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This paper aims at making accurate prediction of
embankment slope failures. To this end, the acoustic
emission(AE) technique is introduced to monitor the slope
stability of embankments, and the similarity simulation is
carried out indoor on embankment slopes with waveguide
rods of different diameters and gravels with distinctive
particle sizes. In the simulation tests, the AE feature data of
the embankment slope models are obtained during the
failure process. Then, the fractal theory is applied to analyse
the features and variation patterns of the AE energy fractal
dimensions of the embankment slopes throughout the failure
process. The author also analyses the features and variation
patterns of AE energy fractal dimension during embankment
slope failure. The test results show that the fractal dimension
remained at a low level at the onset, continued to increase
during the test, and eventually peaked at the middle phase
of the test. In the final phase, the fractal dimension started
to decrease. The AE fractal dimension also peaked at the
slip-impending phase and then drop all of a sudden. This
research offers a valuable detection means for the forecast
of embankment slope failure.

Keywords: Acoustic emission (AE), embankment slope,
fractal dimension, similarity simulation.

1. Introduction

The stability monitoring and failure prediction of slope
embankment have long been an important part of
highway construction and operation in mountainous

regions [1-4]. This is particularly true in China, a country
known for its complicated geology and the frequent
occurrence of landslide and other disasters. As a result, a
variety of technologies have been developed for slope
deformation monitoring in China, such as inclinometer, optical

fibre sensor network and so on. Using the inclinometer, the
deformation monitoring requires the regular presence of
workers at the site for data collection. Thus, this traditional
method is featured by heavy workload, low automation and
delays in monitoring. As for the optical fibre sensor network,
the monitoring process is of relatively high cost, in spite of
the high sensitivity, accuracy and instantaneity. The acoustic
emission (AE)-based embankment slope monitoring
overcomes the defects of these common strategies and
achieves high automation and real-time monitoring ability at
a low cost [5-6]. Many previous studies have shown the
effectiveness of applying the AE for slope stability
monitoring and the fractal theory for AE parameter calculation
[7-8]. However, there is rarely any report on the application
of the fractal theory in the research on AE parameters of
embankment slope failure.

In view of the above, this paper examines the AE
parameters of embankment slope failure and introduces the
fractal theory, e.g. fractal dimension, to depict the AE energy
[9-12]. Furthermore, similarity simulation of embankment slope
failure was conducted indoor using rock-soil mass of an
embankment slope as simulation materials. The AE features
of embankment slopes with known sliding surface were
discussed under the controlled conditions of waveguide rods
of different diameters and gravels with distinctive particle
sizes. Through the simulation and discussion, the authors
proposed a AE-based prediction method for embankment
slope failure.

2. Similarity simulation
2.1 TEST SET UP AND MODEL

The simulation tests use a PCI-II AEwin™ AE system
(PAC) (Fig.1), one of the best and most popular of its kind.
The waveguide rods are 1m in length, and 14mm, 18mm and
22mm in diameter, respectively. Two waveguide rods were
provided for each diameter. The particle size of the gravels is
5~10mm, 10~16mm and 16~20mm, respectively. Therefore, the
waveguide rods and gravels can be combined in 9 different
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ways depending on the rod diameter and particle size. surface was simulated by a plastic bag of thin film. In the test,
the plastic bag was filled with water to simulate the
embankment slope failure.
2.2 TEST PLAN

As shown in Fig.2, gravels of different particle sizes are
arranged around the waveguide rods. The 9 combinations of
rods and gravels are each tested four times. When water is
injected into the known sliding surface, the AE failure
monitoring is conducted on the model in real-time. In this way,
the AE feature parameters of the embankment are captured
for each combination.
2.3 TEST RESULTS ANALYSIS

The failure process of the model can be divided into four
stages: micro-cracking, crack propagation, slip-impending and
sliding failure (Fig.3). Figs.4 and 5 respectively illustrate the
AE event rate and the AE energy rate curve of the model with
rod diameter of 14mm and gravel particle size of 16~20mm.

Despite the differences in rod diameter and gravel particle
size, the test models shared basically the same AE event rate

Fig.1 PCI-II AE system

The simulation materials are rock-soil mass collected from
an embankment slope. The rock-soil mass models are
1.5m×0.7m×1.0m (L×W×H) and 45° in slope. Each model was
divided into the sliding mass in the upper part and the fixed
part in the lower part by the known sliding surface. Fig.2
specifies the dimensions of the model. The known sliding

(a) Elevation view

(b) Plan view
Fig.2 Test model

(a) Micro-cracking               (b) Crack propagation

(c) Slip-impending                 (d) Sliding failure
Fig.3 Failure process
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no matter how large is the diameter of the waveguide rods.
The gravel particle sizes are ranked as 10~16mm, 16~20mm and
5~10mm in descending order of the peak value. Meanwhile,
combinations of the 10~16mm gravel boasted the largest
mean value.

3. Fractal dimension calculation
For an AE sequence, a statistical curve (e.g. AE energy rate,
AE event rate) can be obtained through the correlation
analysis of some response features of the rock-soil mass
during the failure process. Nevertheless, the numerical value
(e.g. energy, range) of a single AE parameter often varies
disorderly with respect to time [13-14]. The irregular and
chaotic value can be well depicted by fractals, an indicator of
the local features (e.g. morphology, function and space-time)

Fig.4 Cavity geometry
(waveguide rod diameter 14mm, gravel particle diameter 16~20mm)

Fig.5 AE energy rate curve
(waveguide rod diameter 14mm, gravel particle diameter 16-20mm)

curves and only differed in some local areas. The general
trend is described as follows. In the micro-cracking phase, the
AE activities are negligible, and the mean AE event rate is
relatively small. As the microcracks expanded into
macrocracks, the AE activities are much more active. In this
case, the AE event rate picked up speed and possessed a
greater mean value. In the slip-impeding phase, the AE
activities became so intense that the AE event rate soared to
the maximum mean value. The final phase of sliding failure
witnesses relatively mild AE activities, and a drastic decrease
in the AE event rate, thus a smaller mean value.

Figs.6~8 present the AE energy rate curves of the nine
combinations. It can be seen that the AE energy rate changed
in a similar pattern despite the variation in particle size. In
other words, the energy rate is continuously increasing in the
micro-cracking and crack propagation phases, peaked in the
slip-impending phase, and decreased again in the sliding
failure phase.

The simulation tests reveal that the AE energy rate and
AE event rate borne high resemeblance to each other in the
sliding failure phase. Comparing the values of AE energy
rates, it is learned that the slip-impending phase had a greater
AE energy rate than the other phases, indicating that the
micro-cracks propagated continunously to a macro-scale
failing surface in this phase. During this period, the AE
intensity is far greater than that in the other three phases, and
the value of AE energy rate depended on the gravel particle
size. The energy rate always reached its peak in this phase,

Fig.6 The curve of AE energy rate (waveguide rod diameter: 14mm)
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of things that are similar in some ways to the global features.
The previous research has shown that the physical
mechanical behaviours of geomaterials, namely deformation,
failure and dissipation, are fractal in nature [15-16]. The
centrepiece of the fractal theory lies in the calculation of
fractal dimension. The increase of fractal dimension means an
event is progressing to the chaotic state, while the decrease
of fractal dimension reveals the opposite trend [17].

For a sample with a capacity of n, the AE energy time
series is:
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where k is a proportional constant ranging between 10 and
20.

The associated function W[r(k)] of each vector can be
expressed as:

Fig.8 The curve of AE energy rate (waveguide rod diameter: 22mm)

Fig.7 The curve of AE energy rate (waveguide rod diameter: 18mm)
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Fig.10 Embedding dimension-fractal dimension curve

Fig.9 Inr(k)-InW[r(k)] curve

 
( ) ( )[ ]⎥

⎦

⎤
⎢
⎣

⎡
−−= ∑

=
∑
=

N

1i

N

1j
ji XXkrH

N
krW 2

1
... (4)

where H is the heaviside step function.
Then, at given g scales, g points can be obtained with

coordinates {Inr(k), InW[r(k)]}. If these points fall on a
straight line, the AE energy sequence can be considered as
having fractal features, and the slope of the straight line can
be deemed as the associated dimension D of AE energy. From
Equation (2), the embedding dimension m directly hinges on
the fractal dimension D. Fig.9 shows that the Inr(k) -
InW[r(k)] curve of an AE energy sequence with a sample size
of 1,000 at embedding dimension m = 5. It is clear that the
curve is approximately a straight line, indicating that the AE
energy sequence of the embankment model has fractal
features. It can be seen from Fig.10 that the fractal dimension
increases in a stepwise manner at an embedding dimension
greater than 4. Hence, the value of m is set to 5.

To save time, only 1,000 AE energy data are selected to
calculate a fractal dimension. Since the AE number produced
during the sliding failure of embankment slopes cannot be
divided by 1,000 without a remainder, the truncation effect is
bound to occur when 1,000 is taken as the sample capacity of
a fractal dimension. Through the discussion of the AE energy,
it can be seen that the AE energy increased obviously with

(a) Diameter: 5-10mm

(b) Diameter: 10-16mm

(c) Diameter:16-20mm
Fig.11 AE energy fractal dimension curves of combinations with

14mm-diameter waveguide rod
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the approach of sliding failure. Therefore, the 1,000 samples
of the last fractal dimension produced in a sliding phase is
used to plus the truncated data. Meanwhile, considering the
obvious AE phenomena during the sliding failure of slopes
[18-19], the fractal dimensions of AE energy are averaged, i.e.,
all AE fractal dimensions are firstly grouped by a certain step-

size, and then the AE fractal dimensions of each step are
averaged. The AE energy fractal dimension curves of the nine
combinations are shown in Figs.11~13.

According to the energy fractal dimension curves, the AE
energy fractal dimension remained at a low level in the initial
phase. This means the AE energy fell into an orderly state.

(a) Diameter: 5-10mm

(b) Diameter: 10-16mm

(c) Diameter: 16-20mm
Fig.12 AE energy fractal dimension curves of combinations with

18mm-diameter waveguide rod

(a) Diameter: 5-10mm

(b) Diameter: 10-16mm

(b) Diameter: 16-20mm
Fig.13 AE energy fractal dimension curves of combinations with

22mm-diameter waveguide rod
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As the test moved to the middle phases, the fractal dimensions
continued to increase and reached its maximum, indicating
that AE energy shifted from the orderly state to a chaotic
state. In the final phase of the test, the fractal dimensions
plunged suddenly. The sudden decrease not only reveals the
restoration of the order in AE energy, but also marks the point
that the fractal dimension peaked and then dived near the
slip-impending phase. Consequently, the AE fractal dimension
also peaked at the slip-impending phase and then drop all of
a sudden. This could serve as a precursor of embankment
slope failures.

5. Conclusions
In this paper, nine combinations of waveguide rods and
gravels are obtained for an indoor similarity simulation of
embankments. In the simulation tests, the AE feature data of
the embankment slope models are obtained during the failure
process. Then, the fractal theory is applied to analyse the
features and variation patterns of the AE energy fractal
dimensions of the embankment slopes throughout the failure
process. The test results show that the fractal dimension
remained at a low level at the onset, continued to increase
during the test, and eventually peaked at the middle phase of
the test. In the final phase, the fractal dimension started to
decrease. The authors also analysed the features and
variation patterns of AE energy fractal dimension during
embankment slope failure, and discovered that the AE fractal
dimension also peaked at the slip-impending phase and then
drop all of a sudden. The results can serve as a precursor of
embankment slope failures.

In the future, the authors will discuss why the AE peaked
in the combinations with gravel particle size of 10~16mm, and
performance quantitative analysis on the variation pattern of
AE energy fractal dimension during the embankment slope
failure.
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