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Vibrations induced by traffic are of concern for the slope stability of the open-pit mine. Different solutions to mitigate this
phenomenon are under investigation. In the field of pavement engineering, the so-called antivibration paving technologies are
under investigation in order to avoid the generation of excessive vibration and contains propagation. To more fully examine the
effectiveness and potential of the antivibration pavement in the application of vibration absorbing for the open-pit mines,
numerical simulations based on a two-dimensional (2D) finite element (FE) model were conducted. Sensitivity analysis of varying
monitored points and varying loads are performed. Several important parameters such as the damping layer position and
thickness and damping ratio are evaluated as well. By using this FE simulation to model the vibration response induced by traffic,

the costly construction mistakes and field experimentation can be avoided.

1. Introduction and Background

Open-pit mining is the most important technology for
extracting mineral resources from the Earth’s crust [1-7].
Production rates of open pits have progressively grown over
the last 100 years and they will continue growing in the
future [5-11]. The ultimate slopes of an open-pit mine are
generally excavated to the steepest possible angle, as the
economic consequences of the excavation angle are signif-
icant; for instance, for large scale open pits, changes in slope
angle by approximately 2-3° can be measured in hundreds of
millions of dollars in project value [3, 12]. Steeper slope
angles, however, result in an increased risk of slope failure,
the consequences of which affect mining operations [4].
Consequently, continual evaluation of the stability of ex-
cavated slopes is a vital component of open-pit design and
operation. Traffic-induced vibrations around the open-pit
mine can also be a significant factor concerning the slope
stability [13-15]. It can cause the occurrence of a landslide

that is a serious life threat for people working at the slopes of
the open-pit mine. Due to the complexity and uncertainties
of the landslide formation and causing factors, the landslide
surveillances and predictions are always highly paid atten-
tion to by international researchers [16-22]. To mitigate the
effects of traffic-induced vibration on the slope stability of
the mining areas, various preventive strategies are under
investigation. Limiting traffic volumes and speed, screening
of vibration by using in-ground barriers, and developing
isolation systems represent some of the methods proposed
[23]. In the field of pavement engineering, the so-called
antivibration paving technology is under investigation to
avoid the generation of excessive vibration and contains
propagation [24]. To preserve an ancient building (the Villa
Farnesina, Roma) against traffic-induced vibrations, an
antivibration system composed of a concrete grid supported
by rubber pads was developed under the near Lungotevere
road, reducing the acceleration values of about 80%
according to the obtained results. Similar solutions have also
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been used for new constructions in Piazzetta S. Paolo, Milan,
and Via Parigi, Roma [25]. The antivibration pavement has
also been developed by Dondi et al. and Grandi with a lower-
stiffness vibration-absorbing layer which did not reduce the
stiffness of the whole pavement systems [26, 27]. It has been
proved to increase the elastic absorption capacity of the
vibrations caused by the surface irregularities near the
source. Based on the optimized surface texture as well as the
improvement of the vibration absorbing, another anti-
vibration pavement was constructed for the Municipality of
Novara as well [24]. The verification is conducted by the
vibration comparison of the antivibration pavement and one
reference, showing the antivibration level reached. Besides,
according to the study by Hanazato et al. [28], the increase in
damping of pavement materials can reduce ground vibra-
tions into the loading area and within the corresponding
surrounding region. This improvement is critical for re-
ducing vibrations to improve the quality of life and to
preserve the stability of buildings [29].

These experimental and field observations indicated that
the antivibration pavement is a viable and attractive solution
to prevent the damage caused by the traffic induced vi-
bration. By using the dynamic analysis in pavement engi-
neering, the determination of in-site dynamic properties of
paving materials is fundamental to accurately predict the
mechanical response of the road structure as well as the wave
propagation transferring into the places at specific distances
from the loading area [30-34]. However, so far, there is no
research aimed at the application of antivibration pavement
in open-pit mines, requiring high slope stability. To fully
examine the effectiveness and potential of the antivibration
pavement to be applied for the open-pit mines, the study
presented in this paper involved the creation and analysis of
a two-dimensional (2D) finite element (FE) model of the
antivibration pavement based on the field tests. The FE
model was subjected to a haversine pulse load representing
the passage of traffic. Parametric studies were conducted
based on varying damping layer position and thicknesses as
well as damping ratios. Sensitivity analyses were also per-
formed by varying loading times as well as varying moni-
tored points. Through these predictive simulations,
expensive and cumbersome field tests can be avoided. On the
other hand, the conclusions obtained by the simulation can
provide the corresponding criteria for the development of
future experiments.

2. Research Objective and Aims

The main purpose of the present study is to evaluate the
potential of laying the antivibration pavement around the
open-pit mine as well as the effects on vibration reduction
and slope stability. The detailed research objectives are as
follows.

(1) To establish a reliable FE model based on the cor-
responding experimental tests and field measure-
ments. The elements (model size, mesh, element
type, and analysis method) used to construct the FE
model should be optimized.
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(2) To analyze the sensitivities of varying traffic loading
on the slope stability of the open-pit mines.

(3) To evaluate the effects of varying design parameters
(damping layer position, damping layer thickness,
and damping properties) of the antivibration on the
slope stability of the open-pit mines.

3. Finite Element (FE) Simulations

For this study, the traffic-induced vibration of the pavement
with a special damping layer was simulated using the widely
used FE program ABAQUS. The schematic diagram of the
FE simulation is given in Figure 1. The FE model represents a
cross-section of a typical pavement structure, the open-pit
mine area as well as the safe distance from the mining slope
to the pavement structure.

This is a two-dimensional (2D) simplification of the field
problem. The pavement structure consists of an asphalt
concrete (AC) layer, a layer of subbase, and a layer of
subgrade by the compacted soil, and the safe distance from
the mining slope is characterized by the uncompacted soil.
The 4-node bilinear axisymmetric quadrilateral and reduced
integration element, CAX4R, are selected as a mesh element
type to improve the calculation accuracy and to reduce
calculation time. The FE model is meshed by refining the
loading and upper areas as well as roughening the remaining
ones [35]. Those physical parameters including model size
and mesh size based on the convergence optimization are
performed as well. The mechanical properties of the ma-
terials for the pavements and safe distance from the mining
slope are listed in Table 1 [36-38]. The time-domain analysis
was selected to perform the simulation. The time step length
was determined as 0.01 s to reduce the calculation time and
total simulation time equaled 0.1s.

The FE simulation based on the developed method is
established in order to compare the dynamic response with
in-situ experimental tests of falling weight deflectometer
(FWD), which is a widely used nondestructive test for
flexible pavement evaluation and assessment of residual life.
The FWD (Figure 2) applies an impact load to the pavement
surface and to simulate the action of traffic, and the pave-
ment response in terms of deflections is measured at several
radial locations from the load center. In order to examine the
applicability of the proposed method, the in-situ measure-
ments including nonrubberized and rubberized asphalt
pavement were carried out. The thickness, elastic modulus,
and Poisson ratio of each layer are back-calculated from the
field FWD tests while the elastic modulus of the damping
layer is determined according to the laboratory results by the
means of dynamic modulus and phase angle evaluation
(AASHTO TP 79-12) as mentioned above.

The damping layer is placed at 0, 5 cm, 10 cm, 15 cm, and
20 cm from the top to evaluate the effect of damping layer
position on vibration attenuation. The effect of the damping
thickness is evaluated with values of 0, 1, 2, and 3 cm. The
damping ratio of the damping layer varies by 0.02, 0.05, 0.1,
0.15, and 0.2. The Rayleigh damping is used for the damping
effect characterization according to the method proposed by
Huang and Sun [38]. The haversine pulse load is applied on a
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FIGURE 1: Schematic diagram of the finite element (FE) simulation.

TABLE 1: Mechanical properties used for the FE simulations.

. . Elastic Poisson Damping . 3

Structures Materials Thickness (cm) modulus (MPa)  ratio ratio Density (Kg/m”)
Surface layer AC 20.5 5680 0.3 0.05 2400
Pavement Subbase layer Gravel 22.5 660 0.3 0.02 2000
Subgrade Compacted soil — 110 0.35 0.02 1500
Damping layer RMAC 0,1,2,3 850 0.3 0.02, 0.05, 0.1, 0.15, 0.2 2400
Safe distance from Uncompacted soil — 110 0.35 0.02 1500

mining slope

Load centre

FIGURE 2: Experimental test of FWD.

circular footprint with a radius of 0.15m and it is the ide-
alized representation of the dynamic loading applied by the
passage of traffic, which is also recognized as the load
subjected to falling weight deflectometer (FWD) tests. The
magnitude of the load is determined as 800 kPa, representing
the axle loading of the passing traffic. Five points including
point A, on the pavement directly underneath the loading
and points B, C, D, and E, which are 2, 4, 10, and 30 m away
from the loading, are monitored for their time histories of
accelerations during the simulations.

The slope stability of the open-pit mine is monitored by
determining the vibration at the boundary of the mining

area. The root-mean-square acceleration (Agrys) recorded at
the five monitored points closely for evaluation of vibration
reduction and it is given by

Apass = % JZ 2 dt, (1)

where a (t) is the acceleration at time ¢t and T is the du-
ration of vibration. The root mean square (RMS) refers to a
common mathematical method of defining the effective
magnitude. For a uniform sine wave, the root-mean-
square value is 0.707 times the peak value or 0.354 times



the peak-to-peak value. By comparing the root-mean-
square and peak accelerations of monitored points, the
capacity of the damping layer in the vibration reduction
can then be determined for the evaluation of the slope
stability of the open-pit mine.

4. Results and Analysis

4.1. Sensitive Analysis of Varying Monitored Points on Slope
Stability. Vibration reduction at different monitored points
can be different. In this section, when the damping layer with
a thickness of 30 mm is at the bottom and top of the asphalt
concrete (AC) layer, the influences of varying monitored
points on vibration reduction is evaluated. The vibration
reduction is determined as follows. When the damping ratio
of the damping layer change from 0.02 to 0.2, the RMS
accelerations at the monitored point are recorded as Agys
(£=0.02) and Arps (£ =0.2), respectively. Then the vibration
reduction, Ayipration> can be presented as

vibration ARMS (6 — 002)

by which Ayipration at the five monitored points A, B, C, D,
and E are recorded. Figure 3 presents the relationship be-
tween distance (from the monitored point to the loading
point) and Ayipration When the damping layer is placed at the
top and bottom of the AC.

A relative higher vibration reduction of 15% is observed
when the monitored point is approximately 2m to 30m
away from the loading point. With the increase of distance,
the vibration reduction increases firstly and then decreases.
The maximum value appears at a distance of 5-6 m. Also,
regardless of whether the damping layer is at the top or the
bottom of the asphalt layer, similar results can be obtained.
When the loading point is also the monitored point, the
minimum vibration reduction appears. The loading point is
on the pavement, where the vibration response much de-
pends on the stiffness and mass characteristics instead of the
damping characteristics. The damping ratio changes from
0.02 to 0.2 while the other parameters related to the stiffness
and mass characteristics stay the same. Hence, minor dis-
placement and phase difference can be obtained, resulting in
a minor reduction of Agyms. When the distance from the
monitored point to the loading point increases, the damping
effect of the damping layer plays a predominant role; thus
the gradually obvious reduction of Agys can be found.
However, with the continuous increase in distance, the
damping effect of the surrounding soil starts to play the
predominant role, causing the reduction of Ayjpration- It can
be predicted when the distance is far enough, Aqipration may
decrease until it vanishes. It should be noted that traffic
should typically be kept at a safe distance of about 30 meters
from the open-pit slope. From the above research results, a
15% reduction in vibration is of great significance for
maintaining the stability of open-pit mining slopes.

A ) (2)

4.2. Sensitive Analysis of Varying Traffic Loads on Slope
Stability. As a special dynamic structure, the pavement may
vibrate differently with varying loads. Therefore, the slope
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stability of the open-pit mines should be analyzed for the
corresponding loads. In the present study, three haversine
pulse loads (which can represent the conventional traffic
loads) with loading times of 24 ms, 36 ms, and 96 ms are
applied, as shown in Figure 4.

These three haversine pulse loads can represent the
conventional traffic loads. Actually, the relationship between
the loading times and actual traffic speed can be described by
the following equation:

=22 )
s
where h is the loading time (s), a is the loading radius (m),
and s is the traffic speed (m/s). When the damping layer is at
the bottom of the AC layer, the results of vibration reduction
for varying loads are presented in Figure 5.

For different loading times, the maximum vibration
reduction appears at different distances. For the loading time
of 36 ms, the maximum vibration reduction is observed at
5m away from the loading point and a relatively higher
Avibration €an be obtained, while, for the loading times of
24 ms and 90 ms, the maximum vibration reductions appear
at approximate 10 m away from the loading point. However,
in any case, the three loads show very similar trends,
demonstrating that the dynamic response of such pavement
structure is not sensitive to the pulse loads with loading
times in the range of 24 ms to 90 ms. Therefore, it is evident
that the antivibration pavement can maintain the slope
stability of the open-pit mine under varying traffic speeds.

4.3. Effect of Damping Properties on the Slope Stability.
Five damping ratios are selected to determine their effects on
the vibration response of the pavement structure. The
simulation results of Arys (when the damping layer
thickness is 10 mm) at monitored point A with varying
damping ratios are shown in Figure 6. The damping layer
positions are given in the legend.

With the increase of the damping ratio, Arpys decrease
with obvious linearity. This may be explained that, compared
to other layers (AC layer, subbase layer, and subgrade), the
damping layer plays a predominant role in characterizing
the vibration-reduction effect, causing Ayipration Of the whole
system strong linearity with the damping ratio. It is worth
noting that here the damping layer is playing a predominant
role in the damping characteristics of the entire system,
instead of the dynamic response, which mainly depends on
the mass matrix and stiffness matrix.

Figure 7 presents the simulation results of Arys at point
A when the damping layer thickness is 30 mm.

Similar results are obtained compared to those obtained
when the thickness is 10 mm, demonstrating the linear re-
duction of Agys can still be applicable for different damping
layer thickness. In such a linear relationship, the slope of
ARrws curve represents the effect of varying damping ratios.
A higher slope value, demonstrating the more obvious effect
of vibration reduction, is more preferable during the process
of optimizing the damping ratio. Unfortunately, all Agys
show closed slope values from Figures 6 and 7, though a little
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FIGURE 5: Sensitive analysis for varying traffic loads.

higher slope value when the damping layer is 0 cm from the
top, by which bare practical significance can be supported.

Figures 8 and 9 are the effects of damping ratios at point
E when the damping layer thicknesses are 10mm and
30 mm, respectively.
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FIGURE 6: The effects of the damping ratio on vibration reduction
(at monitored point A; damping layer thickness = 10 mm).

A similar linear relationship between damping ratio and
Agrwms can also be found at monitored point E. When the
damping layer thickness is 30 mm and the damping ratio
changes from 0.02 to 0.2, the vibration at 10m and 30m
away from the pavement can reduce about 20% and 15%,
respectively. Such reductions can demonstrate the signifi-
cant benefits of the damping layer in reducing the impact of
traffic-induced vibrations on the surrounding environment
and building.

The damping property of the asphaltic material is highly
dependent upon the environmental conditions to which they
are exposed. As loading time and temperatures change, the
damping ratio will vary even if the same boundary condition.
However, according to the viscoelastic property of the as-
phaltic materials, the intrinsic material damping at the same
condition of temperature, load, and boundary condition can
be roughly compared. Particularly, for the pavement
structure with normal temperature and load, the damping
ratios of soil, conventional asphalt mix, and rubberized
asphalt mixture can be regarded as 0.02, 0.05, and 0.1, re-
spectively. Hence, in order to obtain the obvious vibration
reduction effect, the damping ratio of damping asphalt
mixtures special for the damping layer should arrive at
0.15-0.2, which is almost 2 times compared to conventional
rubberized mix under the same loading condition, while
from the laboratory results obtained, such design target has
already arrived [37, 38].

4.4. Effect of the Damping Layer Thickness. Another very
essential design parameter for the antivibration pavement is
the damping layer thickness. In this series of simulations, the
thickness of the damping layer varies between 0 mm, 10 mm,
20 mm, and 30 mm. The effect of damping layer thickness at
monitored point A is shown in Figure 10.

The increasing thickness of the damping layer does not
necessarily reduce the vibration response at point A. For
example, as the damping layer is 5 cm from the top, with the
increased thickness, the vibration can show the trend of
increase for £=0.02 or 0.05, demonstrating that the



6 Shock and Vibration
2.4
&=~
2.35 SE~<o
S s o
— O... s =T~J
T 23T O-....... e _ T=a_
\E'/ . N ............ = S s N =a
- o O....... S s o
Z 225 — T
< -. -
CeX. o,
2 &
2.15
0 0.05 0.1 0.15 0.2 0.25

—0— 0Ocm from the top

—o— 5cm from the top

—a— 10cm from the top

Damping ratio

+O 15cm from the top
- 20cm from the top

FiGURE 7: The effects of the damping ratio on vibration reduction (at monitored point A; damping layer thickness = 30 mm).

0.0112

0.011
0.0108

0.0106

MS (m/s?)

F0.0104

0.0102

0.01

0 0.05

—— Ocm from the top
—o— 5cm from the top

—a— 10cm from the top

0.15 0.2 0.25

Damping ratio

+Q+ 15c¢m from the top
- 20cm from the top

FiGURre 8: The effects of the damping ratio on vibration reduction (at monitored point E; damping layer thickness =10 mm).

0.11

0.0105 A

0.01

0.0095

Agus (m/s?)

0.009

0.0085

0 0.05

—— 0cm from the top
—— 5cm from the top

—a— 10cm from the top

0.15 0.2 0.25

Damping ratio

O+ 15cm from the top

¢~ 20cm from the top

FIGURE 9: The effects of the damping ratio on vibration reduction (at monitored point E; damping layer thickness =30 mm).

increasing thickness of the damping layer may have a
negative effect as the damping ratio is low. This can be due to
the lower elastic modulus of the damping asphalt mixtures,
composed by which the thicker layer can result in a higher
vibration under the same load. However, such a negative
effect can occur only when the monitoring point is point

A. Considering the vibration reductions at monitored points
E (see Figure 11), positive effects caused by the increased
thickness can always be found.

In addition, the reductions are almost linear for all
thicknesses, from which the optimized thickness of the
damping layer cannot be obtained directly. However, based
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on the consideration of construction cost and pavement  4.5. Effect of the Damping Layer Position. When the thickness
structure reliability, 30 mm can be regarded as the optimized ~ of the damping layer is 30 mm, the effects of the damping
thickness. layer position on Agys at monitored points A, C, and E are
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evaluated, as shown in Figure 12. The horizontal axis rep-

resents the damping layer position, which
from the top.

is the distance

The varying damping layer positions have a relatively
obvious effect at point E compared to point C and point A; at

point C, changing the position of the damping layer has
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almost no effect on the vibration response of the system.
Hence, it can be concluded that the most meaningful point
to select the optimized damping layer position is point E,
where the values of Arys, the damping layer placed at the
top, is the optimal position. However, due to the low indirect
tensile strength (ITS) evaluated from the laboratory tests, the
damping layer cannot work as a surface layer and the second
choice might be the optimized position. Hence, it is de-
termined that the optimized position for the damping layer
can be 5cm or 10 cm from the top.

5. Conclusions

To reduce traffic-induced vibrations on the slope stability of
the open-pit mines, a novel antivibration trial pavement with
a special damping layer was developed. To more fully ex-
amine the effectiveness of such a damping layer in the
application and optimize the pavement structure, para-
metric studies based on a two-dimensional (2D) finite el-
ement (FE) model of the antivibration pavement were
conducted. Sensitivity analysis of varying monitored points
and varying loads are performed. Several important pa-
rameters such as the damping layer position and thickness,

damping ratio are evaluated as well. By using this FE
simulation to model the vibration response induced by
traffic, some costly construction mistakes and field experi-
mentation can be avoided. The conclusions from the sim-
ulations can be highlighted as follows:

(1) By laying a damping layer in the pavement structure,
the obvious vibration reduction of 15%~20% can be
observed from 2 m to 30 mm away from the loading
point, demonstrating the effectivity of the anti-
vibration pavement on the slope stability of the
open-pit mines. Therefore, it is practicable to con-
struct the antivibration pavement with a special
damping layer.

(2) For the loads with different loading times repre-
senting varying traffic-speed, the maximum vibra-
tion reductions can appear at different distances but
show very similar trends, demonstrating the low
sensitivity of the antivibration pavement on the
traffic loads.

(3) With the increase of damping ratio, the RMS ac-
celeration at the monitored point decreases linearity.
In order to obtain the obvious vibration reduction



10

effect to keep the slope stability, the damping ratio of
the damping asphalt mixtures special for the
damping layer should arrive at 0.15-0.2, which is
almost 2 times compared to the conventional rub-
berized mixture under the same loading condition,
while from the laboratory results obtained, such
design target can be realized.

(4) The increasing thickness of the damping layer does
not necessarily reduce the vibration response at
point A due to the low elastic modulus of damping
asphalt mixtures, while considering the vibration
reductions at monitored points C and E, positive
effects caused by the increased thickness can always
be found. Also, the relationships between the vi-
bration reduction and thickness are almost linear,
from which the optimized thickness of the damping
layer cannot be obtained directly. However, based on
the construction cost and structure reliability, 30 mm
can be the optimized thickness for the damping layer
to keep the slope stability of open-pit mines.

(5) The effects of varying damping layer position at
points A and E have a relatively bigger effect com-
pared to point C. For the pavement structure re-
ferred to in the present study, the optimized position
for the damping layer is 5 cm or 10 cm away from the
top. In this way, the impact of traffic load on slope
stability of the open-pit mines can be minimized.

Future developments will consider constructing a three-
dimensional (3D) FE simulation and evaluating the differ-
ence between the results obtained from the 3D models and
the present study.
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