reflecting the confidence in engineering judgement.

2.2 Flood Routing Analysis

One-dimensional hydraulic model developed by U.S. Army Corps of Engineers, HEC-
RAS is used to perform the flood routing analysis. In HEC-RAS, the roughness of
riverbed is characterized by Manning’s coefficient, of which the range can be deter-
mined according to the literature [11]. Repeated flood routing analysis is required for
different combinations of erodibility andManning’s n. Given the breaching hydrograph,
the peak discharge and water surface level are assumed to have a linear relationship with
Manning’s n in a limited range of Manning’s n. Under this assumption, flood routing
analysis can be performed for only the upper and lower bounds of Manning’s n.

3 Case Study

Successive landslide dams near Baige Village blocked the Jinsha River twice in 2018.
The height and lake volume of Baige landslide dams are given in Table 1. Zhang et al.
[4] rated the erodibilities of the first and the second landslide dams as “medium” and
“medium-high”, respectively. To illustrate the uncertainty in this judgement, different
probabilities are given to different categories of erodibility, as shown in Table 1. Notice
that the erodibility is classified into three categories for empirical methods used in this
study. The outburst flood in “low-medium” and “medium-high” cases is approximated by
averaging results of “low” and “medium” erodibilities, and “medium” and “high” erodi-
bilities, respectively. The predicted breaching parameters are summarized in Table 1.
The reconstructed and observed hydrographs are shown in Fig. 1. For the first landslide
dam, the breach time is underestimated in all erodibility cases, while for the second
landslide dam, the reconstructed breaching hydrograph in “medium-high” erodibility
case agrees well with the observed one.

The range of Manning’s coefficient for the Jinsha River is assumed to be from 0.04
to 0.06. Considering the uncertainty of Manning’s n, the range of peak discharge given
a breaching hydrograph can be obtained. Figure 2 shows the distribution of predicted
peak discharge at Suwalong Dam site (about 220 km downstream of the landslide dam).
The width of bars represents the uncertainty introduced by uncertain Manning’s n value,
while the difference between bars represents the uncertainty introduced by uncertain
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Table 1. Summary of landslide dam information and predicted breaching parameters.

Parameter First landslide dam Second landslide dam

Dam height (m) 61 81a

Lake volume (m3) 249 × 106 494 × 106

Erodibilityb L-M M M-H M M-H H

Probability 0.1 0.7 0.2 0.1 0.6 0.3

Peak outflow rate (m3/s) 5160 7995 24116 10116 30515 50914

Breach time (h) 9.8c 9.2 8.6 9.6 9.0 8.4

Note: athe 15-m depth diversion channel on the dam crest is considered
[4]; bL = Low, M = Medium, H = High; cthe breach time for L-M is
assumed since the empirical methods cannot predict the breach time for
low-erodibility dam.
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Fig. 1. Reconstructed and observed breaching hydrographs: (a) first landslide dam; (b) second
landslide dam.

erodibility of dam materials. The influence of uncertainty in Manning’s n on flood
parameters increases as the peak outflow rate increases. Therefore, the uncertainties
in both erodibility of dam materials and Manning’s n should be considered in the risk
management for landslide dam break.

The distribution of peak discharge has practical values for decision making. At the
time when Baige landslide dams occurred, Suwalong Dam was still under construction.
The cofferdams for Suwalong Dam were likely to be overtopped by the flood, which
might lead toflood amplification.Whether to remove the cofferdams to prevent escalation
of flood was a critical question at that time. The flood-proof capacity of the cofferdams is
6180m3/s. Based on Fig. 1, the probabilities that peak discharge exceeds the flood-proof
capacity of the cofferdams in the first and the second dam break events are 0.2 and 0.9,
respectively. Therefore, the cofferdams are very likely to remain intact in the first dam
break event. However, they have little chance to survive in the second dam break event,
and flood escalation might occur. This indicates that to avoid the cascading failure of
dams, the cofferdams should be removed in advance.
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Fig. 2. Predicted peak discharge at Suwalong Dam site: (a) first landslide dam; (b) second
landslide dam.

Peak water surface elevation is another important flood parameter. Evacuation plan
is designed based on the peak water surface elevation. Figure 3 shows the distribution
of peak water surface elevation at Benzilan Town (about 380 km downstream of the
landslide dam). For the first dam break, residents located in region where elevation is
below 2009.7 m have a probability of 0.8 to be affected by the flood. While for the
second dam break, residents living in land below 2022.9 m elevation have a probability
of 0.7 to be affected by the flood. Therefore, the evacuation elevation should be at least
2009.7 m and 2022.9 m for the first and the second landslide dam break, respectively.
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Fig. 3. Predicted peakwater surface elevation atBenzilanTown: (a) first landslide dam; (b) second
landslide dam.

4 Summary and Conclusions

This study proposed an uncertainty quantification method for risk management of land-
slide dam break emergency. The uncertainties in erodibility of dammaterials and rough-
ness of riverbed are considered, and their influence on the estimation of peak discharge
and water surface elevation at downstream areas is quantified. Based on the distributions
of downstream flood parameters, risk mitigation measures can be designed in a rational
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and robust manner. The proposed method was applied to the successive Baige landslide
dams in 2018. Results show that uncertainties in both erodibility of dam materials and
Manning’s n have great influence on the prediction of flood parameters, and should be
considered in the risk management for landslide dam break.
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Program of the Ministry of Science and Technology of China (Project No. 2018YFC1508600).
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Abstract. To mitigate the flood risk in flood detention basin, it is of great sig-
nificance to accurately simulate the flood movement process and estimate the
potential flood consequences induced by dike-break. In this paper, a MIKE21-
based numerical approach for modeling of flood movement in the flood detention
basin is developed. The approaches for estimating the consequences (e.g., life
losses, economic losses and environment losses) caused by dike-break are also
presented. The flood movement in the Kangshan flood detention basin in Poyang
Lake district, China subjected to the historical highest water level is simulated
using a MIKE21 Flow Mode (FM) model. The dike-break induced flood conse-
quences are estimated based on the flood simulation results (including inundation
area, water depth, flow velocity and flood peak appeared time). Then, the flood
disaster zones are defined and the emergency evacuation planning against dike-
break flood is made. The research results can provide important references for
quantitatively evaluating the flood risk and formulating flood control and rescue
decisions.

Keywords: Dike breach · Flood detention basin · Flood simulation · Inundation
pattern · Flood consequences assessment

1 Introduction

Dikes may break during extreme floods due to various breach mechanisms, which can
cause considerable damage to downstream communities. To reduce the dike-break flood
risk, detention basins that are surrounded by dikes and will be filled during flood events
are often additionally constructed (e.g., [1, 2]). Nevertheless, the flood detention basins
are not strictly controlled for use so that the population is growing fast and the industries
and agricultural crops develop rapidly in the detention basins. The water conservation
engineering measures are not put into effect to mitigate the dike-break flood risk in the
detention basins. As a result, a large of flood consequences (including life, economic and
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environment losses) may be induced once the dike surfers from extreme floods (e.g., [3,
4]). To prevent flood disaster and guide emergent flood control and rescue, it is of great
necessity to realistically simulate the dike-break flood movement in the flood detention
basin.

Flood simulation in the flood detention basin is a crucial step for assessment of flood
consequences, which has received increasing attention (e.g., [1, 5, 6]). For example,
Tucciarelli et al. [7] employed a finite element method to simulate floodmovement in the
flood detention basin. Liu et al. [8] presented a coupled hydrodynamic model linking the
channel and detention basin for flood simulation under complex topography and irregular
boundary conditions. It is noted that the flood will propagate in all directions in the case
of dike breach. One-dimensional models cannot well represent the flow conditions,
two-dimensional models are required [6]. With the development of high performance
computer and geographic information system, a two-dimensional hydrological method
(MIKE21) was developed by Danish Hydraulic Institute (DHI) [9] and has been widely
applied to the modelling of flood evolution for dam breaks, rivers and lakes (e.g., [5,
6, 10, 11]). However, it is rarely applied to the flood simulations in the flood detention
basins. Based on the two-dimensional flood simulation results (e.g., inundation area,
water depth and flow velocity distributions), dike-break induced flood consequences and
risk can be evaluated [12], and relevant early-warning and emergency responsemeasures
and decision-making can be timely formulated to guide flood control and rescue works.

In this study, aMIKE21-based numerical approach formodeling the floodmovement
in the flood detention basin is developed. The approaches for estimating the dike-break
induced flood consequences (i.e., life, economic and ecological environment costs) are
presented. The Kangshan flood detention basin in Poyang Lake area in China is taken as
a typical case to illustrate the effectiveness of the developed approach. Finally, the flood
disaster zones are defined and the emergency evacuation planning against the dike-break
flood is made based on the obtained flood simulation results.

2 Mike21-Based Flood Simulation Approach

MIKE21 is a software for simulating the two-dimensional unsteady free surface flows,
which is originally developed for simulation of flow in seas, estuaries and coastal areas
(e.g., [5, 6, 9]). It comprises of four modules: coastal hydrology and oceanography, envi-
ronmental hydrology, sediment transport process and wave. In MIKE21, the alternating
direction implicit finite difference method is adopted to solve the governing equations
on a staggered grid. The two-dimensional hydrodynamic method is utilized to simulate
the water flow movement, from which the water level and flow velocity distributions for
different inundation durations can be obtained. Additionally, the MIKE21 can support
soft start and predefine a variety of hydraulic structures, dry and wet nodes and ele-
ments [9]. The MIKE21 is extended in this study for modeling flood movement in flood
detention basin.
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2.1 Governing Equations

In the MIKE21, the river flow is treated as an incompressible Newtonian fluid, and the
law of river flow motion is described using the Navier-Stokes equations [9]. To account
for the frictional and turbulence effects of the river bed, the eddy viscosity is introduced to
establish a two-dimensional hydrodynamic model. Neglecting Coriolis and wind force,
the governing equations can be expressed as continuity and momentum equations in x
and y directions. The two-dimensional flow continuity equation is given by (e.g., [6, 9])

∂η

∂t
+ h

∂u

∂x
+ h

∂v

∂y
= 0 (1)

where t is the time coordinate; x and y are the Catesian coordinates; u and v are the flow
velocities in the x and y directions, respectively; h is the water depth. The momentum
equations in x and y directions are given by
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where η is the water surface elevation; g is the gravity acceleration; νt is the eddy

viscosity; c is the Chezy friction coefficient, c = 6
√
h
/
n, in which n is the roughness

coefficient.

2.2 Boundary Conditions

The boundary conditions for the MIKE21 model include the upper and lower boundary
conditions, special boundary condition and dynamic boundary condition.With respect to
the flood detention basin, the historical highest, design or real-time measured discharges
and water levels are generally taken as the upper boundary conditions. The lower bound-
ary condition is not required if the flood detention basin is a closed region. Otherwise,
the discharges or water levels at the boundaries of the detention basin can be taken as
the lower boundary conditions. The drainage structures (e.g., culverts, culvert pipe) and
the impeding water structures (e.g., roads, dikes) are often taken as special boundary
conditions. The dynamic boundary condition is defined where the water depths for the
dry and wet boundaries are 0.005 and 0.1 m, respectively (e.g., [2]). It means that the
dynamic boundary will be a dry boundary and do not participate in the calculation if the
water depth is less than 0.005 m, whereas it will be a wet boundary and participate in
the calculation if the water depth is larger than 0.1 m.

2.3 Model Parameters

In the MIKE21, the model parameters including numerical parameters and physical
parameters should be determined. The numerical parameters mainly include calculation
step size and number of steps which typically take the default values. The physical
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parameters include the roughness coefficient of river bed, eddy viscosity and dynamic
boundary parameters. The roughness coefficient reflects the resistance of the water flow,
which can be determined according to the flood risk maps or through calibrating with the
condition of the river bed. The eddy viscosity is often determined using Smagorinsky
equation based on the flow velocity [13].

2.4 Flood Diversion

The flood diversion port gate is reserved at the dike during the dike construction stage
for future flood control and rescue during extreme floods. The natural, gate or blasting
flood diversionmeasures can be taken to open the reserved flood diversion port gate once
the water level of the outer river reaches the prescribed water level. Then, a dike beach
will be generated and the flood begins to enter the detention basin through the breach.
The discharge through the breach can be calculated using the drawn weir formula (e.g.,
[1]):

Qb = mσ B
√
2g(Z − Zb)

1.5 (4)

where Qb is the dike breach discharge (m3/s); m and σ are the discharge coefficient and
inundation coefficient, respectively; Z is the water level of the river at the breach (m);
Zb is the elevation of the weir crest (m); B is the width of the dike breach (m).

3 Estimation of Flood Consequences

Once the dike-break flood with huge energy enters the detention basin, the flood con-
sequences including the life, economic and environment losses will be caused. The
life losses represent the number of deaths or disasters. Economic losses include direct
and indirect economic losses. The direct economic losses mainly include, but not lim-
ited to, the damages to residential buildings, agricultures (e.g., crop, animal husbandry,
fishery and forestry) and personal assets in the detention basin. The indirect economic
losses comprise of contingency costs, losses caused by reduced agricultural crops and
increased costs of socioeconomic operation. The environment losses represent the dam-
ages of natural and social resources and the damages caused to the ecology environment,
water environment, soil environment and living environment [14]. The economic and
environment losses are generally counted in monetary terms.

3.1 Estimate of Life Losses

Following Piers et al. [15] andGraham et al. [16], the flood detention basin can be divided
into several sub-regions according to the population concentration and administrative
division. The life losses (LOL) are then estimated using the risk population integration
algorithm as follows:

LOL =
a∑

i=1

b∑
j=1

PARi j I Ri j (5)
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where a is the total number of risk regions; b is the number of risk population groups;
PARij is the number of risk population in the j-th group of the i-th risk region; IRij is
the life loss rate of the individual in the j-th group of the i-th risk region, which can be
evaluated as [17]

I Ri j =
l∑

k=1

Pk fk (6)

where l is the level of flood; Pk and f k are the probability of dike break and the mortality
rate of the individual suffering from the k-th level of flood, respectively. f k can be
estimated as [18]

fk = f0 + qm1 + (1 − q)m2 + β (7)

where f 0 is the mortality rate of the individual at risk in China;m1 is the disaster severity
factor of direct influence, m1 ≤ 1; m2 is the disaster severity factor of indirect influence,
m2 ≤ 1. The suggested values form1 andm2 are given in Table 1. q is the weight that can
be determined using analytic hierarchy process method, 0.5 < q < 1 is usually chosen;
β is the correction coefficient, β = 1.4 is selected because the population density around
the rivers or lakes in China is typically high [19].

Table 1. Suggested values for m1 and m2.

Cases m1 Cases m2

Slight 0–0.2 Extremely beneficial 0–0.2

General 0.2–0.4 Favorable 0.2–0.4

Medium 0.4–0.6 General 0.4–0.6

Serious 0.6–0.8 Unfavorable 0.6–0.8

Extremely serious 0.8–1.0 Extremely
disadvantageous

0.8–1.0

3.2 Estimate of Economic Losses

The loss rate method that is particularly applicable for estimating the losses of various
types of circulating assets and fixed assets is adopted to evaluate the direct economic
losses SD as follows (e.g., [17]):

SD =
e∑

i=1

s∑
j=1

m∑
k=1

βi jkWi jk (8)

where β ijk and Wijk are the loss rate and the value of the j-th asset in the i-th category
suffering from the k-th level of flood inundation, respectively; e is the number of clas-
sifications of assets; s is the number of assets in the i-th category; m is the level of the
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inundation water depth. Based on the field surveys and analyses of a large amounts of
historical data, the indirect economic losses SI can be estimated as (e.g., [14])

SI = kSD + d (9)

where k and d are the loss coefficients. k = 0.63 and d = 0 are chosen after synthesizing
the loss relations of many agricultural crops and industries [14].

3.3 Estimate of Environment Losses

Few attempts have been made to investigate the environment losses caused by the dike-
break flood. This lies in the fact many complicated factors should be taken into account,
and there are not unified standards and methods for estimating the environment losses.
To this end, a contingent valuation method that is commonly used to assess the nonuse
value of the environment is adopted to estimate the environment losses (e.g., [20]). To
determine the values of the environment resources to the respondents, the willingness
of the population to pay in the flood disaster zone are evaluated through questionnaires
(e.g., [21]). The average willingness to pay for each person per year (E) can be estimated
as

E =
u∑

i=1

Di Ai (10)

where u is the number of pay; Ai is the money that each person is willing to pay; Di is
the probability for each person who pays the money Ai. The environmental losses (F)
can be estimated as

F = ENnp (11)

where N is the durable years; np is the number of risk population. Note that the
determinations of E and F also rely on the flood inundation data.

4 Engineering Application

4.1 Study Site

The Kangshan dike built in 1966 is one of the key dikes in Poyang Lake district, which
is located in Yugan County of Jiangxi province, China. It is on the south bank of Poyang
Lake and has a total length of 36.25 km. The elevation of the dike top is 24.55 m. The
inner and outer slopes are both 1:3. The design flood water level is 22.5 m. There are five
hydraulic structures along the dike: medium size Meixi water lock with a design flow of
103 m3/s, large (2) size Lugushan pump station with a design flow of 73.8 m3/s, medium
size Dahukou water lock with a design flow of 160.5 m3/s, medium size Luojiaohu pump
station with a drainage flow of 15.5 m3/s and small size Lixi water lock with a drainage
flow of 7.1 m3/s. The Kangshan dike undertakes the flood control task of the protected
area of 343.4 km2, 22,560 households and 103,437 persons [22].
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The Kangshan flood detention basin was approved by China State Council in 1985
and constructed in 1986, which is the largest flood detention basin in Jiangxi Province,
China. The effective flood storage capacity is about 16.58× 108 m3 with a rainfall collec-
tion area and a flood storage area being 450.31 and 312.37 km2, respectively. Geographic
information data and administrative division data of the Kangshan flood detention basin
are collected on the scales of 1:10000 and 1:50000, respectively. The entire Kangshan
flood detention basin is taken as the study area. Figure 1 presents the division of study
area. There are Shikou town, Santang town, Datang town, Ruihong town, and Kangshan
town, Kanshan reclamation and a modern agricultural demonstration in the detention
basin. There are 29,895 persons, a farmland area of 117.21 km2 and an aquaculture area
of 139.01 km2. The registered residential assets in the flood detention basin include a
contracted land area of 262.49 km2, an agricultural crops area of 117.21 km2, an aquatic
products area of 139.01 km2, and an economic forest area of 6.27 km2. Besides, 11,919
domestic animals, 19,384 domestic birds, 19,432 houses, 7,244 agricultural machines,
1,395 serving livestock products and 17,250 durable consumer products are also regis-
tered [22]. The north flood diversion port at the Kangshan dike is treated as the flood-in
and flood-fall boundaries. The north Kangshan dike and the south dry lands are treated
as the physical boundaries.

4.2 Dike Breach Discharge

A flood diversion port gate is reserved at the 20k + 045–20k + 470 of the Kangshan
Dike, as shown in Fig. 1. Deep cement mixing piles are installed at both sides of the port
gate to prevent it from unlimited expansion. According to the flood diversion planning
of Yangtze River, the blasting method is adopted to open the reserved port gate when the
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Fig. 1. Division of study area and layout of monitoring points in the Kangshan flood detention
basin.
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Fig. 2. Variation of dike breach discharge with flood diversion duration.

water level of Poyang Lake monitored at Kangshan gauging station reaches 20.68 m.
Then, the dike-break flood enters the Kangshan flood detention basin through the breach
mouth with an initial bottom width of 12.5 m. The dike is breached with a bottom width
of 300 m and a bottom elevation of 15.93 m is allowed to develop gradually due to flood
scouring within two hours [22].

(a) Within one hour (b) Within 24 hours

(c) Within 36 hours (d) Within 48 hours

Fig. 3. Contours of water depth distribution for different flood diversion durations.
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Figure 2 presents the variation of the dike breach discharge with the flood diversion
duration. It can be observed that the discharge rapidly reaches the maximum value of
14,000 m3/s within two hours after the dike is breached, it then almost keeps unchanged.
It begins to decrease since the 24th hour of dike-break. The entire flood-in process is
completed in 48 h wherein the discharge is close to zero and the water level of the flood
detention basin reaches 20.68 m which is exactly equal to the water level of the Poyang
Lake.

4.3 Dike-Break Flood Simulation

To simulate the flood routing process in the Kangshan flood detention basin, a two-
dimensional non-constant mathematical model of water flow is constructed. The finite
volumemethod in theMIKE21 is utilized for solving the governing equations inEqs. (1)–
(3). The steady-state initial conditions are considered with the dike breach discharge in
Fig. 2 as input. The calculation step size and the number of steps are set as 120 s and
2160, respectively. In view of the complexity of the terrain of the study area, theMIKE21
FM unstructured grids with a maximum area less than 0.01 km2 are adopted. The denser
grids with the smaller sizes are adopted to model the resident zone, compact building
zone and planting zone. The study area is discretized into a total of 63,880 grids and
58095 nodes. The maximum and minimum distances between the grid midpoints are
300 m and 26 m, respectively. The historical highest water level of 22.68 m that was
monitored at the Kangshan gauging station is treated as the upper boundary condition,
and the land border is treated as the lower boundary condition. The water levels for the
dry and wet boundaries are 0.005 and 0.1 m, respectively. The roughness coefficients
for different underlying surfaces are summarized in Table 2.

Table 2. Roughness coefficients for different underlying surfaces.

Underlying
surfaces

Villages Bushes Dry
farmlands

Paddy
fields

Roads Vacant
places

Rivers

n 0.07 0.065 0.06 0.05 0.035 0.035 0.025–0.035

To facilitate the understanding of the flood movement, 23 monitoring points are
arranged in the Kangshan town, Ruihong town, Datang town, Santang town, Shikou
town and Kangshan reclamation areas, as shown in Fig. 1. Figures 3(a)–(d) present
the contours of water depth distribution underlying four representative flood diversion
durations. It can be observed that the flood reaches the Kangshan reclamation area and
Dahu administration after one hour of dike-break. The Kangshan reclamation area and
the lakeside area of Kangshan town are greatly affected by the flood scouring because
they are located in the vicinity of the breach and the maximum flow velocities at these
sites exceed 1.0 m/s. The flood advances to the Kangshan town, the Ruihong town and
Shikou town areas within 24 h, to the Datang town area until the 36th hour after the dike
is breached. This is due to the fact that the Datang town area has a relatively high terrain
and is far away from the breach mouth. The southeast Santang town area is slightly
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affected by the dike-break flood even when the entire flood diversion process is finished.
As seen from Fig. 3(d), the average water depth of the flood detention basin is 6.95 m,
while the water depths of the Kangshan reclamation and Shikou town areas reach 8 m
at the end of the flood diversion.

4.4 Flood Inundation Pattern

Before the dike is breached, the water level and the area filled with water in the detention
basin are 15.10mandabout 69km2, respectively.The totalwater flow inside the detention
basin and the inundation area are up to 1.658 billion m3 and 288 km2, respectively, at
the end of the flood diversion. Based on the inundation area and water depth, the flood
detention basin is subdivided into light, moderate, severe and dangerous disaster zones,
as listed in Table 3. Note that the light disaster zone has a water depth less than 0.5 m,
which can be treated as a personnel or asset resettlement zone. The percentages of light,
moderate and severe disaster zones are 0.66%, 0.82% and 1.77%, respectively, while that
of dangerous disaster zone is the largest, up to 96.75%, and the corresponding inundation
area is 278.63 km2. It implies that the vast majority of the Kangshan flood detention
basin is significantly affected by the flood. The area that the flood does not reach is only
31.3 km2. These zones can also be treated as the personnel or asset resettlement zones.

Table 3. Classification of flood disaster zones in the Kangshan flood detention basin.

Flood disaster zones Water depth h (m) Inundation area (km2) Percentage (%)

Light disaster zone h ≤ 0.5 1.92 0.66

Moderate disaster zone 0.5 < h ≤ 1.0 2.36 0.82

Severe disaster zone 1.0 < h ≤ 2.0 5.09 1.77

Dangerous disaster
zone

h > 2.0 278.63 96.75

The variations of water depths and flow velocities at the 23 monitoring points in the
flood detention basin are also investigated in this section. Based on the water depth and
flow velocity distributions for these six key areas, the time for the flood reaching the
specified monitoring points, the maximum water depth and peak flow velocity of each
monitoring point, and the flood peak appeared time can be deduced.

As observed in Fig. 4, the flood reaches the Fuqian village of Kangshan town area
after 9.67 h of dike-break although it is very close to the breach mouth. This is because
the terrain of the Kangshan town is high as a whole. Both the maximum water depth and
peak velocity appear in the Fuqian village, which are 2.65 m and 0.013m/s, respectively.
The flood peak appeared time is 30 h. The Jinsan and Dashan villages are almost not
affected by the dike-break flood. Similarly, it can be found that the flood reaches the
Xigang village of Ruihong town after 9.17 h of dike-break. The maximum water depth
and peak flow velocity appear in the Xigang village and Luojia village, respectively,
which are 4.55 m and 0.054 m/s. The flood peak appeared time is 24.5 h. Among the
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Fig. 4. Variations of water depths and flow velocities for different monitoring points in the
Kangshan town area.

Ruihong town area, only the Baxia village is slightly affected by the dike-break flood
because it has a relatively higher terrain. The flood reaches the Datang town after 50 min
of dike-break. Both the maximumwater depth and peak flow velocity appear in the Dahu
village, which are 7.65 m and 0.0731 m/s, respectively. The flood peak appeared time
is 2.67 h. Among the Datang town area, the Nanlong and Chenjiatang villages are also
slightly affected by the dike-break flood because their terrains are relatively high. The
flood reaches the Mashan village of the Santang town area until 23.67 h of dike-break.
This is due to the fact the Santang town is located in the southern mountainous area
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of the Kangshan flood detention basin that is far away from the breach mouth, and has
the highest terrain in the study area. The maximum water depth and peak flow velocity
are 3.67 m and 0.2635 m/s, respectively. The flood peak appeared time is 29 h. The
other zones in the Santang town area including Weijia and Yujiaqiao villages are not
flooded, which can also be taken as the personnel or asset resettlement zones. Similar
to the Datang area, the flood advances to the Shikou town after 50 min of dike-break.
The maximum water depth and peak flow velocity appear in the Guzhu and Xi villages,
respectively, which are 6.24 m and 0.027 m/s, respectively. The flood peak appeared
time is 28.83 h. Among the Shikou town area, the Hubin and Liubu villages are not
flooded, which can also be taken as the personnel or asset resettlement zones. The flood
advances to the Lixi and Ganquanzhou reclamations of the Kangshan reclamation area
after 40min of dike-break. It is obvious that the Kangshan reclamation area is the earliest
affected by the flood. Both the maximum water depth and the peak flow velocity appear
in the Lixi reclamation, which are 8.32 m and 0.074 m/s, respectively. The flood peak
appeared time is 2.5 h.

Moreover, the emergency evacuation planning against the dike-break flood can be
made based on the flood simulation results (i.e., inundation area, water depth, flood peak
appeared time) [4]. As seen fromFig. 3, theKangshan reclamation area is floodedwith an
average water depth exceeding 2.0 m. It indicates that the people and residential assets
in this area should be quickly evacuated to the neighboring Shikou town and Datang
town areas within the warning time. The personnel or asset resettlement buildings can
be constructed in the Liubu and Hubin villages of the Shikou town area and the Nanlong
and Chenjiatang villages of the Datang down area. The people and residential assets in
the Xigang and Luojia villages of the Ruihong town area should be quickly evacuated
to the neighboring Baxia village which is slightly affected by the flood. The people and
residential assets in the Kangshan town should be evacuated to the Dashan and Jinshan
villages that are not affected by the flood. Finally, only theMashan village in the Santang
town area is affected by the flood. In general, the people and residential assets in the
Santang town area will be the safest.

4.5 Dike-Break Induced Flood Consequences

The dike-break induced flood consequences including the life, economic and ecological
environment losses are estimated based on the flood simulation results using themethods
in Sect. 3. Figure 5 shows the variations of the life losses for different warning time
with the flood diversion duration. It is clear that the warning time can greatly affect
the life losses. Figure 6 presents the variations of the direct economic losses with the
flood diversion duration. It can be observed from Fig. 6(b) that the component with
the largest proportion among the direct economic losses is the agricultural crops losses.
The total direct and indirect economic losses induced by the Kangshan dike-break are
estimated asœCNY 953million and 600million, respectively. The environmental losses
are estimated by means of questionnaires. The average willingness to pay underlying the
key dike remediation projects in the Poyang Lake district is calculated using Eq. (10).
It is œCNY 776.8–780 for each person per year. As mentioned earlier, currently there
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are 29,895 residents in the Kangshan flood detention basin. Figure 7 shows the variation
of the environment losses with the flood diversion duration. It can be found that the
environment losses induced by the dike-break will beœCNY 464 million for the coming
20 years by taking the average willingness to pay as œCNY 776.8 for each person per
year.
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Fig. 5. Variation of life losses for different warning time with the flood diversion duration.

The total dike-break induced flood consequences are approximatively equal to the
sumof the life, economic and environment losses.After the flooddiversion is stopped, the
dike-break induced economic and environment losses can be up to œCNY 20.2 billion.
Therefore, the early warning and emergency response measures should be worked out to
reduce such huge flood consequences. Some engineering or non-engineering measures
should be taken to mitigate the dike-break induced flood risk.
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Fig. 6. Variation of direct economic losses with the flood diversion duration.
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5 Conclusion

In this paper, a MIKE21-based numerical method is developed for modeling the flood
routing process in the flood detention basin. The approaches for estimation of dike-
break induced flood consequences including the life, economic and environment losses
are presented. The proposed approach has been applied to flood simulation and flood
consequences and corresponding risk assessment in the Kangshan flood detention basin
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in the Poyang Lake district of Jiangxi Province, China. The inundation area, water depth
and flow velocity distributions, the time for the flood reaching the specified locations and
the flood peak appeared time are readily estimated based on the flood simulation results.
Furthermore, the emergency evacuation planning against the dike-break flood is made
and the life, economic and environment losses induced by dike-break are estimated. It
can be found that the vast majority of the Kangshan flood detention basin is significantly
affected by the flood. The percentage of the dangerous disaster zone is the largest, up to
96.75%, and the corresponding inundation area is 278.63 km2. The area that the flood
does not reach is only 31.3 km2. The dike-break will cause serious consequences. The
economic and environment losses canbeup toœCNY20.2 billion. Further research needs
to be conducted to validate the effectiveness of the proposed approach in modeling the
flood routing process and evaluating the dike-break flood risk quantitatively, and apply
it to other flood detention basins.
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Abstract. Flood damage has been extremely severe in recent decades and is
responsible for a greater number of damaging events than any other type of natu-
ral hazard. Floods are anticipated to happen more frequently in the future because
of climate change, unplanned rapid urbanization, change in land use pattern, poor
watershed management and declining recharge of groundwater by extension of
impermeable surfaces in urban areas. Therefore, assessment of flood consequence
under large storms is an important issue. This paper quantifies the elements at
risk in Hong Kong under large storm scenarios with rain intensities of 29 and
85% of the 24-h Probable Maximum Precipitation (PMP). The buildings affected
were obtained by overlaying flood maps and building maps in a GIS environment.
The numbers of buildings of all types and exposed individuals affected by the
flood under the two storm scenarios were also quantified. The results indicate
that residential buildings appear to be the most vulnerable among all structures
and facilities in Hong Kong and thereby may lead to the highest affected popu-
lation under the two rainfall scenarios. The western part of Hong Kong Island is
more susceptible to flooding as a result of its steeper slope terrain and densely
populated infrastructures. Enhanced flood risk assessment methods and improved
understanding about flood risk will support decision makers in decreasing damage
and fatalities.

Keywords: Flooding · Risk analysis · Risk map · Element at risk

1 Introduction

Flooding is a leading cause of losses from natural phenomena and responsible for a
greater number of damaging events than any other type of natural hazard. Flood damage
has been extremely severe in recent decades. However, the effect of flooding on buildings
and population has received less attention. Flooding acts as a temporary covering of land
by water as a result of surface water escaping from its normal confines or as a result
of heavy precipitation (IWRA 2005). There are three main types of flood and several
special cases. The main types are storm surge, river flood, and flash flood; special cases
include tsunami, waterlogging and backwater. Hong Kong was struck by a major storm
on 7 June 2008, causing at least 622 floods and 16-h closure of the North Lantau Airport
Highway (HKSAR Government Press Releases 2008).
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Floods are anticipated to happen more often in the future because of climate change,
unplanned rapid urbanization, change in land use pattern, poor watershed management
and declining recharge of ground water by extension of impermeable surfaces in urban
areas. This means that many urban areas across the globe are likely to be under serious
threat of floods; the adverse impacts of which are already believed only next to that of
earthquakes (Nasiri et al. 2016). Managing hazards with the aim of safety and wellbeing
of people and their environment is important (Li et al. 2012, Glade and Crozier 2005;
Zhang et al. 2012; Owolabi and Zhang 2019a; Lee and Jones 2004; Nadim 2016; van
Westen et al. 2008; Vranken et al. 2015; Chen and Zhang 2015; Fell et al. 2005; Lacasse
and Nadim 2009; Owolabi et al. 2018). Floods are part of the hydrological cycle, but
due to dispute natural function of river flood plains in transporting water and sediment
as a result of human land use, risk has increased (Schanze et al. 2007). Indeed, urban
flood vulnerability varies time to time and in diverse places because of environmental
conditions, human activities, and the culture of society in face of the threats (Ahmad
and Simonovic 2013). Improved assessment methods and understanding about flood risk
vulnerability can support decision makers in decreasing damage and mortalities. Many
buildings and streets are affected by larger and faster moving flood. Gao et al. (2019)
developed a model for simulating overland flow and underground drainage hydraulics
simultaneously based on northern Hong Kong Island and introduced flood control mea-
sures to address a major societal need to mitigate flooding problems, but observed that
the densely urbanized region may still be affected by flooding when severe events occur.

2 Study Area

The study area of this research is Hong Kong Island, which covers an area of 78.59 km2

with a population of 1,289,500 and a population density of 16,390/km2. The steep terrain
and high frequency of tropical rainstorms lead to frequent hazards on the natural terrain
(Fuchu and Chack 2002). The urban area of Hong Kong surrounded by mountains, when
a major rainstorm occurs, is vulnerable to both flash flooding in mid-mountain areas
and local flooding in low-lying areas. Conditions can worsen when the urban drainage
systems are overloaded. The tropical weather makes the vulnerability to flooding worse
because more than 80% of the annual total precipitation occurs in the wet season (Gao
et al. 2019).

3 Rainfall-Induced Runoff and Flooding

Thegoverning equations adopted in the simulation of flooding in this research are shallow
water equations which are frequently used to describe unsteady surface flow (e.g. Gao
et al. 2019; Chen and Zhang 2015; Gao et al. 2016; FLO-2D Software Inc. 2015):

∂h

∂t
+ ∂(hvx )

∂x
+ ∂(hvy)

∂y
= i − q (1)
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where h is the flow depth; t is time; vx and vy are the depth-averaged flow velocities in
the x and y directions, respectively; i is the excess rainfall intensity on the flow surface;
q is the flow discharge from the ground surface to the drainage works per unit surface
area, which is determined by the total water head values in the pipe and on the ground,
and may be negative when pipes or conduits effuse in the reverse direction; Sfx and Sfy
are the friction slope components in the x and y directions, respectively, which are based
on Manning’s equation; S0 is a bed slope term; g is the gravitational acceleration.

Historical records have depicted that extreme rainfall events are often expected to be
more recurrent and intense in Hong Kong as a result of climate changes (Ho et al. 2016).
Probable flood scenarios of 29% and 85% of the 24-h probable maximum precipitation
(PMP) reported by Zhang et al. (2017) in which a physically based model (EDDA 1.0)
was adopted to predict likely flood occurrence in large scale were used in this study
for the flood risk assessment. The result of the floods under 29%PMP and 85PMP
rainfall scenarios is shown in Fig. 1. Both flooding scenarios cover a larger part of Hong
Kong Island especially the north-western region where urban infrastructures are densely
developed.

(a) 29% PMP         (b) 85% PMP

Fig. 1. Flood maps over Hong Kong Island under storms with intensities of 29% and 85% PMP.



314 T. A. Owolabi and L. Zhang

4 Consequence Assessment

In analysing the flood consequence, the effect of flooding on the numbers of buildings
and population are determined on GIS by integrating both flood simulation result (29%
and 85% of the 24-h probable maximum precipitation (PMP)) and buildings layer. The
number of buildings of all types and exposed individuals affected by the floods under the
two scenarios were quantified. The number of populations at risk inside each building
was based on evaluation of the number of floors, number of flats and the average number
of people living in a flat in Hong Kong during the time of the event. The distribution
of population at risk by flood is shown in Fig. 2, and the number of buildings affected
and population at risk are shown in Fig. 3. The results indicate that residential buildings
appear to be the most vulnerable compared with all structures and facilities in Hong
Kong while temple buildings are the least vulnerable. The population at risk follows the
same trend.

(a) 29% PMP

(b) 85% PMP

Fig. 2. Distribution of population at risk under storms of 85% and 29% PMP.
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(a) 29% PMP

(b) 85% PMP

Fig. 3. Number of buildings and population at risk under storms of 29% and 85% PMP.
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5 Conclusions

This paper assesses consequences of flooding on Hong Kong Island under two storm
scenarios with rainfall intensities of 29% and 85% of the 24-h probable maximum
precipitation (PMP). The storm of 29%PMP leads to fewer number of affected building
and population under floodingwhile 85%PMPgives higher numbers. This shows that the
risk intensifies as the storm becomes more intense. The study has provided information
for establishing the need for any mitigation measures to be put in place to prevent the
recurrence of severe flooding onHongKong Island and dealwith the relevant flood events
in the future. It provides an organised and clear framework to aid decision-making. The
uncertainties involved in the analyses should be addressed in the future.
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Abstract. Permeability defects are practically unavoidable in earthen structures
due to heterogeneity of the grain size of quarried materials, inappropriate com-
paction, discontinuities of displacements, dynamic effects, internal erosion pro-
cesses and animal actions. For their detection, thermal monitoring systems may
allow today an advanced surveillance of embankment dams, through the recent
advancements in distributed sensing technologies based on optical fibers sensors.
By exploiting the dependency of the thermal properties of the soil (i.e. thermal con-
ductivity and heat capacity) on its water content, in saturated conditions, and their
possible variations under seepage flow regimes, temperature measurements may
provide information about the development and evolution of zones affected by per-
meability higher than the original one. The coupling between the seepage and heat
transport processes, and particularly the effects of permeability defects on piezo-
metric head and temperature distributions, has been parametrically investigated,
through two Finite Element Analysis (FEA) codes (i.e. SEEP/W and TEMP/W),
in order to evaluate the sensibility of thermal sensors in detecting these undesired
phenomena. Finally, an experimental documented case has been back analyzed
and re-interpreted.

Keywords: Permeability defects · Monitoring · Numerical analyses

1 Introduction

Theneed to understand howpermeability defects (p.d.), often hidden,modify the seepage
flow characteristics (e.g. discharge rate, interstitial pressure distribution and free surface
profile) through embankment dams, causing exceedance of serviceability (change of
discharge, turbid water) or ultimate limit states (local or global instabilities, piping,
structural collapses), is well recognized [1, 2, 3, 4, 5].

p.d. may induce undesirable phenomena, such as leakages, redistribution of intersti-
tial pressures, soil shear strength reduction, instability phenomena and local increases
of the hydraulic gradients, whose related drag forces may trigger internal erosion and
particles migration that might evolve up to embankment collapses [6].
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Appropriate monitoring of the seepage flow within earthen dams/levees may allow
to detect possible internal erosion phenomena before the safety of these structures is
totally compromised. In addition to “conventional” instruments (e.g. piezometers, dis-
chargemeasurements), among the availablemethods formonitoring seepage and erosion
processes, thermal sensors can contribute to detect these phenomena [6, 7].

Temperature can be used as an indirect measure of the soil saturation degree, exploit-
ing the dependency of the thermal properties of the soil (conductivity and heat capacity)
on its water content. In saturated conditions, temperature measurements can provide
information on seepage flow velocities, allowing identification of the development and
evolution of erosion channels (pipes) and zones of higher permeability, caused by par-
ticles migration phenomena. However, the correct interpretation of temperature mea-
surements, coupled to piezometric heads (p.h.) readings, must considerer the mutual
dependency of thermal and hydraulic properties of soils.

To this purpose, numerical analyses of the coupled seepage flow process and heat
transport mechanism through earth structures have been carried out to evaluate the
effects of p.d. (particularly, of their geometrical sizes) on the main hydraulic variables
(e.g. piezometric heads, interstitial pressure) and temperature.

2 Coupled Seepage and Heat Transfer Processes Through
Embankment Dams and Modelling of Permeability Defects

To evidence the capability of thermal monitoring methods in the detection of possible,
practically unavoidable, permeability defects in earthen structures, the coupling between
the seepage and heat transfer processes has been firstly investigated through two FEA
commercial codes, i.e. SEEP/W and TEMP/W, belonging to the Geostudio (Geoslope)
Package [8].

The code SEEP/W solves two-dimensional (2D) seepage flow problems for steady,
unsteady, saturated and unsaturated conditions. By assuming the validity of Darcy’s law
and by considering that the variations of volumetric water content (θw) are related to soil
properties and stress state (in turn dependent on the suction), the continuity equation of
water flow can be expressed as follows:
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Where h is the piezometric head; kx and ky, the hydraulic conductibility in the x and
y directions, respectively; Q, the applied boundary water flow; mw, the slope of water
retention curve; γ w, the unit weight of water.

The code TEMP/W simulates the thermal variations in the ground due to environ-
mental changes, or due to the construction of facilities, such as buildings or pipelines.
The principal mechanism for heat flow in soils in most engineering applications is con-
duction (Fourier). The governing differential equation expressing the distribution of T,
running in the TEMP/W code, is:
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being kT,x and kT,y the thermal conductivity in the x and y directions, respectively; QT ,
the applied boundary thermal flux; λ, the capacity for heat storage. λ depends on the
volumetric heat capacity (c) of the material and the latent heat (L) associated with the
phase change:

λ = c + L
∂wu

∂T
(3)

wu being the total unfrozen (liquid) volumetric water content, defined as: wu = Wu ·
w, withWu = unfrozen (liquid) water content (ε [0,1]) andw= volumetric water content
of soil.

TEMP/Wcan be coupled with SEEP/W to model the effects of moving water on
heat transfer process and viceversa. This coupling requires: (i) volumetric water content
expressed in function of temperature; (ii) thermal conductivity dependent on the volu-
metric water content (according to [8]). Thus, the partial differential equation for heat
flow (Eq. (2)) is modified as follows:
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with ρs· cps = volumetric heat capacity of soil; ρw· cpw = volumetric heat capacity of
water; qw = the specific discharge of water (Darcy velocity).

The effects of the coupling between seepage and heat flows can be immediately high-
lighted (Fig. 1) through the analysis of a simplified scheme (1D case), by comparing the
temperature distributions obtained through (a) uncoupled and (b) coupled simulations,
under the following hypotheses by way of example: one-dimensional and steady state
conditions, upstream temperature (Tup) = 90 °C, downstream temperature (Tdown) =
30 °C, upstream p.h. (Hup) = 60 m; downstream p.h. (Hdown) = 40 m [7].

Hup

Hup

Hdown

Hdown

Fig. 1. Case 1D: temperature distributions obtained through (a) uncoupled and (b) coupled
analyses (Tup = 90°; Tdown = 30°; Hup = 60 m; Hdown = 40 m)

Referring to a seepage flow through an earthen structure (2D case), the effects of
this coupling (between seepage and heat transport) play a key role on the temperature
distribution. The numerical (SEEP/W & TEMP/W ) results obtained by assuming the
following boundary conditions by way of example:
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Hydraulic conditions: Constant applied hydraulic load (H = 45 m) at the upstream shell;
Q = 0 and interstitial pressure pw = 0 at the downstream shell; interstitial pressure pw
= 0 on the countryside; Q = 0 at the bottom of the foundation soil,

Thermal conditions: Constant temperature, T = 15 °C, at the upstream shell; constant
temperature, T = 20 °C, at the downstream shell; at the upstream shell, T = 15.6 °C, at
the bottom of the foundation soil, are shown in Fig. 2.

Fig. 2. Case 2D: (a) boundary conditions and (b) temperature distributions obtained through
uncoupled and coupled analyses

Secondly, SEEP/W and TEMP/W codes have been couply applied to the analysis
of virtual examples of embankment dams affected by permeability defects aiming to
identify the relationship between their characteristics (position and dimensions) and the
variation of (internal) temperature distribution [6, 7].

Particularly, the effects of permeability defects (p.d.) induced by backward (piping)
erosion in foundation soils of homogeneous embankment dams on the temperature are
herein investigated and described.

The following (by way of example) earthen structure is considered in the numerical
simulations: height H = 10 m; the cross section is trapezoidal; width at the top (Lcrest)
= 4 m; thickness Tf of the foundation soil= 6 m (Fig. 3a). The corresponding hydraulic
(permeability and volume water content) and thermal (conductivity and heat capacity)
properties have been simply taken by [8], according to typical construction materials.
The assigned (by way of example) hydraulic (hw = initial upstream hydraulic head, pw
= pore pressure; Q = total water flux) and thermal (T1 = upstream temperature; T2 =
downstream temperature) boundary conditions are shown in Fig. 3b. Specifically, it is
assumed (i) steady state seepage flowwith constant upstream hydraulic head (hw = 8m);
(ii) unsteady state heat transport process (elapsed time∼= 12 h= ter); (iii) tubular p.d. (due
to piping erosion, 1 m diameter, simply schematized in the proposed 2D hydrothermal
model by a horizontal layer of variable length representing the erosion pipe) in pervious
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foundation soils of a homogeneous levee (permeability of the defect, kd = 10−2 m/s). A
linear (uniform) increase of the length (Ld) of the p.d. or pipe during the simulation (up to
the maximum value Ld,max , Fig. 3a) is modelled; particularly, for the examined case, the
piping progression lasts 12 h, approximately. Each numerical simulation has been thus
divided in 15 steps of 3000 s, for a total duration of 45000 s. The progression of piping
has been simply simulated by increasing the length of pipe of 3 m, at each step.

Fig. 3. (a) Considered homogeneous earthen structure; (b) assigned boundary conditions

The results of numerical simulations are shown in the following figure.

Ld/Ld,max

Ld/Ld,max

Fig. 4. Temperature distributions vs time (a) along ahorizontal section; (b) along avertical section;
(c), (d) within the earthen structure for Ld/Ld,max = 0.60, 1.0, respectively
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Measurable variations (∼=0.1 °C) in temperature (T ) distribution along a horizontal
section, at the downstream toe, are observed during the progression of piping from
Ld/Ld,max ∼= 0.60 (Fig. 4 a, c). By increasing Ld/Ld,max , the changes in T become more
appreciable, up to ∼=1 °C for Ld/Ld,max = 0.90 (Fig. 4a). As soon as the pipe reaches the
upstream side (Ld/Ld,max = 1), great variations in temperature distribution (∼=6 °C) can
be observed/measured (Fig. 4d).

On the contrary, variations in temperature distribution along avertical section become
sensible (up to 1 °C) only forLd/Ld,max = 1 (Fig. 4b). Thus, fiber optics or thermal sensors
along a horizontal section, spaced every 0.50 m for 3 m width, at the downstream toe of
earthen structures, appearsmore reliable tomonitor piping erosion progression, allowing
to develop early emergency action plans before breaching. Similar positions of fiber
optics thermal sensors have been already installed along the Adige River to monitor its
levees [9].

3 Back Analysis and Interpretation of a Large Scale Experiment

Very few experimental tests on the development and evolution of permeability defects
in earthen structures are reported and available in technical literature. Among these, the
IJkdijk piping test by University of Delft (Netherlands) is very significant because the
seepage flow, the piping erosion phenomenon progression (inducing p.d. in foundation
soils) and the instability of the downstream shell have been carefully recorded and
documented [10, 11].

Numerical simulations (through SEEP/W and TEMP/W codes) of the measured
temperature and piezometric heads distributions, reported by Bersan et al. (2015, 2017)
[10, 11] have been carried out in the paper. The experimental dyke was 3.5 m high, 19 m
long and 15 m wide at its base (Fig. 5). The lower part of the dike was constituted of a
0.7 m clay layer, which separated hydraulically the foundation from the dike body.

Fig. 5. (a) Aerial photo of the experimental basin; (b) cross section of the experimental dike
(adapted from [10, 11])

A small clay dike (1.7 m high) was firstly built at the upstream side; a sand core
(behind the small dike) and a cover of organic clay were successively put in place. The
test dikes and the clay embankments delimiting the basins enclosed two reservoirs, each
one with a volume of approximately 2000 m3, to be filled during the test to apply the
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desired hydraulic load. Conventional monitoring instruments (Fig. 5), including two
liquid level sensors, 4 lines of 17 pore pressure sensors in foundation, 4 lines of 3 pore
pressure sensors in the sand core (above the clay layer) were installed to monitor the
course of the test.

In addition, distributed fiber optic sensors encased in a geotextile strip were placed
within the dyke; particularly, 5 lines of fiber optic sensors in foundation soils, at the base
of the dyke, and 3 lines of sensors in the downstream shell.

3.1 Test Procedure

The upstream reservoir was filled according to water level law reported in Fig. 6a. In the
downstream basin, the water level was taken constant, at 10 cm above the sand layer,
to ensure complete saturation of the foundation soil. The permeability coefficient of the
sand layer was estimated to k = 1.5 • 10−4 m/s, according to [10, 11].

The first evidence of backward erosion (piping)was detected after two days of testing
(elapsed time ∼=50 h) at the cross sections corresponding to the (longitudinal) abscissa
x = 4.8 m, 8.2 m, 11.2 m; as a consequence, the transducers P1 (at 0.85 m from the
downstream toe, see Fig. 10a) recorded a slight reduction in interstitial pressures. By
increasing the hydraulic load, after 55–60 h of testing, reductions in interstitial pressures
were also recorded in transducers P2, indicating the evolution/progression of the piping
phenomenon.

Erosion stopped after opening the controllable drainage tube installed in the
foundation soil, between the transducers P2 and P3 (see Fig. 5).

Since no appreciable/significant reductions in pore pressure in P3 were recorded, the
pipe should have reached a length ranged between 2.5 m–4.3 m, i.e. the distances of the
transducers P2 and P3 from the downstream toe, respectively.

However, the failure of the experimental dyke was caused by the instability of the
downstream slope, after 5 days of testing [10, 11].

3.2 Temperature Measurements

Figure 6b shows the evolution of the measured temperature at the lines F1–F5, corre-
sponding to the central section of the dam (x=10m), near the section at the (longitudinal)
abscissa x = 11.2 m, in which piping phenomena was observed.

Fig. 6. (a) Applied hydraulic load; (b) Temperature measurements (adapted from [10, 11])
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A few hours after the beginning of the test, the temperature recorded in F5 started to
increase, suggesting that the water in the upstream reservoir was warmer than the sand
layer in the foundation.

Unfortunately, the measurements of reservoir water temperature are not available
due to technical problems. At the lines F4 and F3, a temperature increase was recorded
after 2 and 3 days, respectively.

In F2, on the contrary, the temperature started to decrease slowly immediately after
the beginning of the test and continued to decrease up to 2 days before the end of the
test. At the F1 line, the temperature remarkably decreased during the whole duration of
the test (Fig. 6b).

3.3 Numerical Simulation

Several SEEP/W and TEMP/W simulations reproducing the temperature and piezo-
metric head measurements within the experimental dyke have been developed. The
schematization of the cross section of the dam is shown in Fig. 7a.

Simulation of initial thermal and hydraulic conditions (uncoupled steady state seep-
age and heat transport processes) was firstly carried out. To reproduce the initial con-
ditions of temperature (before the start of the experiment), specific thermal boundary
conditions have been assigned (Fig. 7b) according to [10, 11].

The initial hydraulic boundary conditions, Hup (upstream load) = 0.10 m and Hdw

(downstream load) = 0 m have been imposed. The considered hydraulic and thermal
properties of the dyke materials are shown in Table 1 [10, 11].

After the beginning of the test, different boundary conditions must be applied; in
particular, by referring to thermal variables defined in Fig. 7b: Tm linearly decreases
between 24 °C and 11 °C, Tv,BC = 20 °C, Tv,AB = 10 °C, Tf = 9 °C, Td1 = 14 °C
and Td2 = 18 °C (at the opening of drainage); in addition, Hup variable with time (t),
according to applied hydraulic load (Fig. 6a), and Hdw = 0.1 m (constant).

Fig. 7. (a) Cross section of the simulated dyke; (b) Initial thermal boundary conditions
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Table 1. Hydraulic and thermal properties of materials (adapted from [10, 11])

Parameter Sand Clay Unit

Volumetric water content 0.4 0.3 –

Permeability 1.5•10−4 7.5•10−6 m/s

Thermal conductivity 2.77 1.39 W/(m•K)
Volumetric heat capacity 2.8•10−6 2.5•10−6 J/(m3•K)

Therefore, coupled unsteady state seepage and heat transport processes have been
simulated following five phases:

t ε [0; 50] hours (pipe reaches P1 sensor);
t ε [50; 65] hours (pipe reaches P2 sensor);
t ε [65; 85] hours (uncompleted opening of the lower drainage tube- possible

occlusion of pores is assumed - and total opening of the upper drain);
t ε [85; 94] hours (total opening also for the lower drainage tube);
t ε [94; 110] hours (closure of the both drainage tubes and evolution of hydraulic

and thermal processes up to the dyke failure).
The pipe has been simply schematized by a thin layer whose length varies along

time (according to experimental observations and measurements), in the foundation
sandy soil, just below the basal clay layer. The pipe is affected by the same properties
of the material “sand” except for the permeability coefficient (kpipe); in particular, kpipe
= 0.005 m/s. This value is derived from calibration process of the model aimed to the
interpretation of temperature and piezometric head measures.

By referring to the cross section at x = 11.2 m (near the central section, x = 10 m),
the obtained results in terms of temperature at the lines F1–F5 and of piezometric head
(p.h.) at the sensor P2 are closed to the measured values (Fig. 8).

Fig. 8. Numerical results: (a) Temperature at lines F1–F5; (b) Piezometric head at P2

To better evaluate the reliability of the installed monitoring system, and in particular
of the (fiber optic) thermal sensors, the developed hydro-mechanical model, almost
calibrated on the basis on the fitted piezometric head and temperature measurements
(see Figs. 6 and 8), has been re-run by imposing the absence of a growing erosion
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channel/pipe in foundation soils. For this condition, the comparisons between the p.h.
(at transducer P2) and temperature (at line F1),measured and computed, distributions in
presence and absence of backward (piping) erosion, are shown in Figs. 9 and 10.
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Sensible differences between the piezometric head (+0.25 m) and temperature
(+1 °C, according to the previous analyses described in the previous chapter) distri-
butions, in presence and absence of piping, can be observed (Figs. 9 and 10).

Furthermore, it is worth observing the appreciable correspondence between the two
types of instruments (i.e. transducers and fiber optics thermal sensors) in the detection
of the “initiation phase”(i.e. 60 h after the beginning of the test, approximately) of the
backward (piping) erosion phenomenon within the experimental dike.
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4 Concluding Remarks

Coupled implementation of two Finite ElementMethod (FEM) codes allowed to analyze
the seepage flow process (code SEEP/W) and to determine the temperature distributions
(code TEMP/W), at specific cross sections, within embankment dams affected by a
permeability defect, as well as to evaluate its effects on the possible variations of the
main hydrodynamic variables and temperature.

Specifically, results of numerical simulations of virtual examples of embankment
dams affected by permeability defects indicate that for a clearer detection of piping
phenomena, the temperature sensors should be installed at the downstream toe of earthen
structures, preferably along a short horizontal section, spaced every 0.50m, as also shown
by a recently installed, documented, thermal monitoring system.

The interpretation of coupled hydraulic and thermal measures as well as of pip-
ing mechanisms, which affected the large scale IJkdijk piping test, highlighted (i) the
applicability of SEEP/W and TEMP/W codes to a reliable analysis of the examined
coupled hydrodynamic and thermal problem; (ii) that the temperature sensors inside
the embankment dams (or levees) can contribute, coupled to conventional instruments
(i.e. piezometric head transducer), to a more reliable detection of seepage anomalies
(e.g. permeability defects). Thus, their installation in existing or new earthen structures,
expecially during the construction phase, should be recommended.
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Abstract. As a monitoring sensor, distributed fiber optic sensors (DFOSs) are
widely applied in geotechnical engineering. However, existing researches mainly
focused on the practice ofDFOSs in different engineering fields, few about DFOSs
data processing. Under this circumstance, this study proposed a dyadic wavelet-
based DFOSs data processing method. To verify the feasibility of the proposed
method, a real monitored raw DFOSs signal is tested. In addition, an embankment
sliding surface detection scheme by DOFSs using the wavelet-based signal pro-
cessing method is proposed. An embankment sliding surface detection test based
on the finite element method is carried out. The uncertainty of soil properties is
taken into account by 3D random fields together with a finite element model. The
results show that the dyadic wavelet-based method can effectively avoid the inter-
ferences and accurately detect the characteristics of DFOSs data; the proposed
scheme can detect the potential embankment sliding surface effectively.

Keywords: Distributed Fiber Optic Sensor (DFOS) · Wavelet transform ·
Sliding surface

1 Introduction

The Distributed Fiber Optic Sensors (DFOSs) are widely applied in geotechnical engi-
neering for its higher spatial resolutions compared with classical strain gages. Currently,
the DFOSs have various categories: mainly including Fiber Bragg Grating (FBG), Opti-
cal Time Domain Reflectormeter (OTDR), Optical Frequency Domain Reflectormeter
(OFDR), Brillouin Optical Time Domain Reflectometry (BOTDR) and Brillouin Opti-
cal Frequency Domain Reflectometry (BOFDR) etc. A brief summary about different
DFOSs applied in geotechnical engineering is conducted, shown in Table 1.

Compared with its applications in various engineering fields, researches about
DFOSs signals processing are fewer. Thewavelet transform iswidely applied in data pro-
cessing as it canwell analyze data information fromboth time and frequency domains [1].
Some researches about DFOS signal processing with wavelet transforms were already
carried out. Feng et al. compared the discrete wavelet transform (DWT) and short time
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Table 1. A brief summary of DFOSs application in geotechnical engineering

Ref. DFOSs Objects Remarks

[4] FBG Centrifuges slope model Proposing a monitoring system
combining FBG with Inclinometer pipe
and earth pressure gauges that could
monitor stress, displacement and the
strain

[5] FBG Laboratory slope model Combining FBG inclinometers and
particle image velocimetry technique
in displacement measurement

[6] BOTDR Majiagou landslide Proposing a BOTDR data based
kinematic method to calculate the shear
displacement

[7] BOFDR Segment joints in shield tunneling Proposing a segment joints deformation
monitoring scheme with BOFDR

[8] BOTDR Prestressed concrete bridge Explaining a practical case for using
BOTDR data detecting the
constructions damage

[9] BOTDR Fiber Reinforced Polymer anchor Using BOTDR monitoring the tensile
strain distribution of the fiber
reinforced polymer anchor in the
excavation zone

[10] FBG Laboratory slope model Combining FBG and laser
displacement transducers monitoring
the progressive evolutionary process of
the reinforced slope

Fourier Transform inOFDR data processing, and illustrates that the DWT could improve
the sensing performance [2]. Feng et al. used stationary wavelet transform to reduce the
effects of system noise and Brillouin frequency peak shift distortions and improve the
sensing accuracy in BOTDR data processing [3]. Owing to the translation invariance
property, the dyadic wavelet transform is adopted to process DFOSs data in this study,
named dyadic wavelet-based DFOSs signal processingmethod. To validate the proposed
method, a real monitored DFOSs signal is tested. In addition, an embankment sliding
surface detection scheme by DFOSs using the dyadic wavelet-based signal processing
method is proposed. To verify the scheme in detecting the sliding surface, a random
finite element embankment model with considering the spatial variation of soil property
is built.
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2 Dyadic Wavelet Transform in DFOSs Data Processing

2.1 Dyadic Wavelet Transform

For signal f (t), its dyadic wavelet transform could be expressed as Eq. (1).

W f (u, 2 j ) =
∫ t

0
f (t)

1√
2 j

ψ∗( t − u

2 j
)dt (1)

where u and 2j is the translation and scale parameter, respectively; ψ* is the conjugate
of the wavelet basis ψ .

Compared with continuous wavelet transform, the dyadic wavelet transform could
divide the signal into detail signals and approximate signals effectively as its corre-
sponding à trous algorithm [11]. In addition, the dyadic wavelet transform is translation
invariance compared with discrete wavelet transform, which means it would keep all
time domain information in each decomposition level. Hence, the dyadic wavelet trans-
form is applied in this study to reduce the noises and enhance the DFOSs signal authentic
characteristics.

2.2 DFOSs Data Processing

The rawDFOSs data is applied to validate the dyadic wavelet transform corresponding à
trous algorithm. The raw data are from the open source supplied by Webb et al. [8]. The
first column raw data of the file ‘beam-1-data’ are selected. The raw DFOSs signals are
shown in Fig. 1. Due the essence of dyadic wavelet transform, the wavelet coefficients
value would increase with the increase of decomposition level. Hence, the data after
processing by the à trous decomposition algorithm should be scaled down. The first
point is applied to calibrate the wavelet coefficients in this study. The processed DFOSs
data using the à trous decomposition algorithm are shown in Fig. 1.
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From Fig. 1, the raw strain data is contaminated by noise as descripted by Webb
et al. [8]. However, after processing with the dyadic wavelet transform corresponding à
trous decomposition algorithm, the strain signal is smoother and keeps the basic feature
of the raw data.

3 Embankment Sliding Surface Detection

3.1 Geometric Model with Random Field

An embankment sliding surface detection scheme by DOFS using wavelet-based pro-
cessing method is proposed, shown in Fig. 2. To verify the feasibility of the scheme,
a finite element embankment model is built. Owing to the symmetry, only the half of
embankment is built for convenience. The trapezoidal body parameters and the bound-
ary conditions are shown in Fig. 3. Three paralleled segments of DFOSs are arranged,
shown in Fig. 3 as well. In X axis direction, the DFOSs is through the whole model; In
Z axis direction, the DFOSs is arranged with interval 2 m. The coordinate system is set
in Fig. 3.

Fig. 2. Embankment sliding surface detection scheme

Fig. 3. Sketch of geometric model, boundary conditions and fiber Optic Sensors (S1, S2 and S3)
arrangement. Surface ABCD is fixed; Surface BCGFADHE and CDHG is vertical rollers; Surface
ABFE and EFGH is free.

In addition, the uncertainty of soil properties is taken into account in this study. The
random filed of undrained shear strength is generated using Liu et al. proposed method
[12]. The marginal probability distribution is adopted as the lognormal distribution and
the autocorrelation lengths in X, Y and Z axis directions are 2 m, 2 m and 10 m,
respectively.
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3.2 Strain Signal

Due to the DFOSs detecting the axial direction strain, the numerical model strain data in
X axis direction are adopted as DFOSs strain data. The length in Z axis is 100 m and the
DFOSs are arranged with interval 2 m, which mean 50 sets of data would be obtained for
each segment. The length in X axis direction would decrease with the DFOSs moving
up to the top surface. Three segments of DFOSs strain data from the numerical model
are show in Fig. 4.

Fig. 4. DFOSs strain signals of S1, S2 and S3 segments

3.3 Embankment Sliding Surface Detection

In this study, the numerical analysis is performed instead of the field test. In addition,
since the numerical analysis data are not contaminated, the monitoring step and raw data
processing step described in Fig. 2 are not carried out in this part, i.e. the numerical
analysis smoothing data are deemed as the processed data to detect the sliding surface
of embankment. Based on DFOSs data processing test in Sect. 2, the processed DFOSs
data could effectively reduce noises and keep the authentic data characteristics using
the dyadic wavelet-based method. Therefore, using the numerical model strains as the
processed DFOSs data are reasonable.

The pseudo-color figures of processed DFOSs strain data are plotted in Fig. 5. The
location ranges from 40 m to 90 m in Z axis direction and from 2 m to 8 m in X axis
direction are the danger zone, especially, locating at around 65 m in Z axis direction.
To validate the accuracy of the DFOSs data in detecting the sliding surface, the random
finite element results are shown in Fig. 6. In practice, Fig. 6 represents the real sliding;
Fig. 5 represents the monitoring data. As the DFOSs detected danger zone are consistent
with the finite element results (i.e. the results in Fig. 5 and Fig. 6 are consistent), the
feasibility of using DFOS in embankment sliding surface detection is validated. There-
fore, the proposed DFOSs-based potential sliding surface detection scheme is effective.
In addition, based on the strain data in Fig. 4, the used numerical model strains are
lower than 2000 με (around 2 cm displacement in this case), which means the proposed
scheme has promising potential in forecast the danger zone before destruction.
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Fig. 5. The potential sliding surface detected by processed DFOSs strain data

Fig. 6. Displacement contour of finite element results

4 Concluding Remarks

This study proposed a dyadic wavelet-based DFOSs data processing method. A real
monitored DFOSs raw data are tested to validate the proposed method. The results
shown that the dyadic wavelet-based method could effectively reduce the noise and
keep the authentic strain data characteristics.

In addition, an embankment sliding surface detection scheme by DFOS using the
dyadic wavelet-based signal processing is proposed. A random finite element model
is built to verify the scheme. The finite element model strains in X axis direction are
deemed as processed DFOSs data due to the essence of DFOSs. The results show that
the proposed scheme could detect the sliding surface and has promising potentials in
forecasting the danger zone. In further study, an experimental model test using DFOSs
in sliding surface detection would be carried out.
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Abstract. The paper describes and interprets arching action problems in three
zoned earth dams. The principal simplified models available for the interpretation
of data records of embankment dams are used. The representativeness of vertical
total stress normally monitored in earth dams is discussed. The analysis of mea-
surements permits to investigate how a given measured quantity can be used to
interpret the dam’s mechanical behavior.

Keywords: Embankment dam ·Monitoring data · Representativeness of
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1 Introduction

The mechanical behavior and the timely identification of the phenomena that could lead
dam to collapse are the main purpose of monitoring and interpretation of measurements.

Slope instability and watertightness problems are the two categories of most feared
phenomena. Their triggering can be identified by interpreting the measurements of total
stress, pore pressure, seepage flows, and settlements [1–5].

Interpreting a measurement means defining the phenomena that conditioned its evo-
lution and/or distribution and characterize any possible correlations with other known
physical quantities.

The reference models can be derived from the knowledge of the solutions of simpler
problems known in the literature with strong exemplified hypotheses, such as to ensure
solutions in closed form [6, 7].

Simplifiedmodels play a key role in any interpretative process. Indicatewhich are the
most effective forms in which to organize and represent the measurements; qualitatively
identify many of the factors that have affected the mechanical behavior of dam during
construction and working condition; they stimulate doubts and questions about the mea-
surements that present anomalies, suggesting when it is necessary to resort to advanced
approaches; they finally guide in the selection of physical quantities that the advanced
type model must contain in order to be able to reproduce the observed mechanical
behavior.
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The detailed examination of the measurements of some earth dams has allowed to
check the effectiveness of the existing interpretative tools and to develop new simplified
models.

The interpretative schemes that seek to establish qualitative and quantitative correla-
tions between “cause” and “effect” magnitudes are therefore associated with represen-
tations in which both appear. For these reasons the measurements will be represented in
graphs that link them to the following factors: (a) load from embankment dam; (b) dam
geometry; (c) material properties; (d) time.

Hydraulic fracturing is a central issue in the evaluation of the safety conditions in
earth dams. In general, safety against hydraulic fracturing is checked for by measuring
vertical total stress, pore water pressures in the earth dam, rate of flow through the dam;
water turbidity is also inspected as a warning sign for erosion phenomena [8].

The analysis of some case histories available in the literature made it possible to
identify a crucial mechanism for hydraulic fracturing, namely load transfer phenomena
(arching action) due to differences in stiffness between the core and the abutments.

2 Vertical Total Stress and Arching

In a zoned earth dam the different stiffness of materials constituting the core and abut-
ments produces non-homogeneous distributions of vertical total stress. The load transfer
leads to a reduction of stress within the dam core and an increase in the abutments.

As an example Fig. 1 shows three distributions of the vertical total stress theoret-
ically obtained along a horizontal section. The distribution obtained for homogeneous
dam (Eabutment/Ecore = 1) is very similar to the distribution of the overburden pressure.
With reference to Beliche Dam geometry, even a modest increase in the stiffness of the
abutment (Eabutment/Ecore = 3) is able to produce a markedly discontinuous vertical total
stress distribution due to load transfer phenomena, and thus increasing arching action.
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A first interpretation of the vertical total stress measurements can be obtained from
comparing the measurements along horizontal lines perpendicular to the longitudinal
axis of the dam with the theoretical distributions of homogeneous dam or overburden
pressure.

Figures 2 and 3 show two examples of interpretative approach above illustrated. They
relate to Beliche Dam and Camastra Dam, respectively. In both cases the load transfer
phenomena is highlighted with a sudden discontinuity of the values in correspondence
with the core-abutment contact. For Beliche dam the comparison betweenmeasurements
and computed data (model) highlights (filled circles) significant arching action. The
vertical total stress measured at Camastra dam, while showing a marked arching action,
are characterized by values decidedly superior to the theoretical ones. Beyond the stress
concentrations produced by three-dimensional effects (not invocable in this case), the
condition of vertical equilibrium in the considered section should produce distributions
of vertical total stress, measured and theoretical, which subtend the same area. The
marked difference between the areas subtended raise some doubts about the reliability
of the measurements.

During construction of earth dam, it is possible to estimate the evolution of the
arching action plotting the vertical total stress measured versus overburden pressure.
In Fig. 4 this plot is proposed for a point located within the core of the Kastraki Dam.
The dotted line corresponds to the condition of equality between the two quantities; the
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greater the deviation from this condition, the greater the arching action, which leads to a
load transfer towards the more rigid abutment. This type of representation is particularly
effective especially in the presence of “scattered” measurement points.
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In the post-construction phases vertical total stress variations can be induced by phe-
nomena that characterize the first impounding and working condition (e.g. saturation
collapse, primary consolidation, secondary compression). These are generally phenom-
ena that induce in the generic element within the embankment deformation processes
which, if contrasted by the boundary conditions, determine variations in vertical total
stress. Figure 2 shows, as an example, the saturation collapse for BelicheDamduring first
impounding and the change in total stress produced by the phenomenon. In the upstream
side, subject to collapse, there is a reduction of stress, balanced, in the remaining areas
of the dam, by an increase in vertical total stress.

3 Conclusion

In this paper the main simplified models available to understand mechanical behaviour
of earth dam, were examined. The paper highlighted the main problems associated with
the interpretation of the total stress measurements.

A central element of the discussion is the interpretability of measured data, linked to
the concepts of reliability of measurement and representativeness of measured physical
quantity.

Distribution and evolution of monitored quantities, such as total stress, aid to char-
acterize the overall dam behaviour and detect state condition often associated to crack
formation or ti diagnose hydraulic problems. When much lower than overburden pres-
sure, vertical total stress measured in the core of a zoned earth dam indicate core arch-
ing and state conditions supposed to enhance crack formation and propagation during
impounding stages.
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Abstract. Seismic accelerations recorded on earth dams through permanentmon-
itoring systems could be very useful to handle the seismic safety assessment of
earth dams. First, they allow to characterize the seismic loads, which in conjunc-
tion with the static ones, might induce critical changes in those physical quanti-
ties controlling dam safety, i.e. stresses, strains, permanent displacements, pore
water pressures, seepage flows. In this way, control and quantification of all loads
affecting dam response in its whole lifetime are assured. Second, seismic record-
ings could be useful to characterize some important features of dam mechanical
behavior at relatively none or low cost. Focusing on this latter objective, the paper
examines the basic procedures that could be adopted to interpret the seismic sig-
nals acquired on a zoned earth dam equipped with a permanent seismic network
consisting of five accelerometer stations placed both on rock outcrops at the spe-
cific site and on the main cross section of the embankment (top, bank, base). As
the dam is placed in a quite seismically active zone of Southern Italy, five years
of continuous monitoring have delivered dozens of records associated to weak
earthquakes having different source-site distance, magnitude and frequency con-
tent. Interpretation of these signals has yielded important aspects on the dynamic
behaviour of the sample dam at low strain levels, such as natural frequencies, sig-
nal amplification, spatial variability of themotion. The recordings of weak-motion
earthquakes, which surely are more frequent than strong motion events during the
dam lifetime, may be easily interpreted and could be extremely convenient in
completing - at relatively low cost - the huge amount of information needed to
carry out the crucial task of seismic safety assessment of dams, especially in case
of existing earth dams that have been in operation for several years.

Keywords: Earth dam · Seismic monitoring ·Weak-motion events

1 Introduction

Recent guidelines and regulations developedworldwide (AGI 2005; ICOLD1988–1989;
NTD 2014), recommend dams in seismic areas be instrumented to record seismic accel-
erations. For an earth dam, the earthquake represents a transient change of mechanical
boundary conditions and the availability of acceleration recordings on rock outcrops and
on the dam body allows both quantifying to what extent the earthquake excited the dam
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and consequently interpreting the seismic-induced effects (Pagano et al. 2019). Simi-
larly to ordinary loads acting on earth dams, i.e. dead load and impounding pressure, the
seismic loading represents the “causative” factor for a number of “effects”, which are
observed soon after an earthquake: pore water pressure build up, permanent displace-
ments, changes in total stress distribution, and increase in seepage flows. Quantifying
the seismic loads through a permanent monitoring network makes, hence, easier the task
of interpreting dam response during and after an earthquake and performing reliable
assessment of dam safety in post-seismic conditions.

Other than representing the main cause for plenty of effects, the accelerations
recorded on the dam body are themselves effects that elucidate how the dam body
reacted to an earthquake. Modification of the seismic signal in its upward traveling in
the dam embankment is known to primarily depend on (i) source mechanisms (fault
geometry, source-site distance, etc.), which are peculiar of the earthquake shaking the
dam site, (ii) mechanical properties of the construction soils of the embankment and
(iii) the particular interaction between the incoming wave front and dam geometry. The
seismic signals acquired at different locations of the dam (embankment, foundation,
rock outcrops) could be interpreted to characterize important factors related to the over-
all mechanical response of the dam, such as its natural frequencies, ground motion
asynchronism, stiffness and damping properties of the dam soils. The above quantifi-
cations always should be associated to the strain levels induced by the seismic shaking
to the dam soils. Although a seismic monitoring system is primarily installed to record
strong motion events able to mobilize medium-to-high strain levels in soils, it frequently
acquires only weak motion events, which mobilize dam soils in the range of very small
strains. However, the characterization of soil behavior at small strains is an inevitable
part of the overall mechanical characterization of dam soils, and the availability of plenty
of recordings associated to several weak motion events provides this information almost
uncostly. It is only needed to create a protocol of the most suitable and effective pro-
cedures to interpret these huge amount of data (signals) provided by the accelerometric
stations working continuously on the dam. By recalling a previous work of the authors
(Sica et al. 2008b), in which a first attempt to establish a suitable protocol was outlined,
in this paper emphasis is given to those characteristics that are specific of dam behaviour
at the structure scale, which can effectively be identified by interpreting weak-motion
earthquake recordings and help engineers in handling the crucial task of seismic safety
assessment through advanced dynamic approaches (Sica et al. 2008a and 2019; Elia
et al. 2011), as required by the so-called performance-based philosophy and by the more
updated technical codes in Italy (NTC 2018 and NTD 2014) and worldwide.

The paper, referring to the case-history of Camastra Dam (Italy) equipped with five
accelerometer stations since July 2002, illustrates the most suitable and effective proce-
dures to interpret the recorded weak-motion earthquakes in order to obtain estimation
of soil mechanical properties at small strains and other characteristics of dam response
at macroscopic scale. Although the proposed procedures were used to interpret weak
motion events, the only ones available to date, they are quite general and could also be
adopted for accelerometric recordings caused by intense seismic events.
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2 The Camastra Dam and the Installed Seismic Monitoring System

The Camastra dam (Fig. 1) is located South of Italy, in the Basilicata Region, 20 km
South-East of Potenza city, on the Camastra stream. It is a zoned earth dam with an
internal vertical core made of silty sand and shells made of sandy gravel. The embank-
ment maximum high is of 57 m. The reservoir has an impounding capacity of 42 million
of m3. The embankment subsoil is made of two different rock formations. The one
laying towards the left abutment is a clayey-calcareous rock (Corleto Perticara forma-
tion), while that close to the right abutment is an arenaceous-clayey rock (Serra Palazzo
formation).

Available documents deliver the boundary condition during the construction stages
(July 1963–November 1964), the first impounding and operational stages. The monitor-
ing system provides records of internal settlements (cross-arms placed in the core and
in the downstream shell) pore water pressures in the core (vibrating wire piezometric
cells) and total stresses in the core and in the shells (vibrating wire total stress cells).
The dam has been widely described in literature and for more details reference could be
made to Sica and Pagano (2009).

The seismic monitoring system installed on the Camastra Dam consists of 5
accelerometer stations (Fig. 1). Two stations were installed on the two rock outcrop for-
mations of Serra Palazzo and Corleto Perticara close to the dam embankment (Fig. 1a).
Three were installed along the downstream boundary of the main embankment cross
section in correspondence of the crest, intermediate bank and base (Fig. 1b).

Each monitoring station is made of an accelerometer fixed to a concrete base, which
was embedded 1 m into the ground. A GPS for each accelerometer allows synchronizing
all devices with an accuracy order of 10 µs. Power supply is provided by a photovoltaic
panel linked to a battery. A box in plastic material protects each accelerometer from
weathering (Fig. 1c).

Each seismic device is a triaxle mass-balance accelerometer sensor with a wide
spectrum. The acquisition system is made of three channel data-loggers, which digital-
ize the analogical signal with a sampling frequency of 200 Hz, a resolution of 18 bit
and a dynamic of 108 dB. Output data are stored by an extended-temperature solid-
state memory. The device has been levelled to properly measure vertical acceleration.
Horizontal sensors have been turned parallel respectively to the dam longitudinal axis
(right-left abutment direction) and the transversal (upstream-downstream direction) axis
to directly measure longitudinal ad transversal acceleration components.

The trigger threshold was set at 10−4 g. In each record, time resolution is set to
0.005 s, corresponding to a maximum sampling frequency of 200 Hz. Pre and post-
event durations were set equal to 50 e 120 s, respectively. To eliminate drift phenomena
from records and other possible inaccuracies, recorded signals have been preliminary
corrected of baseline and other signal errors.
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Fig. 1. Camastra Dam: (a) plan view of the dam; (b) main cross section of the embankment;
(c) inside and outside view of an accelerometric station

3 Database of Acceleration Signals Recorded at the Dam Site

In five years of continuous monitoring (2002–2007), the accelerometers at the dam site
recorded about 50 weak motion events. Among these, 24 events triggered at least 3
monitoring stations and allowed more detailed interpretation. Table 1 provides informa-
tion on event date, magnitude, seismogenic zone, epicenter and peak acceleration of the
recorded longitudinal (L), transversal (T) and vertical (V) components. The sources of
the recorded events were variously located with source-site distance spanning from a
few kilometers (near-source events) to 300 km or more (far-source events). In addition,
for the three stations placed on the dam embankment the peak transversal (upstream-
downstream), longitudinal and vertical accelerations are provided. It is interesting to
observe that the peak vertical acceleration often was higher than the two horizontal
components, especially for the seismic events originated closer to the dam site (near-
source propagation). Most of the recorded events had epicenter in the Apennines, at the
border between Campania and Basilicata Regions, where the devastating 1980 Irpinia
earthquake took place. The two seismic events that induced higher accelerations at the
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dam site were the Molise earthquake (31/10/2002) and the Appennino Lucano earth-
quake (7/9/06). Epicenter of the former event is 300 km far from the dam (far-source
event), while that of the latter is around 15 km (near-source). Neither of these events
induced any macroscopic effect on the dam body.

In what follows, some of the seismic events listed in Table 1 were interpreted by
means of simplified procedures to derive useful information on dam soil behavior at
small strains and on the overall dynamic response of the embankment.

Table 1. Selected recordings of the weak-motion earthquakes recorded on the Camastra Dam (in
red the records for which the vertical component was higher than the horizontal ones)

dam base dam berm dam crest
Recording Date Magnitudo Seismogenic zone source-site distance Epicenter a (cm/s2) a (cm/s2) a (cm/s2)

T L V T L V T L V
Km

1 31/10/2002 5.4 Monti dei Frentani >300 S. Giuliano di Puglia (CB) 0.51 0.59 0.44 0.71 0.73 0.43 1.35 1.34 0.80
2 01/11/2002 5.3 Monti dei Frentani >300 Casacalenda (CB) 0.47 0.31 0.21 0.48 0.51 0.29 0.88 0.73 0.42
3 29/03/2003 5.4 Adriatico centro sett. >300 0.13 0.11 0.07 0.14 0.13 0.07 0.17 0.17 0.10
4 04/05/2003 3.1 Appennino Lucano 30 Ferrandina (MT) 0.13 0.16 0.19 0.13 0.09 0.11 0.20 0.12 0.22
5 21/05/2003 <2 Appennino Lucano 10 zona diga (PZ) 0.14 0.15 0.28 0.09 0.10 0.13 0.15 0.17 0.17
6 27/07/2003 2.9 Appennino Lucano 40 Buccino (SA) 0.13 0.11 0.11 0.16 0.11 0.09 0.19 0.13 0.20
7 14/08/2003 6.2 Grecia >300 - - - 0.17 0.15 0.10 0.21 0.17 0.13
8 23/02/2004 3.5 Appennino Lucano 40 Buccino (SA) 0.17 0.24 0.13 0.17 0.18 0.12 0.39 0.47 0.35
9 24/02/2004 3.7 Appennino Lucano 40 Buccino (SA) 0.37 0.57 0.15 0.48 0.46 0.18 1.05 0.97 0.68

10 03/03/2004 4.2 Costa Calabra 110 0.24 0.25 0.12 0.45 0.33 0.16 0.84 0.53 0.34
11 27/07/2004 2.9 Appennino Lucano 30 Ferrandina (MT) 0.17 0.11 0.20 0.12 0.08 0.14 0.18 0.15 0.21
12 30/07/2004 3 Appennino Lucano 30 Ferrandina (MT) 0.16 0.15 0.33 0.11 0.11 0.22 0.22 0.17 0.33
13 31/07/2004 3.2 Appennino Lucano 30 Ferrandina (MT) 0.26 0.21 0.33 0.23 0.19 0.21 0.46 0.27 0.52
14 02/08/2004 3.3 Appennino Lucano 40 Buccino (SA) 0.17 0.15 0.17 0.08 0.12 0.13 0.14 0.14 0.18
15 15/08/2004 3.2 Appennino Lucano 40 Buccino (SA) 0.18 0.15 0.11 0.13 0.11 0.12 0.23 0.17 0.22
16 03/09/2004 4.1 Appennino Lucano 40 Buccino (SA) 0.57 0.63 0.45 0.80 0.77 0.38 1.16 1.11 0.88
17 08/01/2006 6.7 Grecia >300 0.44 0.41 0.49 0.45 0.42 0.48 0.73 0.61 0.86
18 17/04/2006 4.3 Golfo di Taranto 60 Rossano Calabro (CS) 0.10 0.06 0.05 0.09 0.10 0.05 0.21 0.13 0.11
19 24/04/2006 2.7 Appennino Lucano 40 Buccino (SA) 0.14 0.14 0.08 0.08 0.12 0.10 0.16 0.14 0.17
20 29/05/2006 4.9 Gargano 50 Carpino (FG) 1.05 0.75 0.48 0.93 0.77 0.50 1.71 1.47 1.22
21 22/06/2006 4.5 Piana di Sibari 60 Corigliano Calabro (CS) 0.28 0.49 0.17 0.25 0.27 0.19 0.60 0.50 0.44
22 06/08/2006 2.9 Appennino Lucano 20 Tito (PZ) 0.21 0.27 0.16 0.21 0.21 0.16 0.37 0.34 0.34
23 07/09/2006 3.9 Appennino Lucano 15 Calciano (MT) 0.72 0.61 0.86 2.37 3.89 4.90 5.24 3.90 8.00
24 26/10/2006 5.7 Tirreno Meridionale 150 Isole Lipari 0.32 0.26 0.36 0.33 0.29 0.33 0.54 0.47 0.58

4 Interpretation of the Recorded Signals

The modification that a seismic signal in its upward propagation in the dam embank-
ment depends on a number of factors, among which the features of the fault mechanism
together with the source-site distance, damping and stiffness properties of both construc-
tion and foundation soils, dam geometry. Interaction among these factors may increase
or decrease the amplitude and frequency content of the seismic signal with respect to
the incoming one, generate a phase difference between the motions of points within the
dam body.

The interpretative procedures adopted to quantify the above modifications may be
distinguished according to the domain of reference, i.e. frequency or time domain. In the
following section, the acquired acceleration recordings will be described and interpreted
accordingly.

4.1 Frequency Domain

Frequency domain interpretation may be performed by computing the acceleration
response spectrum (at 5% of damping) for each recorded accelerogram. Figures 2, 3
and 4 show the response spectra for some events listed in Table 1.
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Fig. 2. Response spectra of the signals recorded during the Oct. 31, 2002 event (#1 in Table 1)
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Fig. 3. Response spectra of the signals recorded during the of Sept. 3, 2004 event (#16 in Table 1)



On the Role of Weak-Motion Earthquakes Recorded on Earth Dams 351

0.0

1.0

2.0

3.0

4.0

0.1 1.0 10.0 100.0

S
A 

(c
m

/s
2 )

f (Hz)

0.0

1.0

2.0

3.0

4.0

0.1 1.0 10.0 100.0

S
A 

(c
m

/s
2 )

f (Hz)

0.0

1.0

2.0

3.0

4.0

0.1 1.0 10.0 100.0

S
A 

(c
m

/s
2 )

f (Hz)

coronamento

banchina

base diga

formazione di Serra
Palazzo

formazione di
Corleto Perticara

f (Hz) 

S
A 

(c
m

/s
2 )

 

f (Hz) 

S
A 

(c
m

/s
2 )

 

f (Hz) 

S
A 

(c
m

/s
2 )

 
Crest

Midheight

Base

S. Palazzo

Corleto P. 
outcrop

Transversal a)
Longitudinal b)

Vertical c)

Fig. 4. Response spectra of the signal recorded during the Oct. 26, 2006 event (#24 in Table 1)

The acceleration response spectra of the far source events datedOct. 31, 2002 (Fig. 2;
record n.1 in Table 1), Sept. 3, 2004 (Fig. 3; record n.16 in Table 1) and Oct. 26, 2006
(Fig. 4) show a remarkable filtering effect exerted by the dam body on all components
of motion. Signals recorded at the bedrock have a quite flattened spectral shape over
the frequency range 2–10 Hz. At the crest, the spectral shapes are narrower with max-
imum values at frequencies of 3÷4 Hz for both transversal and longitudinal horizontal
components, at 5 Hz for the vertical component.

To evaluate the different response of the dam along the three components of motion,
Fig. 5 compares the response spectra (event of Sept. 3, 2004) of the signals recorded at
single locations. It is possible to notice that in the two horizontal directions the response
spectra at the dam crest do not differ significantly each other. Some differences may,
instead, be observed on the vertical component, whose maximum spectral ordinate at
the crest is shifted towards higher frequency, i.e. 5 Hz.

Similar patterns were found for the other signals listed in Table 1, so the above
observations depict a quite general response of the Camastra Dam under weak motion
events.

To discriminate the embankment response from the sourcemechanisms associated to
each event, the simple SSR (Standard Spectral Ratio) technique has been applied to all
recorded signals. In particular, the amplitude of the Fourier spectrum of the accelerogram
at a given location of the damwas divided by the Fourier amplitude of the corresponding
signal at the bedrock outcrop. For the Camastra dam, this procedure has been applied
between the signals (time window containing only S waves) recorded at the dam crest
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and on the Corleto Perticara outcrop. Figure 6 plots the SSR amplification ratios for all
recorded signals. It is evident that the fundamental frequency of the dam embankment
is around to 3.3 Hz in both horizontal directions (transversal and longitudinal). In the
transversal direction (upstream-downstream) the amplification function shows a number
of additional peaks at frequencies of 5 Hz and 14 Hz. As far as the vertical component
is concerned, the SSR technique yields peaks at frequencies of 5.9 and 17 Hz.

By comparing the results yielded by the he SSR technique (Fig. 6) and those yielded
by the simple representation through response spectra (Figs. 2, 3 and 4), it emerges that
the dam fundamental frequency of an earth dam may be conveniently deduced from the
response spectra of the far-source events (Figs. 2, 3 and 4). Natural frequencies of higher
order require the application of SSR technique only.

From a practical viewpoint, the knowledge of dam natural frequency may be useful
to obtain an approximate estimation of a representative shear modulus (G0) associated
to the dam body for calibrating the parameters required by more refined mathematical-
numerical models or for selecting suitable input motions from accelerometric databases
in order to assess the seismic response of earth dams by means of performance based
approaches.

By modelling the embankment as a shear beam (Mononobe et al. 1936; Kramer
1996; Gazetas 1987; Prato e Delmastro 1987), the dam fundamental frequency, f1, in
the upstream-downstream direction may be related to the dam height, H, and to the shear
wave velocity, Vs, of the whole embankment through the well-known relationship:

f1 = Vs
2.59H

(1)
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Substituting in Eq. (1) the fundamental frequency estimated from the recorded
accelerograms in the transversal direction, ( f1 = 3.3 Hz in Fig. 6), a shear wave velocity
Vs equal to 490m/s (shear modulus G0 of 480MPa) was obtained. This value, which has
the meaning of an equivalent stiffness of the zoned embankment, is close to the values
measured on site (Pagano et al. 2008).

4.2 Time Domain

A seismic signal travelling upward throughout the dam body usually amplifies. The
monitoring system installed at different elevations of theConzaDamembankment allows
characterizing this phenomenon. In Fig. 7 the maximum accelerations recorded at the
crest and bank were normalized with respect to the maximum value recorded on the
Corleto Perticara rock outcrop to obtain the Amplification Factors, AT. The obtained
values of AT point out that often crest peaks are 2–3 times as high as those at rock
outcrop or dam basement. At the intermediate bank, AT is 1–2 times the reference value
on Corleto rock outcrop. In most of the analyzed cases, is the transversal component of
the motion to denote higher amplification with respect to the incoming signal.

Amplification effects arise due to deformability of the embankment and dam geom-
etry. The trapezoidal shape of the dam, in particular, generates focalization of seismic
waves towards the dam crest. At the crest, the vertical component amplifies more than
horizontal components (Table 1) because the vertical components of SV and P waves
reflected by the dam boundary add up to the direct P and Rayleigh waves (Bouckovalas
e Papadimitriou 2005).

In the time domain, it is also possible to observe out-of-phase ground motions
between pairs of points of the embankment. These effects, causing asynchronism of
the motion, partly compensate the inertial effects within the dam body, thus reducing
the destabilizing forces during the earthquake (Bilotta et al. 2010).
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Figure 8 shows, as an example, the acceleration time histories recorded on the dam
body during the near-source event of Sept. 7, 2006 record (n. 23). The signals are signif-
icantly out-of-phase. This response may be explained considering the high frequencies
and therefore the shorter wavelengths associated to this signal, whose epicenter is very
close to the dam site.
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5 Conclusions

The paper illustrated the important role of weak-motion recordings acquired on earth
dams through permanent seismic monitoring stations. These low-intensity signals, often
disregarded because not associated to macroscopic effects on the dam body, may be very
useful in characterizing important aspects of dam response at relatively low cost.

Once suitably represented in frequency and timedomain throughbasic signal analysis
procedures, accelerometric recordings allow the fundamental frequency (and, in some
cases, also higher order frequencies) of the embankment to be quantified together with
a “representative” shear stiffness of the overall dam body at small strains.

The paper emphasized the high potential of using abundant signals associated to
recurrent weak-motion earthquakes, which instead are usually disregarded by the engi-
neers who are entitled to assess the seismic safety of an earth dam. The illustrated
interpretive procedures may be extended also to the case of stronger earthquakes in
order to characterize dam behavior at higher strain levels.
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Abstract. Monitoring the behavior of an unsaturated soil embankment under
dynamic and complex conditions is still a limit, especially under spatial and tem-
poral variation of soil and foundation properties, boundary conditions, and loading
conditions. Pore-water pressure is a major factor for the stability of the embank-
ment. Therefore, this study concentrates on monitoring of pore-water pressure.
Finite element analysis (FEA) updated with an artificial neural network (ANN)
using an optimally tuned single hidden layer was carried out. The FEA using
physical soil properties from literature (soil moisture and soil suction) and actual
heavy rainfall data was conducted to generate time-series pore-water pressure.
The FEA results were configured to establish input dataset feeding into the ANN
model. The ANN was analyzed using open-source libraries for machine learning,
parallel and multiprocessing, and python programming to predict the behavior of
pore-water pressure. The ANN results showed good performance for monitoring
the pore-water pressure.

Keywords: Neural network · Pore-Water pressure · Unsaturated embankment

1 Introduction

During the service life of an embankment dam,monitoring seepage is critical for stability
and safety of the dam. Seepage behavior is influenced by a variety of factors such
as climate, reservoir level, soil and foundation properties. Pore-water pressure (PWP)
variations in an unsaturated soil embankment, whose properties are heterogenous in
both temporal and spatial domains, are difficult to solve by traditional methods. In
addition, multiphase, multiple physical factors, internal and external loading conditions,
initial conditions, and boundary conditions contribute to the degree of complexity in
analyzing the pore-water pressures. Besides, durability of monitoring instruments at an
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embankment site may experience unexpected damages from technical defects, harsh
environment, lightning, or low maintenance. Therefore, continuous monitoring of the
PWP is essential.

Artificial neural network (ANN) is a computational model using a metaphor to the
mimicry of the brain neuron networks. Figure 1 represents a generalmultiple layer neural
network model parallel to the finite element analysis (FEA). The ANN algorithms are
widely employed in various fields. For examples: assessing environmental hazard and
disaster associated with soil erosion [1], pore-water pressure for slope stability [2, 3],
rainfall forecast [4], shear strength of soil [5], dam seepage [6] and flood forecast [7].
However, existing studies of predicting the PWP in an embankment using machine
learning is still not widely studied, especially under unsaturated soil conditions. Perfor-
mance of ANN model in the past also encountered issues associated with availability of
computation infrastructure, size of datasets, optimizations, and programming libraries.
Therefore, efficient and robust ANN model is required. In this study, a single hidden
layer ANNmodel was configured using a recently developed machine learning libraries,
computational infrastructure, optimization and tuned hyperparameters. The ANN was
deployed to evaluate the PWP behavior of an earth fill embankment by considering
unsaturated soil conditions, pore-water pressure and rainfall.

Fig. 1. A schematic diagram of the artificial neural network and the finite element analysis.

2 Methods

2.1 Hydrological Data, Embankment Geometry, and Soil Properties

Dam geometry with a dimension of 17 m height, 80 m width and 22° inclined upstream
and downstream (Fig. 3). Toe drain was constructed with filter sand to reduce seepage
force in the face of downstream slope. Constant upstream reservoir level was fixed at
13 m above the base. Two properties of the embankment dam, soil-water retention curve
[8] and permeability function, were derived from literature and their characteristics are
shown in Fig. 4. Actual rainfall of a monitored site in Japan was used in this study
(Fig. 2).
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Fig. 2. Hydrological rainfall data of a site.

Fig. 3. Geometry and pore-water distribution (in kPa) of the unsaturated soil embankment under
steady-stated condition.

Dam embankment was analyzed by finite element (FE) software using SEEP/W from
Geoslope. Results of the PWP distribution under steady-stated analysis was initially
obtained as shown in Fig. 3 and was set as initial condition before applying rainfall. The
PWP is dependent on the rainfall and antecedent rainfall up to 5 days can affect PWP
significantly for residual soil slope [9]. Therefore, various combinations of antecedent
data were taken into consideration for generating input dataset. Combining same data by
different configurations so called “data augmentation” is to increase data dimensionality
for improving performance of a machine learning model under data scarcity. A study
by [2] used cross-correlation and autocorrelation methods to select appropriate input
parameters. However, manually trail method was adopted in this study. Table 2 shows
the properties of the input parameters and Table 3 shows the combination of the input
parameters used to create the dataset for feeding into the ANN model.
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Fig. 4. Soil properties: (a) soil-water characteristic curves and (b) permeability functions.

2.2 Neural Network Algorithm

ANN model with a single hidden layer can represent various functions when feeding
with appropriate parameters [10] and was selected in this study. The ANN model was
carried out by open-source machine learning libraries using Keras [11], Tensorflow [12],
and Scikit-learn [13]. Early-stopping criterion, a form of regulation in machine learning,
was opted in order to generalize the model results, to avoid overfitting and to reduce
computation time. Detailed configurations are set in Table 1.

Data normalization or feature scaling is an efficient method for fast convergence of
gradient descent problems. Standard scaling or standardization, Eq. (1), is employed in
this study. Data normalization using Eq. (1) is called “Z-score” or “standardization” to
transformGaussian or non-Gaussian data to have amean of 0 and unit standard deviation.
The Z-score is useful for data with outliers especially climate-change induced rainfall
data, which also triggers PWP data to be outliers.

Z = x − μ

σ
(1)

whereμ is themean of the training samples and σ is the standard deviation of the training
samples. μ = 0 and σ = 1 if data is normally distributed.

Activation function is the functionused togovern thebehavior of neurons for complex
problems especiallymapping the high degree of nonlinearity. Linear regression problems
require no activation function. Hyperbolic tangent, Eq. (2), was selected in this study
due to transition range from−1 to+1 with zero as center similar to negative and positive
pore-water pressures, where the symbol e is the natural number.

f (x) = tan(x) =
(
ex − e−x

)

(
ex + e−x

) (2)
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Table 1. Configuration for operating the ANN model.

Descriptions Details

Operating System and processor Ubuntu 18.04 (Linux), 96-core Intel Processor

Machine Learning Infrastructure Amazon Cloud

Open-source neural network libraries Keras, Numpy, Pandas, Scikit-learn, Tensorflow

Programming language Python

Type of operation and batch size Parallel and multicore processing, 10

ANN architecture and data splitting Single hidden layer, 70%-30%

Type of machine learning and metrics Supervise learning, coefficient of determinant

ANN optimization and activation function Adam optimizer, hyperbolic tangent (tanh)

ANN Learning rates 0.0001, 0.001, 0.01, 0.1

ANN Hyperparameters:

Activation None

Use bias True

Kernel_initializer Glorot_unitform

Bias inilializer Zeros

Kernel regularizer None

Bias regularizer None

Activity regularizer None

Kernel constraint None

Bias constaint None

Table 2. Considered input parameters and their associated statistics.

Input neurons Count Mean Standard deviation Min Max

Daily rainfall parameters (mm):

Current rainfall, R0 694 4.91 16.053 0 229

1-day antecedent rainfall, R1 694 4.91 16.053 0 229

2-day antecedent rainfall, R2 694 4.91 16.053 0 229

3-day antecedent rainfall, R3 694 4.91 16.053 0 229

4-day antecedent rainfall, R4 694 4.91 16.053 0 229

5-day antecedent rainfall, R5 694 4.91 16.053 0 229

6-day antecedent rainfall, R6 694 4.91 16.053 0 229

7-day antecedent rainfall, R7 694 4.91 16.053 0 229

(continued)
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Table 2. (continued)

Input neurons Count Mean Standard deviation Min Max

Pore-water pressure parameters (kPa):

1-day antecedent PWP, P1 694 −4.665 1.483 −10.596 0.349

2-day antecedent PWP, P2 694 −4.673 1.499 −10.596 0.349

3-day antecedent PWP, P3 694 −4.680 1.516 −10.596 0.349

4-day antecedent PWP, P4 694 −4.688 1.532 −10.596 0.349

5-day antecedent PWP, P5 694 −4.696 1.549 −10.596 0.349

6-day antecedent PWP, P6 694 −4.703 1.565 −10.596 0.349

7-day antecedent PWP, P7 694 −4.711 1.58 −10.596 0.349

Current PWP, P0, target 694 −4.657 1.466 −10.596 0.349

Note: although the statistical data of the rainfall events R0 to R7 are the same due to shifting
the rainfall data, their time-series events are different.

2.3 Optimization, Learning Rates, and Performance Metrics for ANN Model

Adam is one of the commonly used optimization algorithms with growing popularity
for neural network and deep learning. Adam optimizer is an adaptive learning rate
optimization algorithm [14]. Its attraction and usefulness are the ability to find learning
rates for optimization parameters. However, performance of the optimizer is still a case
specific. Performing the ANN was conducted following the flow chart in Fig. 1. Before
modeling, raw data was pre-processed. Data were split into training dataset (70%) and
test dataset (30%). Learning rates used in this study were 0.0001, 0.001, 0.01 and 0.1.
Performance metrics are important indexes to gauge performance of machine learning
algorithms. Coefficient of determination (R2), Eq. (3), was used to evaluate performance
of the ANN model. The R2 is a scale-free between the input and output and provides
good indexes for predicting future samples. The higher the value of the R2, with the
maximum score of 1.0, the better the model performs.

R2(y, y
∧) = 1−

∑nsample
i=1 (yi − yi

∧

)2

∑nsample
i=1 (yi − y)2

(3)

y = 1

nsample

∑nsample

1
yi (4)

where
y
∧

i is the predicted value of the i th sample
yi is the corresponding true value
nsample number of samples.
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3 Results and Discussion

3.1 Effect of Neuron Numbers and Learning Rates

Selection of the optimal number both in the input layer and the hidden layer has no
specific rule of thumb. Few neurons can result in under-fitting and excessive neurons
can result in overfitting. A research by [15] recommends that the neuron number in the
hidden layer should be in between the size of the output and input neurons, or 2/3 of the
size of the input layer plus the size of the output layer, and twice less than the neuron
number of input neurons. However, the neuron number of the hidden layer in this study
was preconfigured up to a limit of 50 neurons. This is to compare the results of the ANN
model within 50 hidden neurons.

Fig. 5. ANN model performance: RHS (a) fitting performance and LHS (b) loss performance

Table 3 shows the results of the optimal learning rates during the first run of the
ANNmodel by the Amazon Cloud infrastructure. There were different optimal learning
rates for any dataset which combines different parameters for the input parameters. The
difference in the learning rates was expected due to the random nature of the learning,
training, and validating process of the ANN. Besides, the hyperparameters were also the
main factors influencing the outcomes. Tuning hyperparameters of the ANN is tedious
and case-specific process and subjected to computer framework used. The obtained
optimal learning rate indicates that the result can be converged efficiently. However,
cautions need to be attended as the optimal learning rate can be fluctuated in every run
of the ANN model.
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3.2 Performance of the Neural Network Model

The 4-49-1 architecture was identified as the best-performed architecture. The corre-
sponding metric score for the validation was 0.9931 (Table 3). Figure 5a shows the
performance result of the neural network application for the test dataset for input dataset
No.3 (4-49-1 architecture). All points were closed to the perfect performance straight
line (the straight line inclined at 45° to the x-axis and y-axis) (Fig. 5a). Figure 6 showed
the result the predicted pore-water pressure using the test dataset. This indicates that
using data augmentation in this study under limited dataset can enhance the robustness
and performance of the model with respective to the value of R2 greater than 0.90. In
general, it was found that using only the current rainfall is sufficient to obtain the high
accuracy of results. However, the ANN model tends to perform better when adding
antecedent pore-water pressures than adding the set of antecedent rainfalls. This can be
seen in Table 2 that statistics of the antecedent rainfall events (shifted rainfall data with
respect to time) are the same.

However, there were different results in each run of the ANN model. Thus, 1000
runs of the model were conducted in order to visualize or observe how the results deviate
from each run. Table 4 shows the results of the 1000 runs of the neural network using
computer terminal different from that of the Amazon Cloud. The result showed that there
was small deviation of the results, indicating that the performance of the neural network
was stable, with the mean, standard deviation, minimum value, and maximum value of
0.9829, 0.0042, 0.9337, and 0.9863, respectively.

Figure 5a shows the comparison results for the test data (30% of the total data). It was
found that the predicted pore-water pressure was able to mimic the pattern of the FEA
modelled pore-water pressure in high accuracy. The Fig. 5b shows the validation results
of the trained data and test data with the Early-Stopping criterion. The Early-Stopping
criterion was selected in order to stop the training in order to avoid overfitting issue as
this can affect the generalization of the result. The maximum epoch was 4 out of 1000
(Fig. 5b), which indicates less execution time to operate the 4-49-1 architecture.

Fig. 6. Performance of the test data.
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Table 3. The ANN result performance for the test data.

No. Input dataset Neural Network Optimization Properties

Learning rate #Hidden neurons R2 Epochs

1 R0, P1 0.1000 17 0.9876 5

2 R0, P1, P2 0.0100 9 0.9908 21

3 R0, P1, P2, P3 0.1000 49 0.9931 6

4 R0, P1, P2, P3, P4 0.0100 49 0.9906 8

5 R0, P1, P2, P3, P4, P5 0.0100 39 0.9876 7

6 R0, P1, P2, P3, P4, P5, P6 0.0100 43 0.9874 8

7 R0, P1, P2, P3, P4, P5, P6, P7 0.0001 41 0.9864 110

8 R0, R1, P1 0.0100 39 0.9828 7

9 R0, R1, P1, P2 0.0100 45 0.9849 8

10 R0, R1, P1, P2, P3 0.0100 4 0.9857 24

11 R0, R1, P1, P2, P3, P4 0.0100 49 0.9855 8

12 R0, R1, P1, P2, P3, P4, P5 0.0100 44 0.9823 5

13 R0, R1, P1, P2, P3, P4, P5, P6 0.0100 42 0.9829 7

14 R0, R1, P1, P2, P3, P4, P5, P6, P7 0.0100 45 0.9830 7

15 R0, R1, R2, P1 0.0010 36 0.9803 45

16 R0, R1, R2, P1, P2 0.0010 50 0.9825 35

17 R0, R1, R2, P1, P2, P3 0.0001 43 0.9877 246

18 R0, R1, R2, P1, P2, P3, P4 0.0010 50 0.9834 23

19 R0, R1, R2, P1, P2, P3, P4, P5 0.0100 50 0.9825 9

20 R0, R1, R2, P1, P2, P3, P4, P5, P6 0.0001 48 0.9832 129

21 R0, R1, R2, P1, P2, P3, P4, P5, P6, P7 0.0010 44 0.9784 19

22 R0, R1, R2, R3, P1 0.0010 50 0.9838 47

23 R0, R1, R2, R3, P1, P2 0.0001 37 0.9880 297

24 R0, R1, R2, R3, P1, P2, P3 0.0001 37 0.9862 262

25 R0, R1, R2, R3, P1, P2, P3, P4 0.0001 43 0.9857 196

26 R0, R1, R2, R3, P1, P2, P3, P4, P5 0.0001 49 0.9834 166

27 R0, R1, R2, R3, P1, P2, P3, P4, P5, P6 0.0010 40 0.9810 22

28 R0, R1, R2, R3, P1, P2, P3, P4, P5, P6, P7 0.0010 48 0.9846 26

29 R0, R1, R2, R3, R4, P1 0.0010 9 0.9822 135

30 R0, R1, R2, R3, R4, P1, P2 0.0001 47 0.9892 290

31 R0, R1, R2, R3, R4, P1, P2, P3 0.0001 48 0.9884 273

32 R0, R1, R2, R3, R4, P1, P2, P3, P4 0.0001 48 0.9865 216

33 R0, R1, R2, R3, R4, P1, P2, P3, P4, P5 0.0001 49 0.9864 165

34 R0, R1, R2, R3, R4, P1, P2, P3, P4, P5, P6 0.0001 46 0.9850 169

35 R0, R1, R2, R3, R4, P1, P2, P3, P4, P5, P6, P7 0.0100 46 0.9802 9

36 R0, R1, R2, R3, R4, R5, P1 0.0010 43 0.9823 42

37 R0, R1, R2, R3, R4, R5, P1, P2 0.0100 48 0.9785 7

38 R0, R1, R2, R3, R4, R5, P1, P2, P3 0.0100 48 0.9833 10

39 R0, R1, R2, R3, R4, R5, P1, P2, P3, P4 0.0100 46 0.9858 8

40 R0, R1, R2, R3, R4, R5, P1, P2, P3, P4, P5 0.0010 49 0.9833 30

(continued)
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Table 3. (continued)

No. Input dataset Neural Network Optimization Properties

Learning rate #Hidden neurons R2 Epochs

41 R0, R1, R2, R3, R4, R5, P1, P2, P3, P4, P5, P6 0.0010 50 0.9786 29

42 R0, R1, R2, R3, R4, R5, P1, P2, P3, P4, P5, P6, P7 0.0100 46 0.9843 13

43 R0, R1, R2, R3, R4, R5, R6, P1 0.0010 49 0.9812 52

44 R0, R1, R2, R3, R4, R5, R6, P1, P2 0.0010 43 0.9814 57

45 R0, R1, R2, R3, R4, R5, R6, P1, P2, P3 0.0001 42 0.9846 259

46 R0, R1, R2, R3, R4, R5, R6, P1, P2, P3, P4 0.0001 47 0.9831 243

47 R0, R1, R2, R3, R4, R5, R6, P1, P2, P3, P4, P5 0.0001 50 0.9870 233

48 R0, R1, R2, R3, R4, R5, R6, P1, P2, P3, P4, P5, P6 0.0001 32 0.9791 221

49 R0, R1, R2, R3, R4, R5, R6, P1, P2, P3, P4, P5, P6, P7 0.0100 48 0.9813 9

50 R0, R1, R2, R3, R4, R5, R6, R7, P1 0.0010 36 0.9760 51

51 R0, R1, R2, R3, R4, R5, R6, R7, P1, P2 0.0100 43 0.9814 10

52 R0, R1, R2, R3, R4, R5, R6, R7, P1, P2, P3 0.0001 43 0.9829 264

53 R0, R1, R2, R3, R4, R5, R6, R7, P1, P2, P3, P4 0.0001 50 0.9815 207

54 R0, R1, R2, R3, R4, R5, R6, R7, P1, P2, P3, P4, P5 0.0010 49 0.9816 32

55 R0, R1, R2, R3, R4, R5, R6, R7, P1, P2, P3, P4, P5, P6 0.0001 49 0.9779 161

56 R0, R1, R2, R3, R4, R5, R6, R7, P1, P2, P3, P4, P5, P6, P7 0.0010 48 0.9801 41

Table 4. Metric results of 1000 runs using ANN for input dataset No.3.

Dataset No. Count Mean Standard deviation Min Max

#3 (R0, P1, P2, P3) 1000 0.9829 0.0042 0.9337 0.9863

4 Conclusion

Artificial neural network (ANN) was studied with the aid of open-source libraries for
neural network, python programming, cloud computing and the finite element analysis
(FEA). The ANN model with a single hidden layer architecture was capable of pre-
dicting the pore-water pressure variation in an unsaturated soil embankment dam. The
optimal ANN architecture was identified using advanced cloud computing infrastruc-
ture and multiprocessing and multi-core processing. The established model was viable
method for monitoring the pore-water pressure under limited input dataset using the
data augmentation for the same data for rainfall and pore-water pressure. The results of
the ANN in this study is useful for updating and complementary procedure for the FEA
under complex conditions and instrument constraints.
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On October 10 and November 3, 2018, the right bank slope of the Jinsha River at
Baige village failed twice and formed two huge landslide dams. The dams were 61 m
and 96 m in heights and 249 and 757 million m3 in lake volumes, respectively. The
breaching floods destroyed several man-made dams and large bridges downstream and
caused as much as 4 billion RMB direct loss in Lijiang City, Yunan province, which
is 800 km far away from the dam site. Two methods are used to simulate the dam
breaching and flood routing process of the Baige landslide dams: (1) Comprised model
A, which consists of the DABA model, DTE model and EDDA model, is developed to
simulate the sediment propagation and flood evolution during dam breaching. In that
model, DABA (Chang and Zhang 2010; Shi et al. 2015) is applied to mimic the erosion
of dam materials, EDDA (Chen and Zhang 2015) is applied to mimic the deposition of
the sediment downstream of the dam, and the DTE (Peng et al. 2019) is applied to link
these two models by mixing the soil and water and obtaining the hydraulic parameters
of the mixed fluid; and (2) Comprised model B, which consists of a empirical model
based on regression analysis withmulti-parameters and dam breachingmodular in HEC-
RAS model, is developed to simulating the dam breaching. The empirical model (Peng
and Zhang 2012) is applied to predict the breaching parameters and HEC-RAS model
is applied to mimic dam breaching process. Flood routing after the dam breaching is
conducted by using HEC-RAS as shown in Fig. 1.

Three scenarios are considered in the paper: the first dam breaching event (Sce-
nario 1), the second dam breaching event with the excavated spillway (Scenario 2) and
the second dam breaching event without spillway (Scenario 3). The simulated results
are shown in Table 1 and Fig. 2. The measured values of peak outflow rate during the
breaching of the first landslide dam (Scenario 1) and the second landslide dam (Sce-
nario 2) were 10000 m3/s and 33900 m3/s, respectively. The predicted peak outflow
rates of the first dam were 10052 and 11447 m3/s for the Comprised models A and B,
respectively. The corresponding peak outflow rates of the second dam became 33177
and 32136 m3/s. The errors of the two scenario calculated by Comprised model A
were 0.5% and 2.1%. The corresponding errors calculated by Comprised model B were
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14.5% and 5.2%. As shown in Fig. 2, the calculated peak discharge in different scenar-
ios show good agreements with the measured data, while the time that the peak dis-
charge occur show little difference with the measured data. The measured values of
breach depth for the first landslide dam and the second landslide dam with spillway
were 32 m and 61 m, respectively (Zhang et al. 2019). The errors of the two scenario
calculated by Comprised model A were 15.3% and 1.0%. The corresponding errors cal-
culated by Comprised model B were 5.6% and 23.1%. The breach depth, top width of
breach, and bottom width of breach all increased rapidly after entering the third stage.
It is possible to consider the most dangerous scenario that no spillway was excavated
for the second landslide dam. The peak flow rate would reach 53060 m3/s calculated
by Comprised model A (increased by 57%) and 58789 m3/s calculated by Comprised
model B (increased by 73%). Obviously, the excavation of the 15-m depth spillway
decreased the risks of the landslide dam significantly.

Fig. 1. Framework of the simulation method

Table 1. Predicted breaching parameters of the two Baige landslide dams

Scenario Peak flow rate
(m3/s)

Breach

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

Model A Model B Model A Model B Model A Model B Model A Model B

The first
landslide dam

10052 11447 36.9 30.2 72.9 90.1 146.7 89.8

The second
landslide dam
with spillway

33177 32136 60.4 46.9 118.2 145.4 239.0 226.7

The second
landslide dam
without spillway

53060 58798 65.6 54.7 146.3 178.2 277.5 227.0
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Fig. 2. Discharge rate of breach in Scenarios 1, 2 and 3

Baige landslide dams are so special that the two landslide dams were formed in the
same site within one month, which is the first record of such an event in all over the
world. Obviously, although the volume of the second landslide is small, the impact is
much larger than that of the first dam. At the same time, excavating the spillway has
a great effect on reducing peak flow value. Both methods have their advantages and
disadvantages. Comprised model A works well for the cases with detailed investigation
information. The transportation of both the water and soil near the dam site can be
simulated. Comprised model B can be applied to rapidly simulate the breaching and
evolution floods for the cases without detailed information.
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Accurate prediction of the breach hydrograph and flood routing is crucial step for emer-
gency response of the breaching of a dammed lake. On October 10 and November 3,
2018, two successive landslides in the same place occurred at Baige village, the border of
Sichuan Province and Tibet Autonomous Region, China, which totally dammed the Jin-
shaRiver twice. Due to the rapid rising of the dammed lake, engineeringmeasures cannot
be taken other than evacuation 20652 people in the risk area. The “10:10” dammed lake
burst naturally on October 12, 2018, only two days after the formation. Then, the flow
channel formed after the breaching of “10:10” dammed lake was blocked by the “11:03”
landslide, resulted in an even larger dammed lake. Since the permission of objective
conditions, the measures of excavation of drainage channel were taken to decrease the
water level of dammed lake when it burst. On November 12, the dammed lake burst with
the peak breach flow of 31000 m3/s. For “11:03” Baige dammed lake, as detailed hydro-
logical data was well documented, which provided valuable basic data for the study of
outburst flood of the dammed lake. In this study, a numerical method was developed to
simulate the breaching process of “11:03” dammed lake. The numerical method included
two modules, such as module of breaching process of the landslide dam, and module of
flood routing after dam breaching. The major highlights of the numerical method are the
consideration of the breachmechanism of landslide dam, such as the breachmorphology
evolution process along the streamwise and transverse directions, as well as the variation
of soil erodibility with depth. In addition, Open Source HEC-RAS is used to simulate
flood routing along the downstream reach of the Jinsha River after the breaching of
“11:03” dammed lake. As for the module of breaching process of the landslide dam, the
broad-crested weir equation was adopted the simulate the breach flow discharge, and
the variation of water level of the dammed lake was determined according to inflow and
breach flow, as well as the relationship curve of water level and surface area of dammed
lake. Based on the shear stress of water flow and the critical shear stress of soil mate-
rials, the erosion process was simulated by using the erosion formula for wide graded
landslide debris. Under the assumption that the breach slope angles remain unchanged
during the longitudinal cutting and transverse broadening, the limit equilibrium method
is used to analyze the slope instability during the breach evolution process. The coupling
process of soil and water during dam breaching was simulated by the algorithm of time
step iteration. As for the module of flood routing after dam breaching, the computational
domain for the post-“11:03” dammed lake dam breach flood routing simulation covers
the reach of the Jinsha River between Baige dammed lake and the Liyuan hydropower
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station. In the numerical modeling of flood routing, 1D and 2D hydrodynamic coupling
model is adopted. The DEM (Digital Elevation Model) data with a resolution of 30 m
provided byGeospatialDataCloud site, ComputerNetwork InformationCenter, Chinese
Academy of Sciences was utilized, further, the terrain data is extracted through Open
Source HEC-GeoRAS module and then imported into HEC-RAS to build the channel
model. HEC-RAS channelmodel divides the channel cross-section terrain data into three
parts: left floodplain, channel center and right floodplain. The channel model selects dif-
ferent Manning coefficients. The hydrograph calculated for the “11:03” dammed lake
breach flood by the above module of breaching process of the landslide dam is applied as
the inflow boundary condition for the simulation. The downstream boundary is defined
as a free outflow boundary condition, and the other boundaries are defined as closed
boundaries. The comparison of measured and calculated results would be conducted to
verify the rationality of the numerical method.
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Abstract. Outburst flood of the dammed lake poses a great threat to the down-
stream residents and properties, in addition, the process of dam erosion and flood
routing is very complicated. Thus, the research which using numerical method to
simulate and repeat the typical landslide dam breaching, has a great significance
for disaster prevention and mitigation in the downstream. The Jinsha River, was
dammed twice recently at Baige, Tibet, one on 10 October 2018 and the other
on 3 November 2018. Accordingly two large landslide dams were formed in a
three-week interval, and breached subsequently, causing a major loss of prop-
erty and damage in the downstream. This study focuses on the “10.11” Baige
landslide-dammed lake. A three-dimensional numerical model of “10.11” Baige
landslide dam is established with the terrain data acquired by UAV, and the actual
process of dam breaching is simulated and reproduced using the Flow-3D soft-
ware. The Flow-3D software could be powerful, which has the ability to simulate
the phenomenon of turbulence flow and sediment movement under complex ter-
rain conditions. The parameters required for this study, such as hydrological data
and particle composition of dam body, are directly referred to the field data. A
flow monitoring section is set up near the downstream of the dam, and the sim-
ulated peak discharge process is in good agreement with the measured values.
Furthermore, the velocity distribution and sediment scour in the natural spillway
are analyzed. The results show that: overtopping scour of dam can be divided into
four phases, i.e. before the outburst, rapid expansion phase, peak discharge phase
and phase with breach develops steadily. In second phase, the sediment erosion
rate is large and the terrain changes fast, so the breach expands rapidly. After the
flood peak, the upstream water level and discharge decrease gradually, and the
development speed of breach becomes slow, finally the terrain tends to be stable.
The velocity of flow on the ramp of spillway is large during the releasing period,
which leads to the maximum scour depth. On the contrary, the flow velocity in the
front and middle of the spillway is small and the scour depth is relatively small.
The terrain becomes flat at the downstream of the dam body, so the sediment sinks
under the influence of weight and friction with the riverbed, then siltation occurs.
There was obvious headward erosion in the process of first dam breaking: with
the undercutting of spillway, the bed drop-off moved to the upstream continu-
ously. Headward erosion is an important scour mode of dam breaching and the
dominant force of channel expansion, which can produce strong scour effect in a
short period of time. This study is significant for understanding the process and
mechanism of the “10.11” Baige landslide dam breaching, which could provide
technical reference to the management and accommodation of emergency.
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Abstract. Two landslide dams were formed on the upper reach of the Jinsha
River on 10 October 2018 and 3 November 2018, respectively. Considering the
great threats to the lives and properties in downstream areas, it is important to
rapidly simulate the dam breaching and the flood routing for risk management.
This paper focuses on the second landslide dam that has a higher dam height
and leads to higher risk. A physically-based model is adopted to simulate the dam
breaching process due to overtopping erosion. Subsequently, flood routing analysis
along a 640 km-long reach is conducted using a one-dimensional hydrodynamic
model. The simulation results of both breaching and flooding analyses are in good
agreement with field observations.

Keywords: Landslide dam · Overtopping erosion · Dam breaching · Flood
routing

1 Introduction

On 10 October 2018, the upper reach of the Jinsha River was blocked by approximately
25 × 106 m3 materials from a large landslide at Baige. The 61 m high landslide dam
which formed a barrier lake with a capacity of 250 × 106 m3 was overtopped and
breached in 21 h with a peak outflow discharge of 10,000 m3/s. Three weeks afterwards,
another landslide happened at the same location, forming a larger landslide dam. The
new dam was as high as 96 m, and can impound at most 750× 106 m3 water behind. To
reduce the outflow rate, a 15 m-depth channel was excavated on the dam crest, which
reduced the barrier lake capacity by one-third. However, even with this risk mitigation
measure, the flood triggered by the dam breach could be disastrous to downstream areas.
To properly control the risk, it is of great importance to predict the outburst flood and
peak discharges along the river. This paper aims to simulate the dam breaching and flood
routing processes of the second landslide dam at Baige using efficient analysis models.

2 Dam Breaching Analysis

2.1 Model Description

The physically-based numerical model DABA developed by Chang and Zhang (2010)
is adopted for dam breaching simulation. The model considers the dam breaching due
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to overtopping erosion as a three-stage-process. The evolution of dam geometry during
each stage is illustrated by Fig. 1, denoted by C-I to C-III and L-I to L-III for cross
section and longitudinal section, respectively.

Stage III Stage II Stage I

βf

Stage III

Stage IIStage I

αc

Cross section Longitudinal section

Fig. 1. Three-stage-process of breaching due to overtopping assumed in DABA.

In themodel, the erosion rate of soil is evaluated using a shear stress equation (Hanson
and Simon 2001) as:

E = Kd(τ − τc) (1)

where E is the erosion rate; τ is the shear stress at the soil-water interface; Kd is the
coefficient of erodibility; and τ c is the critical shear stress that initiates soil erosion. The
parameters Kd and τ c can be determined through empirical equations related to some
geotechnical parameters that can be easily obtained in the field (Annandale 2006; Chang
et al. 2011), such as void ratio, coefficient of uniformity, and median particle size.

Based on the breach geometry evolution, the outflow discharge Qb is determined
using the equation for broad-crested weir flow (Singh and Scarlatos 1988):

Qb = 1.7[Bb + (H − Z) tanα](H − Z)3/2 (2)

where Bb is the breach bottom width; α is the angle of side slope;H and Z are elevations
of the water surface and the breach bottom, respectively.

2.2 Breaching Parameters

The source of the second landslide dam involves a significant amount of residual landslide
materials, which are finer and looser. Therefore, the erodibility of the soil in second dam
is considered as “medium-high”. Together with information from several samples taken
from Baige site (Zhang et al. 2019), the Kd and τ c profiles along depth are estimated by
making adjustment on the basis of erodibility distribution of Tangjiashan landslide dam
(Peng et al. 2014), as shown in Fig. 2.

The dam height, originally, was 96 m. After excavating a 15 m-depth diversion
channel, its heightwas reduced to 81mwith a decrease in lake volume from757× 106 m3

to 494 × 106 m3.
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Fig. 2. Soil erodibility parameters profile: (a) coefficient of erodibility; (b) critical erosion shear
stress.

2.3 Breaching Simulation Results

The entire dam breaching process can be simulated through a designated iterative numer-
ical scheme. The predicted outflow hydrograph during the breaching of the second land-
slide dam is presented inFig. 3. It can be seen that both the breaching time andhydrograph
patterns from simulation are close to observed values.
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Fig. 3. The simulation results of dam breaching.



Simulation of Dam Breaching and Flood Routing on the Jinsha River 381

3 Flood Routing Analysis

3.1 Model Description

A one-dimensional hydrodynamic model is used for flood routing analysis. The
governing equations are:

∂A

∂t
+ ∂Q

∂x
= 0 (3)

∂Q

∂t
+ ∂

(
Q2/A

)

∂x
+ gA

(
∂h

∂x
− S0 + S f

)
= 0 (4)

where t is the elapsed time; x is the distance along the channel bed; A is the cross-
sectional flow area; Q is the discharge; h is the flow depth; S0 is the bed slope; and Sf is
the friction slope. Sf is directly related to the Manning’s coefficient n, which represents
the roughness of the river channel and is estimated to be from 0.04 to 0.06 for the Jinsha
River based on Arcement and Schneider (1989). In this study, n is assumed as a constant
value along the river.

Flood routing analysis is conducted along the Jinsha River from the landslide dam to
Liyuan Reservoir with a total length of 640 km. The outflow hydrograph at the landslide
dam predicted by DABA is used for flood routing analysis.

3.2 Results of Flood Routing Analysis

Figure 4 shows the attenuation trend of the peak discharge with distance from the dam.
The upper and lower bounds of peak discharges are calculated based on n = 0.04 and
0.06, respectively. The predicted peak discharges at downstream hydrological stations
are consistent with the observed values, indicating the choice of n is reasonable.

A back analysis is also conducted and results based on n = 0.055 are found to be
in good agreement with the observations. Figure 5 shows the calculated hydrographs
based on n = 0.055 and observed hydrographs. Overall, both the peak discharge value
and peak time are well consistent with observation records at corresponding hydrologic
stations.
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Fig. 4. Simulated peak discharge along the river.
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4 Summary

The simulation of landslide dam breaching and flooding routing on the Jinsha River
in November 2018 are performed by a physically-based model DABA and a one-
dimensional hydrodynamic model, respectively. The breaching analysis gives a peak
outflow discharge at 34,348 m3/s, which is fairly close to the observation 33,900 m3/s.
In the flooding simulation, the roughness of river channel is assumed to be constant
along the river and n = 0.055 is indicated according to back analysis for the concerned
reach of the Jinsha River. When compared with recorded data, the computed flooding
hydrographs show good consistency with respect to both peak discharge value and time
to peak at each station. It is noteworthy that both the dam breaching simulation and the
flood routing analysis can be implemented within several minutes. Because of the high
efficiency and accuracy of the models adopted in this study, the predicted results can
serve as a basis for timely landslide dam risk control.
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Abstract. Successive landslides during October and November 2018 in Baige
village, eastern Tibet, China dammed the Jinsha River twice and the dam-breach
had flooded many towns downstream, instigating a catastrophic disaster chain.
In order to evaluate and understand the disaster chain effect that may be caused
by the potentially unstable rock mass, we systematically studied the multi-hazard
scenarios through an integrated numerical modelling approach. The model starts
from the landslide failure probability to runout and river damming, and then to dam
breach and dam-breach induced flood, hence predicting and visualizing an entire
disaster chain. The parameters required for the modelling were calibrated using
measureddata from the twoBaige landslides. Then,wepredict the future cascading
hazards based on seven scenarios according to all possible combinations of the
potentially unstable rock mass failures. For each scenario, the landslide runouts,
dam-breach process and flooding are numerically simulated with consideration of
uncertainties of model input parameters. The maximum dam-breach flood extent,
depth, velocity and peak arrival time at different places downstream are predicted.
As a first attempt to simulate the whole process of a landslide induced multi-
hazard chain, this study provides some insights and substantiates the necessity of
landslide induced disaster chain modelling. The integrated approach proposed by
this study can be applied for simulating similar types of landslide induced chains
of hazards in other regions.

Keywords: Disaster chain · Landslide runout · Landslide dam breach · Outburst
flood

1 Introduction

Successive landslides on 11 October and 3 November 2018 dammed the Jinsha River
twice and caused catastrophic floods (Fan et al. 2019b). Although the first landslide dam
breached naturally, the second one formed a barrier lake with a volume of ~524 million
m3, seriously threatening the lives of people living upstream and downstream. Despite
immediate and prolonged disaster mitigation measures, natural and manual breaching of
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the dam caused floods in the lower reaches of the Jinsha River, inundating>3400 houses
and destroying a 3.5 × 103 km2 area of croplands (Fig. 1). More than 102,000 people
were evacuated (Liang et al. 2019; Ouyang et al. 2019; Zhang et al. 2019a, 2019b).
According to field and remote-sensing investigations, there still exists three large and
potentially unstable rock masses at the trailing edge of the landslide and some major
discontinuities (i.e. cracks and joints) have clearly propagated and enlarged, threatening
to trigger a failure that is likely to block the Jinsha River again, causing future mayhem
(Fan et al. 2019b).

Fig. 1. Map showing the location of the Baige landslides. a lake water-depth upstream and b
towns affected by flooding downstream (light blue line in the inset marks the Jinsha river)

Previous studies on landslides, landslide dams, and dam breach floods have mostly
focused on a single type of geomorphic hazard based on the perspective that different
types of disasters are quasi-independent and the interactions between them can hence
be ignored (Yutao and Shengxie 2009). However, the successive landslides, sequential
damming, and aftermath flooding in Jinsha River provide a valuable opportunity to
study the causes and effects of interconnected multi-hazard events. To this end, our
study presents analyses of landsliding, damming, natural dam-breaching, and flooding,
as well as the interactions between each of these processes by constructing realistic
scenarios based on our observations at Baige.
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2 Data and Methods

2.1 Numerical Modelling Approach

In this study, we integrate different numerical models to simulate and predict the entire
disaster chain of the future possible failures of the Baige landslides. For the landslide
runout simulation, the MassFlow program developed by Ouyang et al. (2014). has been
adopted. The dam-breach is simulated by the DABA program (Chang and Zhang 2010)
and the dam-breach induced flood is simulated by the HEC-RAS program (Brunner
1995, Brunner 2002). A four-step methodology has been adopted as shown in Fig. 2.
Data preparation andmodel calibration by previous failures is done in Step 1.Anticipated
disaster scenarios are designed, and landslide initiation and runout modelling are done
in Step 2. Dam-breach and consequent flooding are simulated respectively in Step 3 and
Step 4. Initially, the geotechnical parameters needed for the landslide runout model were
calibrated by back calculating the two events of Baige landslides using the MassFlow
program. The parameters of the dam-breach model and the flood model are calibrated
according to themeasured peak discharge, peak arrival time and final flood area recorded
by the hydrological station located downstream.

Fig. 2. Flowchart of the integrated numerical modelling approach.



Prediction of a Multi-hazard Chain by an Integrated Numerical Simulation 387

2.2 Dynamic Modelling of Landslides by MassFlow

Through comparing the DEM obtained before and after the landslides, the difference in
topographic elevation, the initial sliding position, thickness of the sliding body and the
accumulation area of both landslideswere determined respectively.Theback calculations
were done separately for both the first and second landslide events by Massflow. Using
the topographic data after the second landslide, the landslide runout and accumulation
characteristics of the unstable rock mass are studied based on Scenario 1 to 7(Fig. 3,
Fig. 4). For these future scenarios simulation, the runout was modelled using the same
mechanical parameters calibrated by the second Baige landslide.

Fig. 3. Runout and accumulation at time step, t = 80 s for the 7 studied scenarios

Fig. 4. Simulated landslide accumulation thickness for scenarios 1 to 7
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2.3 Landslide Dam Breach Process Modelling by the DABA Model

The DABA model is used to calculate the hydrograph of dam-breach under different
anticipated scenarios. The landslide dam dimensions were determined by the MassFlow
simulations (Table 1).

Table 1. Landslide dam geometries obtained from simulations using MassFlow

Scenarios Dam height
(m)

Dam width
(m)

Downstream
slope length
(m)

Downstream
slope angle (°)

Upstream
slope angle (°)

Scenario 1 60.38 269 207 8.25 6.34

Scenario 2 50.77 200 164 5.92 8.85

Scenario 3 46.38 200 156 6.58 6.38

Scenario 4 70.42 300 210 9.73 7.52

Scenario 5 66.38 300 168 10.12 6.36

Scenario 6 59.91 276 120 13.59 12.26

Scenario 7 73.82 355 300 7.03 7.85

The second flood discharge from the artificially breached landslide dam inNovember
2018 is recorded (Ouyang et al. 2019), and we use that to calibrate the DABA model.
After calibrating the model parameters, the same properties were used to predict the
hydrograph of the dam breach under scenarios 1 to 7 (Fig. 5).

Fig. 5. Flow discharge curve during the dam breach for the seven anticipated disaster scenarios
and second landslide dam event
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Table 2. Breaching parameters for scenarios 1 to 7 and the second landslide event using DABA

Simulation
scenarios

Breach
channel depth
(m)

Breach
channel top
width (m)

Breach
channel
bottom width
(m)

Breach time
(h)

Peak outflow
rate (m3/s)

2nd Event 52.37 254.95 167.06 66.38 31227.36

Scenario 1 36.52 411.93 350.65 193.88 14731.43

Scenario 2 30.31 246.38 195.51 125.32 11661.06

Scenario 3 33.25 384.47 328.67 180.23 6725.30

Scenario 4 43.32 431.47 358.77 307.73 22424.10

Scenario 5 40.38 460.58 392.81 196.38 18175.89

Scenario 6 37.00 244.31 182.21 106.92 18942.27

Scenario 7 44.63 428.49 353.59 176.67 24549.02

2.4 Dam-Breach Flood Modelling

The peak discharge values obtained from the DABAmodel were input to the HEC-RAS
model to simulate the impacts of flooding in the downstream areas. This has been done
first for the second landslide dam breach flooding and then for scenarios 1 to 7. (Table 2)
The parameters of the HEC-RAS model are calibrated with the hydrological monitoring
data. The flood simulation results correspond well with the measured data to 300 km
downstream.

Fig. 6. Prediction of flooded areas under anticipated disaster scenarios in the towns of a Judian
and b Shigu
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The simulation results show that scenario 7 has the largest flood area. The areal
extents of the flooded regions are shown for the second landslide dam breach event,
scenario 4 and scenario 7 in Fig. 6. The peak flow of scenario 4 is smaller compared
with other scenarios, and the flood area is the smallest. The flood area of the second
event is between scenarios 4 and 7. The flood simulation results of all scenarios are
summarized in Table 3. The peak arrival time (Table 3) can be used to predict flood
overtopping time and flood arrival time in downstream towns under specified inflow
rates.

Table 3. Peak discharge and peak arrival time of scenarios 1 to 7 at two sites downstream along
the Jinsha River

Simulation
scenarios

Yebatan hydropower station (54 km) Shigu town (557 km)

Peak discharge
(m3/s)

Peak arrival time
(h)

Peak discharge
(m3/s)

Peak arrival time
(h)

Scenario 1 16828 2018-10-13
15:00 ± 0:30

5077 2018-10-15
9:30 ± 0:30

Scenario 2 12189 2018-10-13
13:30 ± 0:30

3943 2018-10-15
10:30 ± 0:30

Scenario 3 9638 2018-10-13
10:00 ± 0:30

3351 2018-10-15
9:00 ± 0:30

Scenario 4 24905 2018-10-13
16:30 ± 0 : 30

6864 2018-10-15
8:00 ± 0:30

Scenario 5 20873 2018-10-13
15:00 ± 0:30

5978 2018-10-15
7:30 ± 0:30

Scenario 6 18983 2018-10-13
5:30 ± 0:30

5042 2018-10-15
0:30 ± 0:30

Scenario 7 26924 2018-10-14
4:00 ± 0:30

7767 2018-10-15
18:00 ± 0:30

3 Conclusions

The Baige landslides provide an excellent example of a landslide-induced disaster chain
that propagated to far-field areas hundreds of km downstream of the trigger point. Based
upon the numerical analyses performed in this study, we provide insights to the processes
and interactions between landslide runout, dam-breaching, and flood propagation under
a set of hypothetical scenarios representative of steep, landslide-dominated terrain. The
integration of different numerical models (i.e. MassFlow, DABA, and HEC-RAS) sim-
ulated successfully the events triggered by the two landslides at Baige. The simulation
results are in good agreement with the observations. Using the well-calibrated integrated
model, we attempted to predict the flood disaster caused by future possible landslides
under different anticipated scenarios. The prediction of dam-breaching and the conse-
quent flooding downstream can provide invaluable guidance to assist with the evacuation
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of local people during emergency scenarios. An improved fundamental understanding
of disaster chains coupled with refinement of such integrated numerical simulations
promises to alleviate future catastrophic losses of human and non-human life.
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