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Abstract

Ground vibration induced by human activity such as industrial activities, car or truck traffic,
or pilling and blasting in construction or deconstruction operation, generally reaches the
troublesome limit for men and occasionally attain the harmful limit. In the densely populated
urban regions and buildings housing sensitive equipments, ground vibration has to be strictly
controlled. Up to now, many vibration reduction methods have been proposed, one of which
is the installation of wave barrier between the dynamic sources and the protected structures.
Over the past decades, the vibration isolation effectiveness of wave barrier has been exten-
sively studied. However, to the best of the writer’s knowledge, there is little study about the
mutual influence of the parameters of soil-barrier system on the barrier screening efficiency,
and the optimization design for wave barrier is rare as well. On the other hand, the influence
of ground vibration generated by explosions on the nearby existing tunnel has attracted more
and more attention due to the recent damage or even failure of tunnels. Up to now, there are
few mitigation measures comprehensively proposed by researchers and engineers for the
tunnel vibration reduction during explosions. To overcome those drawbacks, this dissertation
focuses on the investigation of the influence of various parameters of soil-barrier system on
the barrier isolation efficiency. Key parameters are identified. More importantly, a developed
optimization design method is developed, aiming to find out the desirable barrier that is able
to minimize the ground vibration in protected site. Besides, the dynamic behavior of existing
tunnel under nearby explosions is examined. Parameters that significantly affect the response
of tunnel are pointed out. Furthermore, two practical mitigation measures: the installation of
a protective layer along the tunnel lining and time-delayed explosions (rather than instanta-
neous explosions), are presented with details. The research in this dissertation is able to
provide a good reference for the optimization design of wave barrier in reducing ground vi-
bration in protected site and for the design of practical mitigation measures to protect

existing tunnel from nearby explosions.

Keywords: Wave barrier; Vibration isolation; Parametric study; Optimization design; Blast-
induced vibration; Existing tunnel; Mitigation measures; Protective layer; Time-delayed ex-

plosions; Instantaneous explosions; FEM.
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Résumé

Les vibrations du sol induites par les activités humaines telles que, les activités industrielles,
la circulation des camions et voitures, les explosions dues aux constructions ou I’exploitation
de la déconstruction, atteignent souvent la limite de géne pour les usagers et parfois la limite
de nocivité. Dans les régions urbaines a forte densité et pour les batiments abritant des
équipements sensibles, les vibrations du sol doivent étre strictement contrblées. Jusqu'a
présent, de nombreuses méthodes de réduction de vibration ont été proposees, dont l'une est
I'installation d'une barriére d'ondes entre les sources et les structures a protéger. Au cours des
derniéres décennies, I'efficacité de I'isolation des vibrations a I’aide de barriére d'ondes a été
étudiee. Toutefois, il y a peu de travaux consacrés a I’influence mutuelle des parametres du
systeme sol-barriére sur l'efficacité de I'isolation de la barriére d'ondes, et I'optimisation de la
barriére d'onde est egalement rare. D'autre part, I'influence des vibrations du sol, générées
par les explosions durant la construction d’un nouveau tunnel, sur un tunnel avoisinant,
interpelle en raison des dommages qui peuvent étre produits. Jusqu'a présent, il existe peu de
mesures d'atténuation globale proposées par les chercheurs et les ingénieurs concernant la
réduction de vibrations dans les tunnels lors des explosions. Pour répondre a ces
insuffisances, cette thése porte sur I'étude de I'influence des différents paramétres du systeme
sol-barriere et qualifie l'efficacité de l'isolation de la barriére d'ondes. Les paramétres clés
sont identifiés, leur role respectif quantifié. Plus important encore, une méthode de
conception d'optimisation est mise au point, dans le but de proposer la barriére qui est
capable de réduire au minimum la vibration du sol en site protégé. Enfin, le comportement
dynamique du tunnel existant sous les sollicitations des explosions proches est examiné. Les
parametres qui influent considérablement sur la réponse du tunnel sont mis en évidence.
Deux mesures d'atténuation pratiques, concernant l'installation d'une couche de protection le
long de la paroi du tunnel d’une part et des explosions a retardement (plutét que des
explosions instantanées) d’autre part, sont présentées en détails. Les recherches menées dans
le cadre de cette thése sont en mesure de fournir des éléments pour la conception optimisée
de la barriere d'ondes afin de réduire les vibrations du sol en site protégé et pour la
conception de mesures d'atténuation concretes afin de protéger un tunnel existant par des

explosions a proximité.

Mots-clés: Barriere d'ondes; Isolation des vibrations; Etude paramétrique; Conception
d'optimisation; Vibration induite par explosion; Tunnel existant; Mesures d'atténuation;

Couche protectrice; Explosions a retardement; Explosions instantanées; FEM.
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1. Introduction

This dissertation focuses on two major works: one is the study on the isolation performance of
wave barrier in reducing ground vibration generated by external load; the other is the investiga-
tion on the dynamic behavior of existing tunnel under nearby explosions and the mitigation
measures for reducing the vibration of existing tunnel. In this chapter, the motivation of the re-
search is firstly introduced, then the scope and objectives of the research are pointed out, and

finally, a brief description of the dissertation structure is presented.

1.1 Motivation of research

Ground vibration generated by external dynamic sources, such as earthquake, blasting, high
speed cars, trains and subways has detrimental influence on the nearby structures and inhabi-
tants. It can possibly damage buildings, annoy people and affect the security and accuracy of
sensitive equipments. In the past few decades, researchers tried many ways to prevent or miti-
gate the adverse effects of ground vibration, of which the installation of wave barriers like open
trenches, bentonite trenches, solid or hollow concrete walls, sheet pile walls, expanded polysty-
rene (EPS) geofoam trenches is assumed to be an effective mitigation measure [15], by
preventing waves from transmitting wave energy into the protected areas. Generally, the geome-
try, the location and the composition of wave barrier are considered to be the most important
factors that affect the vibration isolation effectiveness. During the past years, a great number of
researches including analytical, experimental and numerical studies have been committed to
investigate the barrier isolation performance. Lots of valuable progresses were made and prac-
tical applications were already carried out. However, to the best of the author’s knowledge,
there are some issues that are still unclear. For example, most of the previous researches which
involved in parametric study mainly focused on the effect of single parameter on the vibration
isolation effectiveness, it is still not clear of the mutual influences of multi-parameters, while
such mutual influences widely exist in practice. There are also few investigations on the optimi-
zation design of wave barrier in reducing ground vibration, which is very important not only for
the isolation performance of barrier but also for the construction cost. The only exception
known to the author is Wu [131], who used Taguchi method for the optimization of parameters
of underground trench. However, his study was about the underground barrier, rather than sur-
face barrier. Also, the investigation in his work on the optimization of parameters did not
include the effect of barrier material, which was believed to play an important role in the screen-

ing effect. Another drawback of the previous researches on wave barrier is that wave barrier is
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widely assumed to reduce ground vibration generated by surface vibration sources, like the high
speed trains, the working heavy machines, but there is little study on mitigating the ground vi-
bration induced by underground dynamic sources, especially by the subsurface explosions.
Therefore, there is a need to further understand the isolation performance of wave barrier under
different kinds of external loads as well as to conduct the optimization design for wave barrier

in practice.

Another important issue in this research is the security of existing tunnel under nearby ex-
plosions. It is known that the drilling and blasting method is commonly used in mining and
tunneling operation as an economical way of deep excavation, especially in hard rock, where
digging method is too expensive or even impossible. However, vibration generated by explo-
sions has adverse influence on the adjacent existing tunnel, ranging from minor structural
damage to structural failure and even loss of lives. Therefore, the control of vibration of existing
tunnel under explosions is one of the major concerns during the tunnel protection design. It is
pointed out that, although a great number of researches on the blast-reduced vibration of exist-
ing tunnel (mainly the field tests and numerical simulations) were carried out in the past decades
and the dynamic behavior of existing tunnel is now much better understood, there are still few
researchers who comprehensively investigate the mitigation measures for the tunnel vibration
reduction. Apparently, effective and economic mitigation measures are crucial not only for en-
suring the security of existing tunnel (under nearby explosions), but also for reducing the
construction cost during the tunnel design. Therefore, it is meaningful to propose cost-effective

mitigation measures to reduce the blast-induced vibration of existing tunnel.

1.2 Scope and objectives

As stated above, there is still much work to do to better understand the isolation performance of
wave barrier and the optimization design, and lots of efforts are also needed on the mitigation
measures for the protection of existing tunnel under nearby explosions. Thus, this dissertation
aims to improve the current level of understanding on the usage and optimization design of
wave barrier in isolating the surface vibration sources as well as the subsurface explosions. An-
other important goal of this research is to propose practical mitigation measures for protecting
existing tunnel from nearby explosions. It is noted that this research is numerical investigations

with the specific objectives presented as follows:

* Investigating the isolation performance of wave barrier under surface harmonic load.
Evaluating the significance and sensibility of parameters and proposing an optimiza-

tion design method for wave barrier.
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* Investigating the isolation performance of wave barrier under subsurface explosions.
Evaluating the significance and sensibility of parameters and proposing an optimiza-

tion design method for wave barrier.

* Investigating the dynamic behavior of existing tunnel under nearby explosions. Identi-
fying key parameters that significantly affect the tunnel vibration, and evaluating the
motion and damage degree of tunnel (including the lining and the slabs) under explo-

sions.

*  Proposing two promising mitigation methods in reducing the vibration of existing tun-
nel under explosions. Examining the efficiency of each method and providing a

reference for the tunnel protection design in practice.
In order to achieve the objectives above, the scope of the research includes:

e Creating a numerical model of soil-barrier system where surface harmonic load is ap-
plied, by using the finite element package ABAQUS 6.11. The reliability of the
numerical model is validated by previous publications. Then a comprehensive para-
metric study is carried out to examine the influence of each parameter on the vibration
isolation effectiveness. Next, with the combination of Python program language and
ABAQUS, an optimization design method is developed to identify wave barriers from
performing the best to being the worst. A case study based on the assumption that the
wave barriers are made of EPS is presented as well.

*  Creating a numerical model of rock-barrier system where subsurface explosions is ap-
plied in ABAQUS 6.11. A comprehensive parametric study is performed to examine
the influence of each parameter on the vibration isolation effectiveness. Next, an opti-
mization design method is proposed for the wave barrier design.

e Creating a numerical model of rock-tunnel system under explosions in ABAQUS 6.11.
Key parameters that significantly affect the tunnel vibration are identified during a
parametric analysis. By using the concrete damaged plasticity (CDP) model for the
tunnel lining, an extensive comparison study of elastic analysis and elastic-plastic
analysis is committed. The maximum motion and the possible damage and stiffness
degradation of the tunnel lining and the slabs are evaluated in different conditions.

*  Two mitigation measures for protecting existing tunnel under explosions are evaluated
by creating and examining the corresponding numerical models in ABAQUS 6.11. The
first mitigation measure is to install a protective layer (also known as isolation layer)
which lies along the tunnel lining, acting like “wave barrier”. Four kinds of protective
layer materials: cement grout, wood, rubber and EPS are examined. An optimization

design method for the protective layer made of EPS is presented as well. The second

3
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mitigation measure is to reduce the wave energy by using time-delayed explosions, in-
stead of instantaneous explosions. Comparison study of the motion of existing tunnel
under instantaneous explosions and time-delayed explosions is conducted. The influ-
ences of the sequence of firing explosives and the patterns of blastholes during time-

delayed explosions are examined as well.

1.3 Structure of dissertation

This dissertation can be divided into three major parts: a general literature review of the previ-
ous researches which are relevant to the current study; the investigation on the isolation
performance of wave barrier under surface harmonic load and under subsurface explosions; and
the investigation on the dynamic behavior of existing tunnel under nearby explosions and the
mitigation measures for reducing the tunnel vibration. Specifically, the dissertation is organized

into seven chapters as follows:

Chapter 1 briefly introduces the motivation of the research, the objectives and scope of the
current work and the outline of the dissertation.

Chapter 2 presents a literature review of the previous researches relevant to the current study.
Areas of interest include the basic knowledge of vibration, traditional methods for reducing vi-
bration, vibration isolation by using wave barrier, responses of existing tunnel under explosions
and mitigation measures for reducing the tunnel vibration.

Chapter 3 investigates the isolation performance of wave barrier under surface harmonic
load. Firstly, a 2D model of soil-barrier system is created in ABAQUS, and the reliability of the
numerical model is verified by previous publications. Then a comparison study between the 2D
analysis and 3D analysis is carried out, the result shows that 2D model is sufficient to produce
accurate results. Next, a comprehensive parametric study, including the material properties and
the dimensions of wave barrier (Young’s modulus, density, Poisson’s ratio, damping ratio, the
width, the depth, the inclination angle), the distance from the vibration source to the barrier and
the magnitude of external load, has been carried out to investigate the influence of each parame-
ter on the barrier isolation performance. Based on the results of parametric study, together with
the combination of Python program language and ABAQUS, an optimization design method for
wave barrier is developed, aiming to find out the best barrier which is able to minimize the
ground vibration in protected site. A case study based on the assumption that the barriers are
made of EPS is presented as well.

Chapter 4 presents the investigation of the isolation performance of wave barrier under sub-
surface explosions. The research method is similar to that presented in Chapter 3: firstly, a
numerical model of rock-barrier system is built in ABAQUS; Then, a parametric study is con-

ducted to examine the significance and sensibility of each parameter on the barrier screening
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effectiveness; Next, by using the combination of Python scripts and ABAQUS, an optimization
design for wave barriers made of EPS is carried out. Wave barriers from performing the best to
being the worst are identified.

Chapter 5 investigates the dynamic behavior of existing tunnel under nearby explosions. This
study is based on the current project [126], where some cross passages which connect a security
tunnel and main tunnel (the two tunnels are parallel to each other) are being constructed by ex-
plosions. The dynamic behavior of main tunnel is simulated by creating the corresponding
numerical model in ABAQUS. A comprehensive parametric analysis, which includes the lining
stiffness, thickness, the distance of explosions from main tunnel, the position of explosions
along the section of cross passage, the magnitude of the blast pressure as well as the tunnel bur-
ial depth, has been performed to examine the effect of each parameter on the main tunnel
vibration. Then, a comparison study between elastic analysis and elastic-plastic analysis is
committed, the behaviors of main tunnel under weak and strong explosions are presented. Final-
ly, the maximum motion and the degree of damage and stiffness degradation of the tunnel lining
and the slabs are evaluated in different conditions by using the CDP model for the whole tunnel.

Chapter 6 proposes two mitigation measures for reducing the response of main tunnel under
explosions. One is the installation of a protective layer which lies along the tunnel lining to re-
flect and/or absorb the waves. The screening effectiveness of protective layers made of four
different materials (cement grout, wood, rubber and EPS) is numerically examined in ABAQUS.
The protective layer made of EPS is found to be the most efficient. Once again, with the combi-
nation of Python scripts and ABAQUS, the optimization design for EPS protective layer is
carried out, the best EPS layer which can minimize the vibration of main tunnel is identified.
The second mitigation measure is the usage of time-delayed explosions, rather than instantane-
ous explosions, to reduce the vibration of main tunnel. A comparison study of the motion of
main tunnel under these two kinds of explosions is committed. The influences of the sequence
of firing explosives and the patterns of blastholes on the vibration of tunnel are examined as
well.

Chapter 7 presents the overall conclusions based on current investigations, the potential fu-

ture study is also pointed out.
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2. Literature review

This chapter briefly introduces the previous works which are relevant to the current investiga-
tions. Background information, which includes some basic knowledge of ground vibration, the
methods of reducing ground vibration, the usage of wave barrier for vibration isolation, the re-
sponses of existing tunnel under nearly explosions and the mitigation measures for tunnel

vibration reduction, is presented.

2.1 Basics of vibration

2.1.1 Ground vibration sources

Ground vibration can be generated by many external sources, such as earthquake, explosions
and industrial, construction and transportation activities. Broadingly speaking, there are three
kinds of vibration sources [1]: the continuous vibration source, which generates uninterrupted
vibration for a defined period, like steady road traffic, tunneling boring machinery; the
impulsive vibration source, which causes a very strong vibration in a short time and then decays
rapidly, like the explosions, the dropping of heavy equipments; and the intermittent vibration
source, which is defined as interrupted periods of continuous vibration or repeated periods of
impulsive vibration, like pile driving, jack hammers, forging machines. On the other hand,
vibration can be caused by the protected structure itself (within the protected structure), such as
mechanical vibration source in buildings like the air conditioning. In this dissertation, it is noted
that only external vibration sources are considered. The following part introduces three typical
and important external vibration sources: earthquake, transport vehicles and construction

activities. A short discussion with each type of vibration source is presented as well.

Earthquake An earthquake is generally the result of a sudden release of energy in the earth
when the faults slip past each other. Although the ground vibration generated by earthquakes
lasts only a few seconds, its impact is traumatic. It can destroy villages, towns and even the
whole cities, causing massive loss of life and property and severely damage social essential ser-
vices like water and electricity supply, sewerage systems, communication and power, public
transportation. Figure 1 shows an example of completely destroyed buildings after the
Wenchuan earthquake in 2008, China. It is estimated that tens of thousands of people died and
millions of buildings were destroyed. Usually, the aftermath of earthquakes results in destabili-
zation of economic and social structure of large affected area. It is one of the most destructive

natural disasters in the world.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0011/these.pdf
© [B. Qiu], [2014], INSA de Lyon, tous droits réservés



Due to the tremendous costs and loss of life, investigations on earthquakes have attracted
more and more attention from both academics and engineers. Extensive research has already
undertaken in earthquake engineering, which aims to protect the society, the natural and the
man-made environment from earthquakes by limiting the seismic risk to socio-economically
acceptable levels [2]. It focuses on the investigation and the solution of problems caused by
earthquakes, as well as the work involved in the practical application of those solutions. The
core issue is to plan, design, construct and manage earthquake-resistant structures and facilities
[3]. And the particular importance is the nonlinear behavior of soil (or rock), structures and their
interaction during strong earthquakes. Recently, effects of nonlinear behavior of soil, including
the slippage and separation at the interface of soil and foundation, soil liquefaction problem and
hyperbolic stress-strain relationships, have become hot topics in the earthquake protection field
[3-5].

Figure 1. The destroyed buildings after WenChuan earthquake in 2008, China.

Transport vehicles Transportation system, which connects together all the social and economic
organizations for co-operation between different areas and sections, plays a vital role in the eco-
nomic growth in every country and contributes a significant improvement in the way of life [7].
On the other hand, however, the activities of transport vehicles may have detrimental impacts on
the environment. One of the major problems is the traffic-induced ground vibration. The passing
of high-speed vehicles, like cars, trains, subways, can transmit dynamic energy into the surface
of the soil (or rock), leading to ground-borne vibration. It has been observed for many years that
the passage of vehicles can cause lots of trouble on the nearby buildings and residents, ranging
from causing annoyance to structural damage. Figure 2 shows a high-speed train (TGV) operat-
ed by SNCF Voyages in France. A recent test showed that the fasted TGV reached to be 574.8
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km/h in 2007 [10]. The ground vibration produced by such wheeled train is so strong that prop-
er mitigation measures have to be taken to control its adverse influence on the nearby residences
and structures.

The magnitude and the frequency of ground vibration generated by the passage of vehicles
are believed to be largely dependent on the type of ground surface and the soil conditions [8, 9].
Theoretically, the vibration problem in an elastic half-space has been studied for many years.
However, due to the mathematical complex, the analytical method can only be used in some
ideal situations. More often, the experimental and numerical methods are employed to investi-
gate the vehicle-induced ground vibration. Recently, with the appearance of the so-called super-
critical speed of trains which can travel even faster than the Rayleigh wave, there is an urgent
necessity to understand the ground vibration behaviors of trains, tracks, rails and soils during

the train moving in the super-critical range [11].

Figure 2. The high-speed train (TGV) operated by SNCF Voyages in France.

Construction activities According to Kuo [12], there are generally five major sources of
ground vibration during the construction activities. They are pile driving, compaction, tunneling,
excavation and blasting, of which the blasting is considered the most dangerous, for it releases
huge amount of energy in a very short time and may cause severe damage and even loss of life
if appropriate precautions are not taken. Figure 3 shows the massive subway explosions in New
York in 2012, the blast is so strong that it sends debris out of the subway station and reaches as
high as eight stories. In the past decades, a great number of researchers have focused on the
creation of reliable prediction models of blast and the development of practical blast control

methods [13]. It is suggested that more care should be made on the underground explosions than
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surface explosions, for the higher level of ground vibration is generally produced by the under-

ground explosions than the surface explosions.

Figure 3. Massive subway explosions rocked in New York in 2012.

2.1.2 Wave propagation in soil (or rock) media

A basic understanding of the wave propagation in soil (or rock) media is very important during
the investigation of developing methods to control ground vibration generated by dynamic
sources. Generally, there are two main types of waves: body waves and surface waves. Body
waves which include P-wave (also known as primary or compressional or longitudinal wave)
and S-wave (also known as secondary or shear or transverse wave) can travel through the interi-
or of the Earth. While surface waves, which include Rayleigh wave, Love wave and Stoneley
wave, can only travel along the Earth’s surface, and has a slower velocity and a lower frequency
than body waves. The following part provides some details about P-wave, S-wave, Rayleigh

wave and Love wave.

P-wave is a kind of elastic wave which travels through all types of material, including the gases,
liquids and solids. It travels faster than any other waves and is therefore first to be recorded by
seismic stations. As it propagates in isotropic and homogeneous solids, the solid particles are
pushed and pulled, and move along or parallel to the propagation direction that the wave energy
is traveling in. Figure 4 shows the perspective view of P-wave propagation through a grid which
represents a volume of material. The X and Y directions are parallel to the Earth's surface and
the Z direction is the depth. The successive time T increases from T=0to T = 3. It is observed
that the disturbance that is propagated is a compression (grid lines are closer together) followed

by a dilatation or extension (grid lines are farther apart). The particle motion is in the propaga-
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tion direction. And the vibrating material returns to its original shape after the P-wave has

passed [14]. The velocity of P-wave in a homogeneous isotropic medium is given as
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where £, p and v are Young’s modulus, density and Poisson’s ratio of the media, respectively.
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Figure 4. Perspective view of P-wave propagation through a grid representing a volume of ma-

terial [14].

wave, typically 60%

S-wave The second type of body wave is the S-wave. It travels slower than P

of the speed of P-wave in a given solid material, and therefore arrives at the seismic stations

after the arrival of P-wave. It is noted that S-wave can only propagate in solids, for there exists

no shear stresses in gases or fluids. When it moves in the Earth, the soil or rock particles are
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forced to move up and down, or side-to-side, which is perpendicular to the direction of wave

propagation (the direction that S-wave is traveling in). And the vibrating material returns to its

original shape after the S-wave has passed, as shown in Figure 5, which demonstrates the per-

spective view of S-wave propagation in the Earth (the grid represents a volume of material) [14].

The velocity of S-wave in a homogeneous isotropic medium is given as

(4

Vg =

2p(1+v)

where £, p and v are Young’s modulus, density and Poisson’s ratio of the media, respectively.

The constant G is denoted as the second Lamé parameter, as denoted in Equation (2).
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Figure 5. Perspective view of S-wave propagation through a grid representing a volume of ma-

terial [14].

Rayleigh wave, also known as ground roll, is named for John William Strutt, Lord Rayleigh,

who mathematically predicted the existence of this type of wave in 1885. It is one kind of sur-

face wave which travels near the surface of solids, with a speed slightly less than the S-wave in

typical homogeneous elastic media. As it travels on the surface of the Earth, it forces the ground

to move up and down, and side-to-side in the same direction of wave propagation, like the wave
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rolling across a lake or an ocean. Figure 6 shows the perspective view of Rayleigh-wave propa-
gation through a grid representing a volume of elastic material. It can be seen that the Rayleigh
wave causes the surface particles to move in an ellipses motion which consists of both vertical
(shear; perpendicular to the direction of propagation but in the X-Z plane) and horizontal (com-
pression; in the direction of propagation) particle motion [14]. It should be mentioned that
Rayleigh wave could only propagate near the surface of the ground and decay rapidly as it trav-
els deep into the earth. Figure 7 represents the evolution of the amplitude of Rayleigh wave over
depth with different Poisson’s ratio of soil [15]. The dimensionless amplitude of Rayleigh wave
and the depth are adopted. It can be seen that both the horizontal and vertical amplitude of Ray-
leigh wave decrease dramatically as the Rayleigh wave travels deeper into the earth, and when
the depth exceeds to 1.2 wavelength of Rayleigh wave, the amplitude of Rayleigh wave be-
comes so small that it can almost be ignored. It is noted that the velocity of Rayleigh wave can

be computed as

Obsica
X 4 Mﬂ"“fpra
wzjgn
T=0
T=1
T=2
T=3

on

Figure 6. Perspective view of Rayleigh wave propagation through a grid representing a volume
of material [14].
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Figure 7. The amplitude of Rayleigh wave over depth with different Poisson’s ratio [15].
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where £, p and v are Young’s modulus, density and Poisson’s ratio of the media, respectively.

The constants G is denoted as the second Lamé parameter, as denoted in Equation (2).

Love wave is another kind of surface wave, which exists only in semi-infinite medium overlain
by an upper layer of finite thickness [16]. It travels faster than Rayleigh wave, but slightly slow-
er than the S-wave. It has the largest amplitude but its amplitude decreases rapidly with depth.
As it propagates on the Earth, the particle motion forms a horizontal line which is perpendicular
to the direction of wave propagation, and the material returns to its original shape after the wave
has passed, as shown in Figure 8 [14].

Wave field generated by circular footing is presented here for considering that many ground
vibration, especially traffic-reduced vibration can be decomposed into the combinations of dif-
ferent ground vibration generated by circular footing undergoing vertical oscillations at the
surface of a half-space. Figure 9 demonstrates the distribution of wave field generated by a cir-
cular footing on a homogeneous, isotropic and elastic half-space [17]. The wave front of each
wave clearly shows that the P-wave propagates the fastest and Rayleigh wave is the slowest.
What also can be seen is that the P-wave and S-wave travel radially outward from the vibration
source along a hemispherical wave front and Rayleigh wave travels along a cylindrical wave

front. The “Horiz Comp” and “Vert Comp” respectively show the distribution of horizontal and
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Figure 8. Perspective view of Love wave propagation through a grid representing a volume of

elastic material [14].

vertical components of Rayleigh wave along the depth. The shaded areas along the wave fronts

of P-wave and S-wave represent the relative amplitude of particle displacement as a function of

angle which is measured downward from the surface at the center of the circular footing. It is

noted that the energy density and the amplitude of each wave will decrease as the wave propa-

gates outside from the circular footing. This phenomenon is often called geometrical damping.

Study [19] shows that the amplitude of Rayleigh wave decreases in proportional to the ratio of

while the amplitude of P-wave and S-wave de-

)

input source)

1/r° (r is the distance from the

where the value of amplitude decrease is

space,

crease as 1/r except along the surface of the half

1/r?. Besides

investigations [20] indicate that the distribution of the total input energy among

wave and 7% P-wave. It means that Ray-

S

26%

Rayleigh wave,
leigh wave carries about two thirds of the whole

the three waves is that: 67%

input energy. Moreover, the amplitude of

Rayleigh wave decays much more slowly with distance than P-wave and S-wave. Therefore,

Rayleigh wave should be the primary concern for the protection of nearby structures and inhab-

itants from ground vibration.
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Figure 9. Distribution of wave field generated by a circular footing on a homogeneous, isotropic
and elastic half-space [17].

2.1.3 Impact of vibration

The impact of vibration has become an important issue in recent years. In many countries, espe-
cially in developed countries, more and more environmental regulations have been introduced to
place increasing constraints on the vibration, particularly in the densely populated areas and in
the structures which house sensitive machinery. Generally, the adverse impact of vibration in-
duced by dynamic sources can be divided into two parts: the human response and the structural

response.

Human response External vibration sources, especially the transportation and construction ac-
tivities are becoming serious problems which cause disturbance to the human being. A great
number of investigations [21-25] in the past few decades show that people living in cities are
subjected an increasing air, rail and road traffic vibration, causing high levels of annoyance and
sleep problem, which have detrimental effects on the quality of life. Particularly, the sleep prob-
lem like being woken through the night, an increase of the time to fall asleep, has serious
influences on the people’s working performance and mood [26]. Some researchers [27] indicate
that excessive exposure to such disturbance could lead to long-term health problems as well.
Another problem is the human exposure to ground vibration and mechanical shock caused by
vibration sources, like the passing cars, trains, subways, which are very common in the daily life.
Motion can be transformed from the dynamic sources to the soil or rock media, through the
buildings, the floor, the seat, and finally reach to a standing or sitting person. Exposures can also

happen in occupations involving operation of hand-held power tools, mostly to the hands and
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arms. People’s response to such vibrations and shocks can range from minor perception to
health problems, like motion sickness, back injury, the damage of blood vessels and nerves of

hands [28]. Table 1 shows the estimates of typical human responses to vibration and mechanical

shock with sources [29].

Table 1. Estimates of typical human responses to vibration and mechanical shock [29].

Human Responses Source Typical value

Perception (mean) 0.015ms™
ISO 2631, 1997 )
Whole body 0.0075 ms™ (4Hz)
) ] ISO/FDIS 13091-2, 2002

Fingertips M-0.25, F-0.32 ms? (125Hz)
Building vibration ISO 2631-2, 1989 0.007 ms™
Discomfort not comfortable ISO 2631, 1997 <0.315 ms™
Discomfort uncomfortable ISO 2631, 1997 0.8-1.6 ms™
Discomfort very uncomfortable ISO 2631, 1997 >2.0 ms™
Motion sickness (10%) ISO 2631, 1997 30 ms™**
Health effect hand (HAVA) ISO 5349-1. 2001 1.0 ms™
Health effect whole body ISO 2631-1. 1997 8.5 ms™
Health effect shocks (vertical) ISO/DIS 2631-5, 2002 >0.5MPa

Structural response In recent years, there is an increasing demand for protecting existing struc-
tures by mitigating the structural response to the ground vibration generated by external loads.
When vibration occurs in the buildings, it may not only disrupt people who are living inside, but
also cause possible damage to the building itself, such as cracking, breakage, fatigue damage or
even structural failure and collapse. For some special structures which hold sensitive
equipments, like nano-technologies, microscopes or lasers, vibration must be strictly controlled
in order to ensure the security and accuracy of those sensitive equipments. Table 2 shows the
vibration velocity guidelines for use in evaluation the effect of vibration on the structural integ-
rity [30]. It can be seen that the permitted maximum velocity for structures with particular
sensitivity to vibration is much lower than the one for other types of structures. On the other
hand, severe vibration due to strong earthquakes and explosions can lead to tremendous struc-
tural damage, for example, the Wenchuan earthquake, which occurred in the southwest of China
in 2008, killed an estimated 68000 people [31], most of them died in the fallen buildings. And
about 4.8 million people became homeless [32]. It is said that the whole Wenchuan area as well

as the neighboring areas were completely destroyed by this single earthquake.
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Table 2. Safe limits for structural integrity for long-term continuous vibration (DIN4150) [30].

Guideline values for velocity
in mm/s, of vibration in hori-

Type of Structure zontal plane of highest floor, at
all frequencies
1 Building used for commercial purposes, industrial 10
buildings, and buildings of similar design
5 Dwellings and buildings of similar design and/or 5
occupancy

Structures that, because of their particular sensitivity
3 to vibration, cannot be classified under lines 1 and 2 25

and are of great intrinsic value (e.g. listed buildings :
under preservation order)

2.2 Methods of reducing vibration

Section 2.1 provides some general knowledge of the vibration sources, the wave propagation in
media and their impact on the human being and the structures. It is noted that when the vibra-
tion effects exceed the permitted level, proper measures have to be taken to reduce the
undesirable vibration. And the degree of detrimental vibration impact will determine the extent
of vibration control methods. Generally, there are three major mitigation strategies. They are:
controlling the vibration sources, disrupting the wave propagation in soil (or rock) media and

controlling the vibration of protected structures.

2.2.1 Controlling the vibration sources

Apparently, if the dynamic forces generated by vibration sources are weaken, a decrease of the
ground vibration can be expected. There are many ways to control the vibration sources in prac-
tice, for example, choosing the low-impact equipments or instruments rather than the heavy-
impact ones whenever it is possible, arranging operations appropriately so that the induced-
vibration does not occur simultaneously or even becomes weaken by mutual interaction. On the
other hand, different vibration sources may require different mitigation measures, for instance,
the blast vibration can be controlled by careful design of the blast parameters and the applica-
tion of right techniques; for the traffic vibration on road, since the most severe vibration is
generally due to the passage of heavy vehicles with high speeds on the irregular road surfaces,
mitigation measures like limiting the speed, reducing the road surface irregularities, or even re-

stricting the use of heavy vehicles, can be proposed to reduce the road vibration.

2.2.2 Disrupting the wave propagation through the soil (or rock) media

Disrupting the wave propagation inside the soil (or rock) media is also an effective way to re-

duce vibration. It is known that geological make-up and the media constitution have an
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important effect on the wave propagation mechanism. An increase in distance between the vi-
bration sources and the protected structures is considered to be one of the most important
measures against vibration, for increasing distance means more wave energy dispersion and mit-
igation during a longer wave travel path. Study [33] shows that vibration due to the passage of
trains is inversely proportional to the distance from the railway tracks, a significant decrease of
the magnitude of vibration can be observed as the investigated sites move from 25 m to 150 m.
And a slower rate of vibration reduction is achieved as the distance is larger than 200 m. On the
other hand, the installation of wave barrier between the vibration sources and the protected
zones is also known to be an effective method to reduce the ground vibration. Wave barriers like
trenches and sheet-pile walls have been used for many years to mitigate vibration in protected
buildings by reflecting and/or absorbing the waves during wave propagation in soil. More de-

tails about the wave barrier will be presented in Section 2.3.

2.2.3 Controlling the vibration of protected structures

Since the purpose is to reduce the vibration in protected structures, mitigation methods for
strengthening the structures’ ability to withstand the power of vibration are also encouraged. As
the waves propagate into the structures like buildings, the foundations firstly begin to vibrate,
then motion of columns, beams, floors occurs, and finally the whole buildings start to vibrate,
causing the buildings to resonate with some vibration modes in some cases [34-36]. Measures
like isolating the foundations by using resilient material such as rubber bearing pads or springs

can be used to control the vibration of protected structures into a reasonable level.

2.3 Vibration isolation using wave barriers

The installation of wave barrier between the vibration sources and the protected structures is
considered to be an effective measure to mitigate ground vibration. Various degrees of success
were reported in the past. Figure 10 shows an example of the application of wave barrier in pre-
venting the traffic-induced vibration to a protected nearby building [37]. The building was so
close to the street that remarkable vibration inside the building was observed, and wave barriers
were installed between the building and the street, attempting to prevent the traffic-induced vi-
bration. Generally speaking, the vibration isolation system can be classified into two categories:
one is the active vibration isolation; the other is the passive vibration isolation. Active vibration
isolation, as shown schematically in Figure 13(a), is to reduce the vibration by placing the wave
barrier close to or surrounding the dynamic sources so that the energy transmitted from the
sources can be directly mitigated or cut off. On the other hand, passive vibration isolation, as
schematically shown in Figure 13(b), is to prevent the waves from propagating into the protec-

tive buildings by placing the wave barrier near the site where vibration must be reduced. In the
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past decades, wave barrier has been used in practice. As early as in 1962, Barkan [37] commit-
ted a number of field experiments to study the isolation performance of open and sheet-wall
barriers, trying to isolate a building from traffic-induced vibration, as shown in Figure 10. The
sheet-wall barriers were installed close to the protected building in order to isolate the traffic-
induced vibration generated by vehicles on the street. After comparing the vibration of building
foundations before and after the installation of sheet-wall barriers, he found that the vibrations
from the street continued to affect the building. Based on this, he concluded that the mitigation
effect of the installation of wave barriers was so small that wave barriers were useless in reduc-
ing the ground vibration. However, he also mentioned later in his study [37] that the failure of
vibration reduction by wave barriers could be attributed to the lack of clear understanding of
surface wave propagation in the presence of wave barriers in soil media. Therefore, it is inferred
that reasonable design for wave barriers which are able to effectively reduce ground vibration
may be expected if a thorough understanding of surface waves around the areas of wave barriers
becomes available. Later, Dolling [74] and Neumeuer [75] used a bentonite-slurry-filled trench
to protect a printing plant from the subway train induced vibrations, as shown in Figure 11. This
application of trench seemed to be effective, since the magnitude of vibration of the printing
plant after the installation of trench was only half of the one before the appearance of trench.
Another successful application of wave barriers was presented by Meneill et al. [76] in 1965,
who used a trench and a sheet-wall barrier to isolate a sensitive dimensional-standards laborato-
ry (see Figure 12). It was reported that the measured acceleration of the slab met the owner’s
specification (maximum acceleration smaller than 0.1 g). Since the 1960s, a great number of
researches have been carried out to investigate the isolation effectiveness of wave barrier, aim-
ing to determine the barrier screening efficiency and to develop the guidelines for the barrier
design. Here, a short description of the wave phenomena in the areas surrounding wave barrier
is firstly presented. Then, a general introduction of previous investigations on wave barrier is
summarized. Three basic research methods: analytical method, model and field experiment, and

numerical method are described with details.

As mentioned above, in the early application of wave barrier for isolating the protected
buildings, one of the major problems is that people did not have a clear understanding of the
wave phenomena in the vicinity of wave barrier in soil media, which was yet crucial for the
practical design of wave barrier. After years of research on the wave propagation in soil with the
appearance of an obstacle, remarkable progresses have been made. Since Rayleigh waves carry
most of the wave energy and are the most destructive waves, a brief qualitative description on
the complex wave process when a Rayleigh wave impinges on a rectangular obstacle is present-
ed [15, 58, 62, 97-99].
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The installation of wave barrier into the soil means the creation of a finite material disconti-
nuity for the wave field in soil. Figure 14 shows the different wave distribution after a Rayleigh
wave incident on a rectangular solid barrier [58]. After the incoming Rayleigh wave travels to
the interface between the soil and the barrier, the wave generation and distribution is as follows:
part of the incident Rayleigh wave is reflected by the barrier, and part of the incident Rayleigh
wave transmits through the barrier. At the same time, body waves including P wave and S wave
are generated. They propagate outwards from the barrier. Specifically, the generated body waves
can be divided into two different types: one is the reflected body waves which propagate down-
ward and to the left of the barrier; the other is the transmitted body waves which radiate to the
right of the barrier. It is noted that it is the transmitted Rayleigh wave and body wave (double-
headed arrows in Figure 14) that enforce the soil on the right side of the barrier to vibrate. The
phenomenon of the conversion of Rayleigh wave to other forms of waves due to the appearance
of a solid obstacle is called as mode conversion. It is known that mode conversion can occur
when a wave encounter an interface between materials with different acoustic impedances and
the incident angle is not normal to the interface. After traveling through the barrier, part of the
transmitted body waves transform into Rayleigh waves with an increasing distance. Based on
the statement above, it can be seen that the wave reflection and mode conversion play the key

role in the isolation phenomena.
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2.3.1 Analytical method

It is revealed from the published literatures that one of the major efforts in early studies on wave
barriers is directed towards analytical method. It is well known that wave equations in homoge-

neous, isotropic, elastic semi-infinite medium are [38]:

0%u
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,uVZu+(A+,u)a—pa?=0 (6)
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A 92
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where A is the Lamé's constant, u is the material shear modulus, p is the material density.
And v, 1 wrepresent the displacements in X, Y and Z directions, respectively. A is the sum of

strain components in X, Y and Z directions. The definition of V2 can be expressed as
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It is worth mentioning that there are two important works which have great contributions to
the elastic wave theory. One work, which was done by Lord Rayleigh [39] in 1885, who math-
ematically predicted the existence of what later called Rayleigh wave, investigated the behavior
of waves upon the plane free surface of an infinite homogeneous isotropic elastic solid. It was
found that the disturbance generated by such plane wave was confined to a superficial region,
which had the thickness comparable with the wavelength. This work was so important that it
created the basic theory of surface wave propagation. Another valuable work was done by Hor-
ace Lamb [40] in 1903. He investigated the propagation of vibration over the surface of the
isotropic elastic half space solid, with the assumption that the vibration was generated by an
arbitrary force at a point, rather than simple-harmonious vibration. The influence of internal
source of disturbance was also examined. It was found that the surface disturbance produced by
a single impulse of short duration might be analyzed roughly into two parts, which were called
“minor tremor” and “main shock”, respectively. The characters of these two different compo-
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nents of surface disturbance were presented as well. Lamb’s work was considered the corner-
stone of theoretical solutions on the assumption that the vibration source was on the surface of a
homogeneous, isotropic, elastic semi-infinite solid.

It is noted that the analytical solutions of the wave Equations (6)-(8) are available in homo-
geneous, isotropic elastic media; however, if there is an obstacle like wave barrier which is
installed in the soil media, it will become much more difficult or even impossible to solve the
wave motion equations. To overcome the wave propagation problems with the appearance of
obstacles in media, many efforts had been made but most of the analytical treatments were lim-
ited in the field of linear elastodynamics using the theory of wave diffraction. White [41]
studied the scattering of plane compressional and shear elastic waves incident obliquely on a
cylindrical discontinuity in a solid. Knopoff [42] formulated the scattering of plane P wave by a
spherical obstacle, and a computation was provided in the special case of scattering by a perfect-
ly rigid sphere where the medium outside had a Poisson’s ratio of 0.25. In the same year,
Knopoff [43] studied the problem of the scattering of plane S wave by a perfectly rigid, and in-
finitely dense sphere was formulated. By using the expansion of solutions to the wave equation
in terms of Weber’s functions, Thau and Pao [44] examined the diffractions of horizontally po-
larized shear waves by a parabolic cylinder. Thiruvenkatachar and Viswanathan [45] developed
a rigorous solution to the 2D problem of wave propagation in an elastic half-space, which was
induced by harmonically time-dependent surface tractions applied over the boundary of an em-
bedded circular cylindrical cavity. Based on this work, they [46] further analyzed a uniform
compressional force of excitation acting over the surface of the cavity. Trifunac [47] investigat-
ed the 2D scattering and diffraction of plane SH waves by a semi-cylindrical canyon for a
general angle of wave incidence, the closed-form solution showed that the surface topography
could have prominent effect on the incident waves only when the wavelengths of incident mo-
tion were short compared with the radius of a canyon. Mei and Foda [48] analytically studied
the scattering of SH waves in a half-space with simple overground structures, the matched
asymptotics method was used for sinusoidal waves long compared to the thickness of the 2D
structures. Hollinger and Ziegler [49] investigated the problem of a pulsed Rayleigh surface
wave of given shape which was incident on a cylindrical cavity, multiple reflections at the cy-
lindrical and plane free surface were considered, and the resulting displacements and stress
components were calculated. Bostrom and Kristensson [50] examined the scattering of elastic
waves in a half space which was considered to be an isotropic, linear and homogeneous medium
except for a finite inhomogeneity. The T-matrix method (also known as extended boundary con-
dition method or null field approach) was used to obtain the expressions for the elastic field
inside the half space and the surface field on the interface. Four years later, they [51] further

considered the time-dependent scattering by a spherical cavity in an elastic half space, when the
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incoming wave was a pulsed Rayleigh wave; the displacement components at some selected
points on the surface of the half space were computed. Lee [52] studied the scattering and dif-
fraction of plane waves when a hemispherical canyon appeared in the homogeneous elastic 3D
half space, by using the series solution for a general angle of wave incidence, the exact solution
of the ground motion near the canyon had been drawn. Avilés and Sanchez-Sesma [81] theoreti-
cally analyzed the problem of foundation isolation from vibrations generated in the
neighborhood using piles as barriers. The investigated problem was formulated in two and three
dimensions as one of multiple diffractions of elastic waves. The exact solution was obtained for
the 2D model where the diffracted field by each pile was constructed as expansions of cylindri-
cal wave functions, and approximate solution was obtained for the 3D model where the
diffracted filed by each pile was constructed only with Rayleigh waves.

It is pointed out that the analytical research presented above aims at solving the vibration
problem on the surface as well as inside the media with the presence of obstacles, like the cylin-
drical cavity, the hemispherical canyon. However, since it is quite difficult to obtain close-
formed solutions due to the mathematical complexity except for obstacles with very simple
shapes and media with idealized boundary conditions, the analytical approach is limited. There-
fore, more and more researchers and engineers turn to use the experimental and numerical
approaches to investigate the vibration problem in soil (or rock) media with the presence of

wave barrier.

2.3.2 Model test and field experiment

It is stated above that the analytical method is not encouraging due to the fact that the close-
formed solutions are difficult to be obtained for complicated geometries and realistic conditions.
Model test and field experiment, which are the closest to the reality and thus produce the most
reliable results, have been receiving increasing interest during the investigation on the isolation

performance of wave barrier.

During the 1960s, a number of practical cases of screening effectiveness of wave barriers
had been reported [17, 74-76]. Above all, perhaps the most comprehensive research was done
by Woods [17], who conducted a series of field tests to evaluate the isolation effectiveness of
trenches in reducing the amplitude of vertical ground motion. Both the active isolation and pas-
sive isolation were examined. Based on the experimental results, he provided some
recommendations for the rational design of open trenches.

Massarsch [53] presented the gas cushion method for vibration isolation and described its
applications in full-scale projects. The efficiency of the gas cushion method was assessed in dif-
ferent soil conditions and design recommendations were given. The recent improvement of the

gas cushion method was described as well.
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Murillo [54] conducted a centrifuge parametric study to investigate the influences of various
parameters (barrier depth, width, location and input frequency) in reduced scale models made of
EPS isolation barriers within Fontainebleau sand. The EPS geofoam isolation efficiency was
examined and some useful suggestions about the practical design of wave barriers were provid-
ed.

Alzawi and El-Naggar [55] carried out a full-scale field experiment to study the protective
performance of both open and in-filled trenches with geofoam material. The effects of the ge-
ometry and location of trenches on the screening efficiency were examined. An innovation
approach of the construction of the GeoFoam trench as wave barriers was proposed as well.

Al-Hunaidi and Rainer [56] investigated the factors influencing the level of the vibration
generated by the passage of vehicles on a road surface, and the effects of vehicle type, vehicle
speed, vehicle weight and road surface condition were examined. Based on the findings of their
study, effective remedial actions for traffic-induced vibration at a residential site were suggested.

Itoh et al. [70] described the development of a multiple ball-dropping system to simulate the
wave generation and propagation from surface ground vibration sources in a centrifuge. The
effectiveness of a range of wave barriers was investigated using a variety of geometry and mate-
rials. It was found that soft barrier was more effective in reducing vibration than stiff barrier,
and the geometry of the barrier significantly affected the motion of the barrier itself. Three years
later, Itoh et al. [71] developed a centrifuge vibration testing system to generate vertical vibra-
tion which was similar to that generated by high-speed trains. The characteristics of wave
propagation in a shallow circular foundation on sand were investigated. The effects of two types
of wave barriers on vibration reduction were studied as well. In addition, the authors evaluated
the impact of the usage of vibration attenuating materials to build trackbeds.

Liao and Sangrey [72] evaluated the use of rows of piles as passive isolation barriers for the
ground vibration reduction. The experimental measurements indicated that the effectiveness of
the barriers was highly dependent on the mismatch between pile and soil material properties,
and greater mismatch resulted in greater effectiveness. They indicated that the pile-to-pile aper-
ture spacing of 0.4 times the wavelength was the upper bound for a barrier having some
effectiveness, and a minor dependence of effectiveness on the pile diameter was observed as
well.

Davies [79] committed a number of 20-g centrifuge tests to investigate the vibration isolation
performance of the concrete wall, the expanded polystyrene (EPS) wall and their composites on
the nearby underground structures. The data from centrifuge tests showed that barriers with low
acoustic materials were very efficient in mitigating the stress wave propagation.

It is worth mentioning that although the model test and field experiment are able to simulate

the real conditions in practice, there are still some problems. One major disadvantage is that
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field experiments, especially the full-scale experiments, are often too expensive to be carried out
comprehensively; while small-scale model tests seem to be unreliable, for it is difficult to reveal
the true mechanism and to extrapolate to prototype situations based on the test results. Thus,
numerical technique has become an affordable and effective alternative for investigating the

vibration isolation performance of wave barrier.

2.3.3 Numerical method

Due to the fact that the investigations on wave barrier in soil media are theoretically difficult
and experimentally expensive, numerical methods like finite element method (FEM), boundary
element method (BEM), and coupled boundary element-finite element (BE-FE) method, have
emerged as a powerful and economical tool for conducting a thorough investigation on the vi-
bration isolation phenomena by solving the wave propagation problem approximately. The
following part shows some details of the previous publications on wave barrier using numerical

method.
2.3.3.1 Finite element method (FEM)

Finite element method (FEM), which is an efficient numerical method, is widely used in civil,
mechanical and aeronautical engineering. It discretizes a continuum into a series of small ele-
ments with limited sizes in order to produce approximate but stable solutions. It is generally
considered better than other numerical methods, one of the major advantages is that it can easily
deals with the complicated geometry, the heterogeneity of soil and structure media as well as the
nonlinear phenomena. Up to now, many commercial FEM software packages like ANASYS,
ADINA, ABAQUS and DYNAFLOW, have widely used in both engineering field and academic

research, and notable progresses have been achieved.

As early as in 1972, Wass [73] presented the vibration isolation effectiveness of the trenches
on elastic surface waves in the frequency domain by the finite element method. The case of SH
waves was particularly examined by using special finite elements taking into account the radia-
tion condition. Some useful conclusions were summarized in his thesis.

Lysmer and Waas [84] developed a numerical procedure for the dynamic analysis of plane,
linearly elastic systems consisting of an irregular zone which was joined to semi-infinite layered
zones. They employed a finite element analysis of the irregular zone of the structure, and the
effect of the semi-infinite layered zones was accounted for by boundary conditions. Their pro-
posed method could be used to evaluate the screening effect of a trench.

Motamed et al. [60] studied the train-induced ground vibration using humerical modeling by
ABAQUS, the influences of important parameters of barriers on the vibration reduction were

analyzed and the simulation results were verified by the geotechnical centrifuge tests.
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Segol et al. [61] investigated the effect of wave barriers in reducing the disturbances generat-
ed by a time-harmonic line load, which was acting on the surface of a linearly elastic, layered
slab. The results showed that when the value of h/A (h = the barrier depth, A = the wavelength of
the propagating disturbances) greater than 0.6, the vibration could be significantly reduced. It
was also found that the barrier location and the shape of barrier’s cross section had little influ-
ence on the vibration isolation effectiveness.

Based on the experimental investigation [56], Al-Hunaidi and Rainer [67] used finite element
simulations to commit a comparison study about the remedial measures for traffic-induced vi-
brations at a residential site. The role of pavement/sub-base characteristics, the effectiveness of
vibration screening by concrete walls and soil improvement were discussed.

Wang et al. [80] studied the effects of soft porous layer barriers on the reduction of buried
blast-induced ground shock. Based on the prototype dimensions of a centrifuge test, a numerical
model was set up in LS-DYNA. The numerical simulations indicated that both open trenches
and geofoam barriers could reduce the blast-induced stress waves remarkably, but the inundated
water trench and concrete wall seemed to be useless.

El-Naggar and Chehab [82] examined the efficiency of both soft and stiff barriers in isolat-
ing pulse-induced waves for foundations which were resting on an elastic half-space or a layer
of limited thickness underlain by rigid bedrock. The effectiveness of concrete, gas-cushion and
bentonite trenches was discussed for different cases of soil layer depth, trench location and em-
bedment of the foundation. The screening performance of different types of wave barriers was

evaluated and some guidelines for their design were given.
2.3.3.2 Boundary element method (BEM)

In the past thirty years, the boundary element method (BEM) becomes a very efficient tool for
solving the wave propagation problem. It has several inherent advantages, for example, there is
no requirement about special treatment of the far field, for the Green’s function automatically
satisfies the radiation condition in the far field. And it is particularly suitable to investigate the
wave propagation in soil media involving semi-infinite domain, for the radiation into the ground
(e.g. into a half-space) is directly included in the formulation and the main interest is the soil
motion on the surface [64, 68]. Therefore, many researchers employed it to investigate the vi-
bration isolation performance of wave barrier.

Beskos et al. [77], and Emad and Manolis [78] seem to be the first researchers to adopt BEM
to investigate the vibration isolation performance of open trenches. Later on, Beskos [64, 65]
studied the problem of structural isolation from ground-transmitted vibration by open or in-
filled trenches under condition of plane strain. The formulation and solution of the problem was

accomplished by the boundary element method. Some parametric study was carried out to as-
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sess the importance of various geometrical, material and dynamic input parameters during the
numerical study of the open or in-filled trenches, and several useful guidelines were provided
for the design engineers.

Al-Hussaini and Ahmad [58, 59] performed a rigorous boundary element algorithm incorpo-
rating higher-order elements to examine the influence of geometrical and material parameters on
the screening efficiency of a rectangular barrier, and a simple model was developed for the de-
sign of vibration screening systems.

Emad and Manolis [63] used a 2D direct BEM approach to study the placement of shallow
trenched of semi-circular or rectangular shape in the path of propagation of surface waves. The
results indicated that the actual shape of the trench was of minor importance.

Kattis et al. [85] solved the vibration isolation problem by a row of piles in a 3D context by
an advanced frequency domain BEM. The piles and the soil were modeled by boundary ele-
ments and coupled together through equilibrium and compatibility at their interfaces. The
results were validated by analytical and other numerical solutions in the published literatures.
Numerical examples that dealt with passive vibration isolation by a row of piles were presented
and the screening performance of these wave barriers was then assessed.

Tsai et al. [86] employed the 3D BEM in frequency domain to investigate the screening ef-
fectiveness of circular piles in a row for a massless square foundation subjected to harmonic
vertical loading. Four types of piles: steel pipe piles, concrete hollow piles, concrete solid piles
and timber piles, were examined. The results from the parametric study showed that steel pipe
piles performed better than the solid piles, and the concrete hollow pile barrier seemed to be
useless due to its stiffness. In addition, the authors pointed out that the pile length was a much
more important parameter than the pile spacing and the distance between the vibration founda-

tion and the pile barrier in vibration isolation.
2.3.3.3  Coupled boundary element-finite element (BE-FE) method

As mentioned earlier, the FEM is quite useful in dealing with the nonlinear and non-
homogeneous phenomena. It should be mentioned, however, that it is difficult for the FE models
to simulate the infinite or semi-infinite regions, for example, in the dynamic soil-barrier interac-
tion problem, it is certain that elastic waves are reflected by the boundaries of FE models.
Remedies to this may require either a very large model and thus an uneconomical calculation
time, or the creation of complicated quiet boundary (also known as non-reflection boundary). As
a contrast, such problem can be conveniently analyzed with BEM, where the quiet boundary is
perfectly and easily accounted for. On the other hand, however, it is not efficient to use the BEM

for simulating the models with irregular geometries or models with non-linear material behavior.
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Therefore, the couple boundary element-finite element (BE-FE) method, which can make use of

the advantages and avoid the disadvantages of the FEM and BEM, have been proposed.

Estorff and Prabucki [69] developed a finite element-boundary element coupling procedure
for the analysis of arbitrary shaped elastic bodies which were subjected to dynamic loads. The
coupling was accomplished through equilibrium and compatibility considerations along the
boundary element-finite element interface. Several numerical cases including the trench prob-
lems were presented for dynamic soil-structure interaction.

Aboudi [57] used a combined perturbation-numerical approach to solve the problem of wave
propagation across a thin barrier which was embedded in an elastic half-space, two various bar-
rier sheets were given and analyzed.

Yang [66] employed a finite/infinite element scheme to investigate the isolation effectiveness
of three different wave barriers: the open trench, the in-filled trench and the elastic foundation,
in reducing the ground vibration caused by the passage of high-speed trains. Conclusions were
made regarding the selection of optimal parameter values for the three barriers in isolating the
train-induced ground vibration.

Pflanz et al. [83] studied the ground vibration generated by a moving load on the soil surface,
and their reduction due to the installation of a trench and a wave-impeding barrier (WIB). The
numerical investigation was performed by using the couple BE-FE method. It was found that
the response of the protected structure increased with the moving speed of the load, which was
independent of the reduction approach. Their study also revealed that both trench and wave bar-

rier were effective measures for reducing ground vibration.

2.4 Protection of existing tunnels under explosions

Another important investigation in this thesis is the protection of existing tunnels or subways
under explosions. As stated before, the explosion is one of the most destructive dynamic sources,
often causing severe damage of structures and massive loss of live. Throughout the history, a
number of explosions occurred inside or outside tunnels, leading to the failure of tunnel struc-
tures and loss of life, for example, in 1971, a blast happened through a tunnel under construction
220 feet beneath the shoreline of Lake Huron in USA, Killing 21 people and leaving 9 people
injured. Figure 15 shows the inside tunnel after explosions, it can be seen that the entire facili-
ties in the tunnel were completely destroyed. It was reported that the force of the explosions was
so strong that not only the tunnel structure was severely damaged, but also the bodies of the
dead were mangled beyond recognition [108]. Another example was that explosions happened
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the tunnel following the explosion.

Figure 15. Explosion in a Port Huron water intake tunnel in USA in 1971 (Photo from website
of The Detroit News).
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Figure 16. A tunnel explosion happens inside an under-construction expressway tunnel in Hunan
province of China in 2012 (Photo from the website of Augchina).
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inside an under-construction expressway tunnel in central China’s Hunan province in 2012, as
schematically shown in Figure 16. It was said that 288 kg of explosives were suddenly fired
when a vehicle carrying the explosives was unloading in the tunnel, and 20 out of the 24 work-
ers inside the tunnel were killed, only four people survived [109]. Therefore, the impact of
explosions on the safety of tunnels should be a major concern during the tunnel or subway pro-
tection design. The following part provides a general introduction about the responses of
existing tunnels subjected to explosions and the mitigation measures for reducing the adverse

effects on existing tunnels.

2.4.1 Responses of existing tunnels under explosions

Nowadays, there are more and more second-line tunnel and subway systems that are being built
to meet the increasing transportation demands in countries, especially in emerging countries
where a lot of construction activities are being carried out. Due to various reasons, like saving
the land resources, reducing the construction costs and protecting the environment, the distance
between the existing tunnel and the new built tunnel is preferred to be as short as possible. Since
the non-vibration excavation methods are often too expensive, the drilling and blasting method
is widely used in mining and tunneling engineering as an economical way of deep excavation,
especially in hard rock, where digging is impossible. For building the second-line tunnel that is
parallel to the existing tunnel, the blasting method is commonly used as well. However, it is
noted that blast accompanying ground vibration problem has detrimental influence on the near-
by tunnels, ranging from causing minor damage to structural failure and loss of life. For
example, the Jiu Guaidao Railway Tunnel in China was severely damaged by the blasting load
generated from a nearby slope excavation. It was measured that about 123 m length of tunnel
was damaged and 49.5 m length of tunnel collapsed with total landslide of about 3000 m?, lead-
ing to the closure of the entire railway for 42 days and other related loss of several million
dollars [94]. On the other hand, a number of explosions generated by terrorists occurred in the
urban subways in recent years. For instance, the Islamic extremists planned to set off truck
bombs in New York’s subways and bridges in 1993 and in 1997; the Algerian extremists set off
bombs on the subways of Paris in 1995 and the 2004 attack on the Moscow subway [87, 88].
Based on the observations on the explosions inside or outside the tunnels in history, it is known
that explosions can not only damage the structures themselves, but also severely threaten the
people’s life. Thus, preventive measures which are against the blasting load are required to pro-
tect the existing tunnels during the tunnel and subway design in many countries, for example,
the Blue Ribbon Panel on Bridge and Tunnel Security in the United States addressed the im-
portance of this issue with details in their report [89]. In the past decades, a great number of

theoretical, numerical and experimental investigations as well as the in-field tests were carried
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out to investigate the responses of underground structures under explosions. Valuable progresses

have been achieved. The following paragraphs summarize some important researches on it.

Berta [95] discussed the methods of modifying round blasting to reduce the initial vibration
level. The parameters that influenced the blast-induced vibration in rock were identified. The
author also described some cases of tunnels excavated by explosives that were close to struc-
tures under particular types of hazards.

Wang et al. [89] evaluated the impact of the explosions on the underground tunnel through
3D finite element method analysis. The effects of key factors including charge weights, size and
shape of the tunnel, standoff distance (a distance from the detonation point to the tunnel wall)
and the types of surrounding ground were examined. They also developed the explosion wave
parameters and tunnel damage assessment charts and provided a methodology for simple and
practical application to vulnerability assessment of tunnels.

Lu et al. [91] simulated the response of a buried concrete structure under subsurface blast
through a comparative study of 2D and 3D modeling schemes. The SPH (smooth particle hy-
drodynamics) technique was used to model the explosive charge and the close-in zones where
large deformation appeared, and the normal FEM was employed to model the remaining soil
region and the buried structure. Results showed that the 2D model was able to provide reasona-
bly accurate results. However, there were noticeable differences between the 2D and 3D models
in the response of the remaining part of the structure. The authors also discussed the characteris-
tics of the in-structure shock environment in terms of the shock response spectra.

Shahnazari et al. [105] studied the explosion effects of a projectile impacting on a railway
tunnel located in a jointed rock medium by using 2D discrete element method. A GP2000 pro-
jectile and its penetration depth plus its crater diameter were firstly calculated in rock mass. The
blast pressure from empirical formula then applied on the boundary of crater as input load. The
wave pressure propagation through the jointed rock medium was finally investigated. Through a
sensitivity analysis, the effects of jointed rock parameters on the tunnel lining axial force as well
as the bending moment were discussed.

Liu [93] used ABAQUS to analyze the dynamic response and damage of subway structures
that were supposed to be bombed by terrorists. The elasto-plasticity of ground media, possible
damage of lining material and the nonlinear interaction between the lining and the ground were
examined in his numerical models. It was found that the maximum lining stress occurred right
after explosions, before the blast air pressure reduced to the atmospheric pressure. He pointed
out that small tunnels embedded in soft soil, with small burial depth, were more likely perma-
nently damaged by modest internal explosions that might be perpetuated by terrorists.

Liang et al. [96] comprehensively examined the impacts of blast-induced vibrations from a

new tunnel on an existing railway tunnel in Xinjiang province in China, by using laboratory
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tests, in situ monitoring and numerical simulations. The measured data from laboratory tests and
in-situ monitoring were used to determine the input parameters required for numerical simula-
tion, and the results were compared with the calculated ones. Based on the obtained results, the
original blasting design and corresponding parameters were adjusted to reduce the maximum
blasting vibration velocity. Finally, the effects of both the static stress before blasting vibrations
and the dynamic stress induced by blasting on the total stresses in the existing tunnel lining
were discussed.

Li et al. [100] presented a theoretical method to predict the behavior of underground tunnel
subjected to explosions, by using the peak particle velocity (PPV). The influence of explosion-
induced wave from an underground charge tunnel on a nearby tunnel was explicitly examined to
evaluate the tunnel stability. A case study was demonstrated using the proposed analytical meth-
od and the results were calibrated by comparing the PPV of the adjacent tunnel wall with
empirical formulae results. Parametric study was also carried out to investigate the effects of the
separation distance and the loading density on the potential brittle failure tunnel wall.

Hatzigeorgiou and Beskos [103] examined the seismic response of the soil-tunnel system by
the finite element method in the time domain. It was assumed that the seismic waves could have
any arbitrary time variation and direction of propagation. The soil-tunnel system was analyzed
with and without soil-tunnel interaction in order to assess its importance on the response of the
system. And a comprehensive parametric study revealed the influence of key parameters that
affect the tunnel response.

Jiang [101] used finite element software LS-DYNA to analyze the vibration velocities and
the effective stresses of tunnel lining and surrounding rock during blast vibrations. The relation-
ship between the dynamic stresses and PPVs of tunnel structure under different blasting
condition was examined. The numerical results, which were confirmed by field blasting tests,
were able to provide a reference for specifying the blasting vibration criteria in other similar
projects.

Yang et al. [102] investigated the dynamic responses of the operating metro in soft soil to
evaluate the effects of possible ground explosion on a shallow-buried metro tunnel. The numeri-
cal results indicated that the upper part of the tunnel lining cross-section with directions ranging
from 0 to 22.5 and horizontal distances from 0 m to 7 m away from the explosive center were
the most vulnerable areas. The authors suggested that the metro tunnel should be safe on the
condition that the tunnel depth was more than 7 m and TNT charge on the ground was no more
than 500 Kkg.
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2.4.2 Measures to protect existing tunnels from explosions

As stated previously, the safety and stability of existing tunnels are likely to be threatened by
blast-induced vibration, which can be generated by explosions, a drill/blast excavation of a
nearby tunnel or other dynamic sources. It is noted that when the waves propagate through the
rock masses and arrive at the interface between the rock and the existing tunnel, complicated
wave conversion occurs. The complex interactions among the reflected waves, transmitted
waves and new generated waves cause the vibration of tunnels and the possible appearance of
stress-induced damage of tunnel structures. Therefore, a reliable estimation of the motion and
the potential damage of existing tunnels subjected to nearby explosion is crucial to the tunnel
protection design and stability assessment. It is mentioned that the mitigation measures, which
are important work during the tunnel design, are strongly encouraged to reduce the adverse im-
pact of explosions on existing tunnels. Generally, there are three mitigation measures: one is to
change the shape, the constituent as well as the material property of tunnel structures so as to
strengthen the structural ability to resist the vibration or to reduce the inner force and the motion
of tunnel generated by external seismic load. For example, fiber concrete can be used to in-
crease the strength of lining, while light concrete for reducing the weight of lining. The second
mitigation measure is to install protective layer along the tunnel lining as being “wave barrier”
to reflect and/or absorb the waves which propagate into the tunnel. Figure 17 shows an example
of the schematic diagram of tunnel lining in section. It is seen that a protective geotextile lies
along the supporting lays of tunnel. Such protective layer can be used to weaken the soil-tunnel
interaction. As a result, the adverse vibration of tunnel due to the external explosion is expected
to be attenuated. The third method is to control the explosion sources by reducing the wave en-
ergy before it even propagates outwards. For instance, during the construction of a new parallel
tunnel, if the blasting method is used, time-delayed explosions are considered to be able to re-
duce the vibration of nearby existing tunnel compared with the instantaneous explosions. In
recent years, many researchers focus on finding the practical delay times which can result in the
minimum peak particle velocity. The following paragraphs give a general description of mitiga-

tion measures proposed in the previous publications.

Leet [113] discussed the systems of delay blasting on the effectiveness in reducing vibrations
in the vicinity. Due to the reason that the mechanism by which short-delay blasting reduced vi-
bration appreciably and increased rock breakage was not well understood, the author proposed a
theory of the operation of short-delay blasting as a working hypothesis to provide reference on

the blasting design in engineering.
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Figure 17. Schematic diagram of tunnel lining in section. (Picture comes from the website of
OSSA)

Wang [104] used ABAQUS to investigate the performance of Expanded Polystrene (EPS)
geofoam as seismic buffer to mitigate the vibration of tunnel generated by earthquake. Four dif-
ferent types of protective EPS layers with different elastic modulus and thickness were
examined. The numerical results revealed that the axial strain and section force of tunnel lining
were greatly reduced with the installation of a protective EPS layer. And a decrease of the lay-
er’s elastic modulus and an increase of the layer’s thickness can both reduce the tunnel motion.
However, the former can achieve more noticeable mitigation effect.

Gui and Chien [92] committed the blast-resistant analysis for a tunnel passing beneath Taipei
Shongsan airport. The overall analysis process was presented to obtain the maximum lining
thrust generated by a bomb explosion. A comprehensive parametric study had been carried out
to evaluate the significance and sensitivity of key parameters on the lining thrust. Based on the
numerical study, they concluded that the dynamic soil parameters obtained from ground investi-
gation and soil testing should be adopted for more accurate and economical analysis and design
for underground tunnels. They also mentioned that the installation of an additional protective
layer over the tunnel structure might be able to minimize the impact of the explosion, which was
considered much less costly than designing rigid structure.

Shimamura et al. [107] investigated the seismic isolation effects of soft seismic isolation lay-
ers for a rectangular shape tunnel during an earthquake. Two different isolation layers were
examined: one was an isolation layer installed around the tunnel for a newly build tunnel; the
other was the vertical isolation walls installed at both sides of an existing tunnel. It was found
that the isolation layer with shear modulus of 1/100-1/1000 of the ground could effectively re-
strain the propagation of shear strain during an earthquake. Specifically, additional section
forces could be reduced to a half of those without isolation for the newly built tunnel, and the

section forces could be reduced up to 40-70% of those without isolation for the existing tunnel.
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Huang et al. [106] studied the earthquake-induced responses of Galogla Tunnel along Zhamo
Highway in China by using infinite element dynamic artificial boundary technique, and ana-
lyzed the shock absorption effects of two kinds of seismic isolation layers made of rubber and
foam concrete respectively. The results showed that remarkable shock absorption effects could
be achieved due to the installation of isolation layers, and there was little difference in the miti-
gation effects for the two different isolation materials, but the foam concrete was proposed
because of its low cost and durability.

Kopp and Siskind [110] investigated the effects of millisecond-delay intervals on the vibra-
tion and airblast from surface coal mine blasting. A total of 52 production blasts were
instrumented and monitored. Various delay intervals were used within and between rows of
blastholes. The gathered data were analyzed for peak values of vibration and airblast and for
frequency content. It was found that large delay intervals between rows reduced the amplitude
of ground vibrations, and subsonic delay intervals within rows reduced airblast by 6 decibels.

Shi and Chen [111] conducted a series of field experiments in XinQiao Mining Co. Ltd to
optimize the blasting parameters for mitigating the blast-induced vibration on final pit walls’
stability. They used the predictor equation proposed by the United States Bureau of Mines to
establish a relationship between the peak particle velocity and the scale distance factor. Based
on the field experiments, they determined the maximum charge amount per delay and proposed
15 ms delay to be used in practice, which could reduce the vibration by 24.5%.

Ester et al. [112] examined the influence of blasting on a nearby existing road tunnel Sv. Rok
during the construction of a new tunnel. The total number of 30 measurements was executed
and 720 values, including all the three component oscillation velocities, were recorded. And the
maximum ground oscillation velocity was recorded as 232.061 mm/s. The authors drew their
conclusions based on the collected data, the damage level criteria for the rock mass and support
system, and discussed how these results could assist further development in the control of blast-

ing technique.

2.4.3 Concrete damaged plasticity model (CDP model)

The concrete damaged plasticity model (CDP model) [123] provides a general capability for
modeling concrete and other quasi-brittle materials in all types of structures, such as beams,
trusses, shells and solids. It uses concepts of isotropic damaged elasticity in combination with
isotropic tensile and compressive plasticity to represent the plastic behavior of concrete. It can
simulate both plain concrete and concrete reinforcement under monotonic, cyclic, and/or dy-
namic loading with low confining pressures. This model consists of the combination of
nonassociated multi-hardening plasticity and scalar (isotropic) damaged elasticity to describe

the irreversible damage that occurs during the fracturing process, and allows user control of
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stiffness recovery effects during cyclic load reversals. In addition, it can include strain rate de-
pendency and can be used in conjunction with a viscoplastic regularization of the constitutive
equations in ABAQUS/Standard to improve the convergence rate in the softening regime. It is
noted that elastic behavior of the material (isotropic and linear) is required before the introduc-
tion of CDP model. The following part discusses some major assumptions about the mechanical

behavior of concrete [123].

Generally, it is assumed that there are two main failure mechanisms of the concrete material
in the CDP model, one is the tensile crack; the other is the compressive crush. And the devel-
opment of the failure surface is controlled by two hardening variables, the tensile equivalent
plastic strains ffl and the compressive equivalent plastic strains ffl, which are linked to the
failure mechanisms under tension and compression loading, respectively. To illustrate the evolu-
tion of the mechanical behavior of concrete in a comprehensive way, the responses of concrete
subjected to uniaxial loading in tension and compression are presented, shown in Figure 18. As
it can be seen, in the case of concrete under uniaxial tension, the linear elastic relationship be-
tween the stress and strain is firstly observed until the failure stress oy is reached. After that, the
micro-cracking begins to appear in the concrete material, and the formation of micro-cracks is
represented macroscopically by a softening stress-strain response. On the other hand, when the
concrete is subjected to the uniaxial compression, the stress-strain response firstly follows a lin-
ear elastic relationship until the value of the initial yield o.y. As the stress continuously
increases, plastic deformation occurs, and the response of concrete is typically characterized by
stress hardening followed by strain softening beyond the ultimate stress oy,,. It is noted that such
description is somehow simplified; however, it is able to capture the main features of the re-

sponse of concrete material under uniaxial compression.

2.5 Conclusions

Ground vibration induced by dynamic sources has attracted more and more attentions in recent
years. Traditionally, dynamic sources, like strong earthquakes, not only cause a huge number of
civil structures damages, but also take many lives away. Nowadays, many new forms of dynam-
ic sources, like the working heavy machines, the construction activities, the high-speed trains
and subways, have generated increasing structural integrity problems and environmental dis-
turbances. Although those adverse influences are relatively less severe and destructive compared
with strong earthquakes, they still cause troublesome problems in many areas, especially in the
densely populated urban regions and buildings housing sensitive equipments. For example, the
traffic-induced ground vibration can result in moderate or minor damage of structures, affect the

accuracy of sensitive equipments, and generate sleep disturbance, work
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(b) Response of concrete to uniaxial loading in compression.

Figure 18. Response of concrete to uniaxial loading in tension (a) and compression (b).
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degradation and possible health risks of the nearby occupants. To deal with the ground vibration
problems, many efforts have been made in order to minimize its detrimental impact. One com-
mon effort is to take the mitigation measures. From the view of wave propagation path in media,
mitigation measures could be divided into three types: controlling the vibration sources, disrupt-
ing the wave propagation through soil or rock media and controlling the vibration of protective
structures. It is pointed out that which type of mitigation measure should be adopted in practice
depends on many factors, such as the vibration reduction effectiveness, the costs, and other con-
struction requirements. In the past decades, the installation of wave barrier, which is considered
to be an effective mitigation measure to reduce ground vibration by scattering and/or absorbing
waves that propagate in soil and rock media, has received increasing interest among engineers
and researchers. A great number of researches have been committed to examine the vibration
isolation effectiveness of barriers. It is known that the research methods could be generally di-
vided into three kinds: analytical method, model test and field experiment, and numerical
method. The analytical method is rarely used because it is quite difficult to obtain close-formed
solutions due to the mathematical complexity except for barriers with very simple shapes and
media with idealized boundary conditions. While the model test and field experiment, especially
the full-scale field experiment, which can simulate the real problems in reality, are often too ex-
pensive to be carried out comprehensively, and small-scale model tests seem to be difficult to
reveal the true mechanism and to extrapolate to prototype situations based on the test results.
Therefore, numerical method has become an affordable and effective alternative for investigat-
ing the screening efficiency of wave barrier. It is noted that in this dissertation, the FEM has be
adopted to investigate the isolation performance of wave barrier.

On the other hand, with the increasing constructions of a second parallel tunnel by drilling
and blasting method and a series of terrorist attack to the public subway systems by explosives
in recent years, the security of existing tunnel under explosions has become a major concern.
Lots of researches have been committed to investigate the dynamic behavior of tunnel under
nearby explosions. It is known that the responses of tunnel, especially the inner stress and strain,
the maximum motion (displacement, velocity and acceleration), are often used as controlling
index for in situ monitoring and safety assessment of tunnel lining structures. In order to reduce
the vibration of protected tunnel, mitigation measures could be proposed in practice. Generally,
there are three typical mitigation methods. The first method is to change the shape, the constitu-
ent as well as the material property of tunnel structures so as to strengthen the structural ability
to resist the vibration or to reduce the inner force and the motion of tunnel generated by explo-
sions. The second method is the installation of a protective layer which lies along the tunnel
lining to reflect and/or absorb the waves before they propagate into the lining, which acts like

being “wave barrier”. And the third method is time-delayed explosions (to fire the explosives
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with delay times), rather than instantaneous explosions (to fire the explosives simultaneously).
Tunnel vibration is expected to be attenuated by choosing appropriate delay times which can
generate destructive wave interference during wave propagation in soil or rock media. In addi-
tion, concrete damaged plasticity (CDP model), which can provide a general capability for
modeling plain or reinforced concrete under the monotonic, cyclic, and/or dynamic loading, and
can simulate the irreversible damage involved in the fracturing process and the recovery of
stiffness as loads change from tension to compression or vice versa [123], has to be introduced

to reflect the real behavior of tunnel lining made of concrete under explosions.
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3. Investigation on the isolation performance
of wave barriers I: under harmonic load

3.1 Numerical model

Figure 19 shows a 2D plane-strain model constructed in ABAQUS. It has a length of 120 m and
a depth of 24 m. A rectangle barrier is installed in a half space soil, its depth D, width W and
inclination angle U are given as 5 m, 0.5 m and 90°, respectively. A dynamic load P, which is
represented by a function P = P, e'“t, is applied on the top surface of the soil and has a width
of r. The quantities Py, w and r are specified as 1 kN, 100z rad/s and 1.25 m, respectively. The
distance L; between the dynamic load and the wave barrier is 25 m, and L,, which denotes the
distance from the wave barrier to the point of interest (point “a”) on the ground surface, is as-
sumed 25 m. There is no horizontal displacement along the left side of the soil and non-
reflection boundary is applied on the right side and at the bottom of the soil. It is noted that Ray-

leigh velocity v, in soil is given as 250 m/s, so Rayleigh wavelength A, can be calculated as:

A =2 =5, (10)

w

Dynamic Load: P L,

}

L.

v

point of interest

No horizontal )
displacement No reflection

\ , Soil boundary
w /

v No reflection boundary

Figure 19. Schematic diagram of 2D model of soil-barrier system under surface harmonic load.

Table 3. Material properties of soil and barrier.

Material* Density Poisson’s ratio Young’s modulus Damping ratio
p(kg/m?) v E(GPa) B

Soil 1750 0.25 0.33 6

Barrier 2397.5 0.25 11.30 30

*The density, Poisson’s ratio, Young’s modulus and damping ratio of soil and barrier are denot-
edas ps v, E, Bsand py, vy, Ep, By, respectively.
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To perform the numerical modeling, explicit dynamic analysis procedure is adopted in
ABAQUS. The soil and the barrier are modeled as homogeneous, isotropic and elastic media,
using 4-node bilinear plane strain quadrilateral, reduced integration elements. The interface be-
tween them is assumed perfectly bonded. And the material properties are provided in Table 3. It
is noted that Rayleigh damping is adopted. To avoid reflected waves generated by soil bounda-
ries, 4-node linear, one-way infinite element is used to simulate the non-reflection boundary
conditions. In order to validate the convergence of numerical analyses, mesh convergence study
is committed. The investigated element sizes are 1.0 x 1.2 m, 0.75 x 0.9 m, 0.5 x 0.6 m, 0.4 x
0.45 m and 0.25 x 0.3 m, respectively, as shown in Figure 20. Figure 21 presents the amplitude
of vertical displacement of ground surface beyond wave barrier with different element sizes. It
is clear to see that models with crude meshes (element size: 1.0 x 1.2 m and 0.75 x 0.9 m) pro-
duce bad results. As the mesh becomes finer and finer, the results appear to gradually achieve
convergence. The differences among the three curves (corresponding element sizes: 0.5 x 0.6 m,
0.4 x 0.45 m and 0.25 x 0.3 m) are very small. Considering that the finer the mesh is, the longer
time ABAQUS takes to finish calculations, element size in this study is taken as 0.5 x 0.6 m.
This agrees well with Kramer’s suggestion [114] that the maximum element size should be less

than one eighth of the shortest possible Rayleigh wavelength.

(a) Element size: 1.0 x 1.2 m

(b) Element size: 0.75 x 0.9 m
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(c) Element size: 0.5 x 0.6 m

(d) Element size: 0.4 x 0.45 m

(e) Element size: 0.25 x 0.3 m

Figure 20. Finite element mesh model with different element sizes.
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Figure 21. Mesh convergence study.
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3.2 Validation of the numerical solutions

Before committing the investigation of the screening effect of wave barrier, the ability that nu-
merical model in ABAQUS can produce accurate results has to be verified. Since it is known

that in the elastic wave theory, the velocity of waves can be computed as:
= /’3(1——”)
Ve = p(1+v)(1-2v) (11)
E
Vs = wf2p(1+v) (12)

_0.87+1.12v v (13)

R™ 14y
where £ = Young’s modulus; p = density; v = Poisson’s ratio. And vp, v and vy are the

velocity of compressional waves (P waves), shear waves (S waves) and Rayleigh waves (R
waves), respectively. It is noted that those equations above can only be used in homogeneous
isotropic and elastic medium without damping. Figure 22 shows the motion of point “a” over
time with the assumption that wave barrier is replaced by soil in Figure 19 and the soil media

has no damping. Based on the Equations (11)-(13), the wave velocities can be calculated as:

_ E(1-v) _ 3.3x108x(1-0.25) _
vp = \/p(1+v)(1—2v) - \/1750><(1+0.25)(1—2><0.25) = 475.70m/s (14)

E 3.3x108
Us = \/Zp(1+v) - \/2><1750><(1+0.25) = 274.64m/s (15)
p = QETHLIZY  _ 0874LA2X025 ooy 4 o6 67/ 16)
1+v 140.25

Therefore, the first arrival times of P waves, S waves and R waves at point “a” are:

_ Li+Ly _ 50m

tp = or ~ amsaomys 0.1051s (17)
_ Ly+Ly, 50m _

ts = L2 = T = 0.1821s (18)
_ Li+L, _ 50m _

tp =2 = B = 01979 (19)

It is noted that the three vertical lines from left to right in Figure 22 exactly represent tp , tg
and tg, respectively. It can be seen from the Figure 22(a) that the time point when the point “&”
begins to vibrate (caused by the first arrival of P waves) agrees well with the theoretical solution
(i.e. tp). The initial displacements are quite small, because P waves carry relatively small wave
energy. A sharp increase of displacement can be observed at about 0.2 s, when Rayleigh waves,
which carry most of wave energy, finally arrive, causing tremendous vibration at point “a”. This
agrees well with the theoretical solution (i.e. tg) as well. Similar phenomena can be observed
from the evolution of velocity and acceleration of point “4”, as shown in Figure 22(b) and (c),
respectively. Based on the analysis above, it is found that the numerical results produced by

ABAQUS agree well with the solutions in classic elastic wave theory.
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Figure 22. The motion of point “&” in homogeneous isotropic and elastic soil media without

damping.

46

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0011/these.pdf
© [B. Qiu], [2014], INSA de Lyon, tous droits réservés



A second comparative study is carried out for the case of soil-barrier system (see Figure 19).
Observed from Figure 23, which presents the amplitude of vertical displacement reduction ratio
of soil (=(the amplitude of vertical displacement of soil with the barrier)/(the amplitude of verti-
cal displacement of soil without the barrier)) on the surface due to the installation of wave
barrier, it can be seen that the numerical results have a satisfactory agreement with those report-

ed by Al-Hussaini and Ahmad [58] and Beskos [64], using boundary element methods.

12

0.41 .

. + Present study
--------- Beskos (1986)
| | = Al-Hussaini (1991)

| | |
0 0.5 1 15 2 25 3 35 4 45 5
L /ﬁr(Distance beyond the wave barrier/Rayleigh wavelength)

Vertical displacement reduction ratio

Figure 23. Comparative study for vertical vibration isolation by wave barrier.

Generally, the vibration isolation effectiveness of wave barrier can be evaluated by compari-
son of maximum displacement, velocity or acceleration with and without barriers. Investigation
shows that velocity of vibration is a better measure of residential structure damage than either
the displacement or acceleration [116]. Therefore, in this study, the velocity amplitude reduction
ratio A at point “g” (see Figure 19) is chosen to assess the vibration isolation effectiveness of

wave barrier:

4, =2 (20)

where A, and A, are the velocity amplitude at point “&” with and without wave barrier, re-
spectively. Since the velocity has horizontal and vertical components, A, and A, are
respectively used to express the horizontal and vertical velocity amplitude reduction ratios. The-
se two ratios give a quantitative evaluation of screening effect of barrier, for example, A = 0.6,
A= 0.7, it means that 40% reduction in the horizontal velocity amplitude and 30% reduction in

the vertical velocity amplitude at point “&” are achieved due to the installation of wave barrier.

3.3 Comparative study of 2D and 3D models

Due to the nature three-dimensional problem in reality, it should be more suitable to simulate

the soil-barrier system in 3D model than in 2D model. However, the major problem is that 3D
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(a) 2D finite element model mesh.

(b) 3D finite element model mesh.

Figure 24. 2D and 3D finite element model meshes in ABAQUS.
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analysis usually requires much more time for calculation. If the 2D model can produce similar
results as 3D model does, then 3D analysis can be avoided. This section focuses on the investi-
gation on the feasibility of replacing 3D model by 2D model through the comparison of
numerical results from 2D and 3D analysis. Figure 24(a) and (b) show the 2D and 3D finite el-
ement model meshes built in ABAQUS, respectively, with the part in red color representing
wave barrier and the part in blue color representing soil media. For the 3D model, only one
fourth of the model is created due to the symmetry, and the 3D infinite elements are used to
simulate the non-reflection boundaries. The lengths of the dynamic load and the wave barrier
are assumed to be 10 m and 15 m, respectively. Other parameters are the same as those used in
2D model. Figure 25 presents the evolution of the amplitude of vertical displacement reduction
ratio due to the installation of wave barrier in 2D and 3D models. It can be seen the numerical
results from 2D analysis agree well with the ones from 3D analysis. It is mentioned that the 3D
models with other typical lengths of the dynamic load and the wave barrier produce similar re-
sults (not shown here). Thus, it is inferred that the 2D model is sufficient to predict the vibration
isolation performance of wave barrier. The following parametric study and optimization design

are based on the 2D model.

12 I

0.8

0.6

0.4} .

Vertical displacement reduction ratio

0 05 1 15 2 25 3 35 4 4.5 5
L //Ir(Distance beyond the wave barrier/Rayleigh wavelength)

Figure 25. Comparison of numerical results from 2D and 3D models.
3.4 Parametric study

In this section, an extensive parametric study, including the material properties of wave barrier,
the barrier dimensions, its positions, its damping ratio as well as the dynamic load, has been
conducted to investigate their influences on the vibration isolation effectiveness. All the investi-
gations are based on the model shown in Figure 19, except the dynamic load, which is replaced
by a sinusoidal load P = Pysin (wt), for it is easier and clearer to study the influence of dynam-

ic load in such form. In addition, the damping ratios of the barrier and soil are given as 5%.
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Note that when the effect of one parameter is examined, all the other parameters are kept con-
stant. Besides, to keep independency of the analysis on the exciting frequency, the geometric
parameters of barriers and the distances discussed in this section are normalized by Rayleigh

wavelength. The following dimensionless parameters are adopted:

D w L L

where d, w /; and I, are dimensionless parameters of barrier depth, width, distance from vi-
bratory source to the barrier and distance from the barrier to the point of interest (point “a”),

respectively. The numerical results and analyses are presented as follows.

3.4.1 Effect of barrier Young’s modulus

Figure 26 shows the effect of the ratio of Young’s modulus (En/Es) on the vibration isolation ef-
fectiveness, where E,, and Esare the Young’s modulus of wave barrier and soil, respectively. And
Eu/Es is varied from 0.03 to 25. It can be seen that when the barrier Young’s modulus is small
(Ev/Es < 0.2), both the horizontal and vertical velocity reduced significantly. Particularly, when
Eu/Es is close to zero, the best isolation effect is achieved. This agrees with the general conclu-
sion that open trenches are considered to be the best barriers [17, 64], while the Young’s
modulus of open trenches is zero. As the barrier becomes stiffer, both the horizontal and vertical
velocity amplitude reduction ratios Ay, and A,, firstly increase dramatically, and then gradually
reach to be stable values. It seems that large Young’s modulus (E./Es > 2.5) has little contribu-
tion in reducing vibration, but small Young’s modulus (En/Es < 0.2) is very effective. Moreover,
the smaller the barrier Young’s modulus is, the much greater vibration reduction is expected to

be achieved.

1.2

1l

0.8

Velocity amplitude redution ratio

0.2 —&—A,,, (Horizontal component) [

— AN (Vertical component)

0 | | l
0 5 10 15 20 25

Young's modulus (Eb/ES)

Figure 26. Effect of barrier Young’s modulus on the vibration isolation effectiveness.
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3.4.2 Effect of barrier density

Figure 27 shows the effect of the ratio of density (p,/ps) on the vibration isolation effectiveness.
The density of barrier and soil are defined as p, and ps, respectively, and p, /p, ranges from
0.005 to 5. It can be seen, in general, that the larger the density is, the better isolation effect the
barrier produces. On the other hand, barriers with large density tend to be more efficient in re-
ducing vertical vibration than reducing horizontal vibration, for example, when p, is equal to
5ps, the vertical velocity amplitude reduction ratio A, reduces to 0.450, while for the horizontal
response, Ay, decreases only to 0.946. The possible reason for this difference is that the vertical
motion of barrier tends to send wave energy deep into the soil. While for the barrier horizontal
motion, it is more likely to transfer the energy into the protected areas [58]. Thus, more energy
that results in vertical vibration is consumed, leading to a better vertical vibration isolation ef-
fect. Besides, the phenomenon that part of body waves are transformed into Rayleigh waves
after they propagate the barrier may also amplifies the horizontal vibration in the protected site.
It should be mentioned, however, that material with too large density are probably unavailable
in practice, for instance, when p, = 5ps, which means the barrier density is about 8750 kg/m3,

material with such large density is rare in civil engineering.

Velocity amplitude redution ratio

0.21 —s—A,,, (Horizontal component) [
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Figure 27. Effect of barrier density on the vibration isolation effectiveness.

3.4.3 Effect of barrier Poisson’s ratio

Figure 28 represents the influence of barrier Poisson’s ratio (v,) on the vibration isolation effec-
tiveness. It is clear to see that both the horizontal and vertical velocity amplitude reduction
ratios almost keep constant with an increasing v,,. It seems that the response of soil at point “a”
is not affected by the variation of barrier Poisson’s ratio. Therefore, it is inferred that the barrier

Poisson’s ratio has negligible influence on its vibration isolation performance.
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Figure 28. Effect of barrier Poisson’s ratio on the vibration isolation effectiveness.

3.4.4 Effect of barrier damping ratio

Figure 29 shows the effect of barrier damping ratio (8,) on the vibration isolation effectiveness.
Similar to the phenomenon observed in Figure 28, the horizontal and vertical responses change
little as B, increases from 0 to 0.1. Thus, the influence of barrier damping ratio can also be ig-

nored.
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Figure 29. Effect of barrier damping ratio on the vibration isolation effectiveness.
3.4.5 Effect of barrier normalized depth
Figure 30 shows the effect of barrier normalized depth (d) on the vibration isolation effective-
ness. It is seen that with an increasing d, the vertical velocity amplitude reduction ratio Ay,

gradually decreases until it basically reaches to be stable values. On the other hand, barrier

depth seems to have little impact on the horizontal response, the value of A, changes little with
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the variation of d. This appears to contradict with the general conclusion made by most re-
searchers that deep barrier has a significant contribution in mitigating ground vibration.
However, it should be noted that, as mentioned before, when one parameter is discussed, all the
other parameters are kept constant. In this case, the width of barrier is 0.1, while the longest in-
vestigated depth is 2.0. This means that it is a rather thin barrier. In fact, if a larger width of
barrier is given, e.g. w = 1.0, a different phenomenon can be observed. Figure 31 presents the
influence of barrier depth on the vibration isolation effectiveness in the case of the barrier with a
width of 1.0. It can be observed that as d increases, both of the horizontal and vertical responses
firstly amplify, and then attenuate dramatically until A, and A,, reach to become stable values.
Based on the phenomenon observed above, it may be stated that the thin barrier allows a signifi-
cant part of waves to transmit through it directly, leading to poor isolation effect. But for the
wide barrier, it enforces much more waves to travel along its borders and propagate deeply into
the soil, causing substantial energy attenuation and dispersion. However, when the barrier ex-
ceeds a certain depth, since the deeper part of the barrier hardly contributes to block Rayleigh
waves, which carry most of wave energy and decay rapidly as they propagate deeply into the
soil, there will be little further improvement in the isolation effect. From the two figures, it can
be generally concluded that barriers with a large depth contribute to reduce the ground vibration,
but too slender barriers (i.e. barriers with very large depth but very small width) should be
avoided. In addition, a limiting depth of barriers exists; a further increase in depth has little im-

provement in the screening effect.
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Figure 30. Effect of barrier depth on the vibration isolation effectiveness (w=0.1).
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Figure 31. Effect of barrier depth on the vibration isolation effectiveness (w= 1.0).

3.4.6 Effect of barrier normalized width

Figure 32 shows the effect of barrier normalized width (w) on the vibration isolation effective-
ness. As it can be seen, with an increasing w, the horizontal and vertical velocity amplitude
reduction ratios Ay, and A, firstly decrease and then increase, the major difference between the
evolution of the two ratios is that there is a delay of the appearance of minimum value of A,
compared with that of An. It is worth mentioning that many researchers concluded that the bar-
rier width has minor or ignorable influence on the vibration isolation effectiveness [15, 17, 18,
61], but many of them made such conclusion based on a narrow range of barrier width during
their experimental or numerical investigations. In fact, wave barrier whose width is larger than
its depth is a different barrier, which is called wave impeding block (also known as wave imped-
ing barrier). The performance of such type of barrier is not fully investigated to date. From
Figure 32, it can be observed that an appropriate increase in width is beneficial. Particularly,
when the barrier width becomes slightly larger than its depth (w = 1.1 for A, and w = 1.4 for
An), the isolation effect basically becomes the best. However, a further increase in width turns
to become detrimental, the vibration reversely amplified. One possible explanation for this phe-
nomenon is as follows: an increase in width imparts greater rigidity to the barrier, which means
that the barrier has higher shear modulus. This strengths its ability to resist the impinging waves
and results in more mode conversion [58]. As a result, the isolation effect is improved. However,
as the width continuously increases, there are more chances for the occurrence of wave interfer-
ence between waves that transmitted directly through the barrier and those that propagate under
the barrier due to different wave velocity. The complicated wave interference may cause a re-
amplification of vibration. Since shear waves that cause the vertical vibration propagate faster

than Rayleigh waves which generate the main horizontal vibration (compressional waves also
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generate the horizontal vibration, but relatively small), larger barrier width is required for the
appearance of minimum vertical vibration than for that of minimum horizontal vibration, this

may explain the delay observed as mentioned above.
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Figure 32. Effect of barrier width on the vibration isolation effectiveness.

3.4.7 Effect of barrier inclination angle

Most of the previous research on wave barrier focused on vertical barriers, which are inserted
into the soil media totally vertically. However, in some cases, inclined barriers are feasible in
practice. For instant, it is possible to install wave barrier obliquely in soft clay soil. Thus, it is
necessary to examine the isolation effect of inclined barrier, which has rarely been investigated.
Figure 33 shows the effect of the barrier inclination angle (U) on the vibration isolation effec-
tiveness. As it can be seen, the best isolation effect does not occur when U =90°, but when U is
slightly larger or smaller than 90°, for example, U = 65°, U = 115°. Therefore, if it is practical to
build inclined barrier in reality, wave barrier with a slight inclination angle away from the verti-

cal direction is expected to have a better vibration isolation performance than the vertical one.

3.4.8 Effect of normalized distance from the vibratory source to the barrier

Figure 34 shows the effect of the normalized distance (I;) from the vibratory source to the barri-
er on the vibration isolation effectiveness. In this study, it is assumed that the distance between
the vibratory source and the point “a” keeps constant, namely, I, + 1, = 50m/5m = 10. So when I,
increases, |, will correspondingly decreases, and vice versa. The purpose of this setting is to in-
vestigate the effectiveness of active isolation and passive vibration at the same time and to find
out the best barrier location when the vibratory source and the protected site are fixed. From
Figure 34, it is seen that there is not monotonic variation for both the horizontal and vertical

responses, a series of relative maxima and minima of Ay, and A, appear alternately when 1, in-
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creases. This confirmed with the conclusion made by Segol [61] that the location of wave barri-
ers is not an important parameter for the vibration isolation effectiveness. What also can be seen
is that larger velocity reduction is achieved in the vertical direction than in the horizontal direc-
tion. In addition, better isolation effect is observed in a rough sense when the barrier is close to

the vibratory source or near the protected site (point “a”).
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Figure 33. Effect of barrier inclination angle on the vibration isolation effectiveness.
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Figure 34. Effect of normalized distance from the vibratory source to the barrier on the vibration
isolation effectiveness.

3.49 Effect of external load
Figure 35 shows the effect of the amplitude of external load on the vibration isolation effective-
ness. Obviously, it is seen that the horizontal and vertical velocity amplitude reduction ratios A,

and A, remain constant with an increasing load. It appears that the amplitude of load has no in-

fluence on the screening effect of barrier. This is reasonable, because both the soil and the
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barrier are assumed elastic and the interface between them is considered perfectly bonded. For
the influence of exciting frequency, as mentioned before, all the barrier geometric dimensions
and distances are normalized by the wavelength of Rayleigh wave, so the results of the paramet-
ric study keep independent with the exciting frequency of external load. It should be pointed out,
however, that the exciting frequency cannot be too high, otherwise, the element size will be very
small, and the amount of the elements in the whole numerical model will become too large to be
calculated. Fortunately, for the most common surface vibrations, like the traffic-induced vibra-

tions, their frequencies are generally below 40 Hz [117].
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Figure 35. Effect of external load on the vibration isolation effectiveness.

3.5 Optimization design

3.5.1 General study

Based on the parametric study performed in the Section 3.4, it is clear to see the effect of each
single parameter on the vibration isolation effectiveness of barrier. However, it is still unclear
what will happen if mutual influences exist, for example, Figure 30 shows that the depth of thin
barrier (w = 0.1) has little impact on the horizontal velocity reduction, but for the wide barrier
(w = 1.0), as shown in Figure 31, large depth has a great contribution in improving horizontal
isolation effect. Therefore, it is imperative to investigate the mutual influences of all the pa-
rameters so as to find out the optimal combination of parameters, in other words, to commit the

optimization design for wave barrier.

Before committing the optimization design, one programming language called Python has to
be introduced. Python script is a very powerful tool, it can easily accomplish tasks in ABAQUS
like automating repetitive jobs, performing parametric study, accessing and extracting data from
output databases, and even creating user interfaces according to the customer own habit. Actual-
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ly, the parametric study above including creating models, changing values of investigated pa-
rameters and extracting the amplitude of velocity from output databases, all is done by writing
and running Python scripts in ABAQUS. Compared with manual operation in the GUI mode
(ABAQUS/CAE), Python script is fast, labor-saving and highly efficient.

Concerning the optimization design for wave barrier, there are 9 investigated parameters dur-
ing the parametric study, if all the parameters are included, suppose each parameter has 8 levels,
based on traditional optimum method, the total number of combination to be calculated will be
(8)° = 134217728. By using the current facility we have (ABAQUS version 11, Intel Core i5,
Inner memory 12 G), although Python script is efficient, each calculation takes only about 19.4
s, due to the so large combination number, it is estimated that (134217728%19.4)/(24x60x60x
365) = 82.5 years are required to finish the calculations of optimization combination of parame-
ters. Undoubtedly, this is unacceptable.

Therefore, proper simplifications have to be made to reduce the calculation time. The devel-

oped method is suggested as follows:

1. ldentify parameters that have major influences on the vibration isolation effectiveness
of barriers, select key parameters and ignore trivial ones. According to the results from
parametric study, it is clear to see that the barrier Poisson’s ratio, damping ratio and the
amplitude of external load have little or no contribution to the soil vibration reduction.
So these three parameters can be excluded during optimization design, causing the
number of combination from (8)° = 134217728 to (8)° = 262144, that is a huge de-
crease.

2. Choose typical values of key parameters to reduce levels of parameters. Since the pur-
pose of optimization design is to minimize the soil vibration in protected site, only
values of parameters that can dramatically reduce the soil motion are expected to be
chosen. In this case, based on the 2D model presented in Figure 19 and the evolution
of velocity observed during the parametric study, the typical values of key parameters
are selected, which are shown in Table 4. Thus, the estimated number of combination
is further reduced to 5x4x4x4x6x6 = 11520.

3. Write a Python script and run it in ABAQUS. In this study, it takes about 20.03 hours
to finish the whole calculations. This time period is generally acceptable. Tables 5 and
6 show the final calculating results for horizontal and vertical velocity amplitude re-
duction ratios at point “a”, respectively. Due to space constraint, only the best and the

worst vibration isolation effect are presented.
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Table 4. The distribution of key parameters to be optimized for wave barriers.

Parameters Typical values

Barrier Young’s modulus (£p) 0.03£, 0.06 £, 0.10£,, 0.20E, 0.50E£*
Barrier density (pp) 1ps 2ps, 3ps 4ps*

Barrier normalized depth (@) 1.0,1.3,1.6,1.9

Barrier normalized width (w) 08,10,12,1.4

Normalized distance (/;) 0.6,0.8,1.0,9.4,9.6,9.8

Inclination angle (V) 55°, 65°, 75°, 105°, 115°, 125°

* E;and p, respectively represent the Young’s modulus and density of soil shown in Table 3.

From Tables 5 and 6, it can be seen that different combination of parameters results in very
different vibration isolation effectiveness. If the values of parameters are specified according to
the Sequence 1 in these two tables, the minimum A, and 4., can be achieved, which are 0.06551
and 0.04002, respectively. This is a huge vibration reduction. It should be mentioned, however,
that due to variety of constraints, like it is too expensive to build deep barriers, or it is difficult
to insert inclined barriers in hard soil media, some values of parameters are unavailable in prac-
tice, but the suggested method can still be used to optimize the barrier design, considering all
the limitations in reality. For example, if the barrier with a depth of 1.9 is too long, reduce its
depth as 1.6, it is seen from Table 5 that the horizontal velocity reduction ratio is 0.09218. It is
still a good vibration isolation result; or if the barrier has to be inserted vertically, just specify
the value of inclination angle as 90° in Python script.

3.5.2 Acase study

In the Section above, the optimization design is based on the best combination of parameters in
order to minimize the soil vibration, for example, the Young’s modulus of barrier in Table 4 is
assumed to be very small, while the density is very large. It is noted that materials with small
Young’s modulus and large density are likely to be unavailable in practice. Common wave bar-
riers like concrete walls, sheet pile walls, EPS barriers, gas-filled cushions do not have the
properties provided by Table 4. Therefore, in a practical view, it is better to commit optimization
design for wave barrier made of real material. Since EPS geofoam, which is a lightweight yet
strong plastic material, is widely used in constructions, especially in ground fill applications, in

this study, we choose EPS barrier as an example for the optimization design.

According to the American Society for Testing and Materials (ASTM D6817), there are sev-
en types of EPS geofoam, they are EPS12, EPS15, EPS19, EPS22, EPS29, EPS39, EPS46. Its
material properties are presented in Table 7 [118]. For the Poisson’s ratio v of EPS geofoam, the
empirical equation proposed by Horvath [119] is adopted:

v = 0.0056p + 0.0024 (22)

where p is the material density (kg/m®).
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Table 5. Final results of horizontal response at point “a” for parameter optimization of wave

barrier.
Sequence Eu/E; Pb/Ps d w I U A
1 0.03 4 1.9 0.8 9.4 105° 0.06551
2 0.03 4 1.9 0.8 9.4 75° 0.07407
3 0.03 3 1.9 0.8 9.4 75° 0.07639
4 0.03 4 1.9 1.0 1.0 75° 0.07909
5 0.06 4 1.9 0.8 9.4 75° 0.08049
6 0.06 4 1.9 1.0 1.0 75° 0.08115
7 0.03 4 1.9 0.8 9.4 65° 0.08173
8 0.03 2 1.9 1.0 9.4 105° 0.08553
9 0.03 3 1.9 1.0 1.0 75° 0.08771
10 0.06 4 1.9 0.8 9.4 65° 0.08919
11 0.10 4 1.9 1.0 1.0 75° 0.09000
12 0.03 2 1.9 1.0 9.4 125° 0.09192
13 0.06 4 1.9 0.8 9.4 105° 0.09212
14 0.03 4 1.6 0.8 9.4 75° 0.09218
15 0.03 4 1.9 1 9.4 105° 0.09314
16 0.03 3 1.9 0.8 9.4 105° 0.09319
17 0.03 2 1.9 1.0 9.4 115° 0.09749
18 0.06 3 1.9 0.8 9.4 75° 0.09966
19 0.03 2 1.9 1.0 1.0 75° 0.10219
20 0.10 4 1.9 0.8 9.4 65° 0.10436
21 0.03 2 1.3 0.8 9.4 125° 0.10622
22 0.03 2 1.9 0.8 9.4 75° 0.10634
3700 0.50 2 1.6 0.8 0.6 125° 1.63611
3701 0.2 1 1.3 0.8 0.8 105° 1.63669
3702 0.50 2 1.3 1.0 0.6 115° 1.63814
3703 0.50 2 1.3 1.0 0.6 125° 1.63930
3704 0.20 1 1.0 0.8 0.8 115° 1.64046
3705 0.20 1 1.0 0.8 1.0 75° 1.64597
3706 0.50 2 1.3 1.4 0.8 105° 1.64771
3707 0.50 2 1.3 0.8 0.8 125° 1.65583
3708 0.50 2 1.3 1.2 0.8 105° 1.66599
3709 0.50 2 1.3 1.0 0.8 105° 1.67411
3710 0.50 2 1.0 1.0 0.6 105° 1.70458
3711 0.20 1 1.3 0.8 0.6 125° 1.71212
3712 0.50 2 1.0 1.0 0.6 115° 1.72141
3713 0.50 2 1.3 1.0 0.6 105° 1.72228
3714 0.50 2 1.0 0.8 0.6 125° 1.75912
3715 0.50 2 1.0 0.8 0.8 105° 1.79394
3716 0.50 2 1.0 0.8 0.6 105° 1.79684
3717 0.50 2 1.0 0.8 0.8 115° 1.80729
3718 0.20 1 1.0 0.8 0.8 105° 1.83079
3719 0.50 2 1.0 0.8 0.6 115° 1.85545
3720 0.50 2 1.3 0.8 0.6 125° 1.87199
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Table 6. Final results of vertical response at point “a” for parameter optimization of wave barri-
er.

Sequence Eu/E; Pb/Ps d w I U A
1 0.10 4 1.9 1.0 1.0 75° 0.04002
2 0.03 2 1.9 1.0 1.0 75° 0.04056
3 0.03 4 1.9 1.0 1.0 105° 0.04204
4 0.03 3 1.9 1.0 1.0 75° 0.04349
5 0.03 4 1.9 1.2 1.0 105° 0.04490
6 0.06 4 1.9 1.0 1.0 75° 0.04497
7 0.06 4 1.9 0.8 1.0 105° 0.04576
8 0.03 4 1.9 0.8 1.0 105° 0.04759
9 0.03 4 1.9 1.0 1.0 75° 0.04970
10 0.06 3 1.9 1.0 1.0 75° 0.04984
11 0.03 4 1.9 1.0 9.4 105° 0.04997
12 0.06 4 1.9 1.0 1.0 105° 0.05100
13 0.03 3 1.9 0.8 1.0 105° 0.05146
14 0.03 1 1.9 1.0 1.0 75° 0.05279
15 0.03 4 1.9 0.8 0.8 105° 0.05306
16 0.03 4 1.9 1.0 1.0 115° 0.05507
17 0.10 4 1.9 1.0 9.4 105° 0.05873
18 0.10 4 1.3 1.2 1.0 75° 0.05913
19 0.06 4 1.9 1.0 9.4 105° 0.05913
20 0.03 4 1.9 1.2 1.0 115° 0.05954
21 0.03 3 1.9 1.0 1.0 105° 0.06188
22 0.03 4 1.9 0.8 1.0 115° 0.06188
3700 0.50 1 1.0 1.0 0.8 115° 1.34021
3701 0.50 1 1.6 1.0 0.8 125° 1.34283
3702 0.50 1 1.6 1.0 1.0 125° 1.34467
3703 0.50 1 1.0 1.0 9.4 65° 1.34493
3704 0.50 1 1.0 1.0 9.4 75° 1.34807
3705 0.50 1 1.6 1.4 1.0 125° 1.34912
3706 0.50 1 1.6 1.2 0.8 125° 1.35043
3707 0.50 1 1.3 1.0 9.4 125° 1.35279
3708 0.50 1 1.0 1.0 9.4 105° 1.35331
3709 0.50 1 1.0 1.0 0.6 125° 1.36012
3710 0.50 1 1.3 1.2 0.8 125° 1.37270
3711 0.50 1 1.3 1.0 0.8 125° 1.38239
3712 0.50 1 1.3 1.2 1.0 115° 1.38553
3713 0.50 1 1.9 1.0 9.4 105° 1.39104
3714 0.50 1 1.3 1.2 1.0 125° 1.39575
3715 0.50 1 1.6 1.0 9.4 125° 1.41723
3716 0.50 1 1.6 1.2 1.0 125° 1.41880
3717 0.50 1 1.9 1.0 9.4 125° 1.42561
3718 0.50 1 1.9 1.0 9.4 115° 1.42745
3719 0.50 1 1.0 1.0 9.4 115° 1.42771
3720 0.50 1 1.0 1.0 9.4 125° 1.52595
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Similarly, a Python script is written for the optimization design for EPS barrier. Since each
type of EPS has intrinsic material property, there is no discussion about the combination of dif-
ferent material parameters. Other values of normalized parameters are listed in Table 8. It
should be mentioned that the inclination angle &= 90° is included, for considering that vertical
barriers are very common in practice. In addition, due to the fact that the barrier width is gener-
ally smaller than its depth in reality, the values of ware given to be relatively small. Tables 9
and 10 respectively show the final results for horizontal and vertical velocity amplitude reduc-
tion ratios at point “&” due to the installation of EPS barriers. Only the best and the worst
isolation effect are shown. It is clear to see that EPS barrier with different types, dimensions and
positions have quite different vibration isolation performance. Deep barriers which are close to
the protected site and have an inclination angle slightly larger than 90° are more likely to pro-
duce good isolation effect, especially for the horizontal vibration isolation. These two tables can

provide a reference for civil engineers to design EPS barrier in practice.

Table 7. Foam-Control EPS Geofoam Properties.

. ASTM D6817
Properties
EPS12 | EPS15 | EPS19 | EPS22 | EPS29 | EPS39 | EPS46
. . Ib/ ft3 0.70 0.90 1.15 1.35 1.80 2.40 2.85
Density. min. 3
(kg/m?) 11.2 14.4 18.4 21.6 28.8 38.4 45.7
Compressive psi 2.2 3.6 5.8 7.3 10.9 15 18.6
resistance @ 1% psf 320 520 840 1050 1570 2160 2680
deformation.min. (kPa) 15 25 40 50 75 103 128
Elastic modulus. psi 220 360 580 730 1090 1500 1860
min. (kPa) 1500 2500 4000 5000 7500 10300 | 12800
Flexural strength psi 10 25 30 40 50 60 75
.min. (kPa) 69 172 207 276 345 414 517
W -
ater absorption by | |\ 0o | 40 | 40 | 30 | 30 | 20 | 20 2.0
total immersion.max.
Oxygen index. min. volume% 24 24 24 24 24 24 24
Ib/ft° 61.7 | 615 | 61.3 | 61.1 | 60.6 60 59.5
Buoyancy force. 3
(kg/m”) 990 980 980 980 970 960 950

Table 8. The distribution of key parameters to be optimized for EPS barriers.

Parameters Typical values

Barrier normalized depth (d) 1.0,1.3,1.6,1.9

Barrier normalized width (w) 0.1,0.2,0.3,0.4

Normalized distance (l,) 0.6,0.8,1.0,9.4,9.6,9.8

Inclination angle (U) 55°, 65°, 75°, 90°, 105°, 115°, 125°

Types of EPS geofoam EPS12, EPS15, EPS19, EPS22, EPS29, EPS39, EPS46
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Table 9. Final results of horizontal response at point “a” for parameter optimization of EPS bar-
rier.

Sequence | Types of EPS d w I, U A
1 EPS12 1.9 0.4 9.4 105° 0.03043
2 EPS12 1.6 0.2 9.4 125° 0.03058
3 EPS15 1.9 0.3 9.4 105° 0.03442
4 EPS15 1.9 0.4 9.4 105° 0.03476
5 EPS12 1.9 0.3 9.4 105° 0.03624
6 EPS12 1.3 0.2 9.6 115° 0.03999
7 EPS15 1.3 0.2 9.6 115° 0.04233
8 EPS19 1.9 0.3 9.4 105° 0.04280
9 EPS15 1.3 0.3 9.6 115° 0.04367
10 EPS12 1.3 0.3 9.6 115° 0.04377
11 EPS15 1.9 0.3 9.4 90° 0.04379
12 EPS19 1.9 0.4 9.4 105° 0.04454
13 EPS19 1.9 0.3 9.4 90° 0.04459
14 EPS22 1.9 0.3 9.4 90° 0.04550
15 EPS15 1.6 0.2 9.4 125° 0.04607
16 EPS12 1.9 0.4 9.4 90° 0.04813
17 EPS19 1.3 0.3 9.6 115° 0.04813
18 EPS12 1.9 0.3 9.4 90° 0.04822
19 EPS19 1.9 0.4 9.4 115° 0.04927
20 EPS15 1.9 0.4 9.4 90° 0.04989
21 EPS15 1.9 0.4 9.4 115° 0.05056
22 EPS22 1.9 0.3 9.4 105° 0.05065
4096 EPS39 1.0 0.2 0.6 90° 1.29220
4097 EPS19 1.0 0.2 0.8 75° 1.29750
4098 EPS22 1.0 0.2 0.8 75° 1.30150
4099 EPS19 1.0 0.1 0.6 90° 1.30940
4100 EPS29 1.0 0.2 0.8 75° 1.31110
4101 EPS12 1.0 0.3 0.8 75° 1.31140
4102 EPS15 1.0 0.3 0.8 75° 1.31260
4103 EPS19 1.0 0.3 0.8 75° 1.31430
4104 EPS39 1.0 0.1 0.8 75° 1.31460
4105 EPS22 1.0 0.3 0.8 75° 1.31920
4106 EPS39 1.0 0.2 0.8 75° 1.32070
4107 EPS46 1.0 0.2 0.8 75° 1.32500
4108 EPS46 1.0 0.2 0.6 90° 1.32650
4109 EPS46 1.0 0.1 0.8 75° 1.32850
4110 EPS29 1.0 0.3 0.8 75° 1.33050
4111 EPS22 1.0 0.1 0.6 90° 1.33690
4112 EPS39 1.0 0.3 0.8 75° 1.34100
4113 EPS46 1.0 0.3 0.8 75° 1.34590
4114 EPS29 1.0 0.1 0.6 90° 1.40080
4115 EPS39 1.0 0.1 0.6 90° 1.46280
4116 EPS46 1.0 0.1 0.6 90° 1.50380
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Table 10. Final results of vertical response at point “a” for parameter optimization of EPS barri-
er.

Sequence | Types of EPS d w I, U A
1 EPS12 1.9 0.3 1.0 65° 0.02978
2 EPS15 1.9 0.3 1.0 65° 0.03457
3 EPS12 1.9 0.2 0.8 105° 0.03906
4 EPS12 1.9 0.4 1.0 105° 0.04296
5 EPS15 1.9 0.2 0.8 105° 0.04398
6 EPS19 1.9 0.3 1.0 65° 0.04426
7 EPS15 1.9 0.4 1.0 105° 0.04470
8 EPS12 1.9 0.4 9.6 105° 0.04504
9 EPS19 1.9 0.4 1.0 105° 0.04747
10 EPS15 1.9 0.4 9.6 105° 0.04754
11 EPS12 1.9 0.3 0.8 105° 0.04797
12 EPS22 1.9 0.4 1.0 105° 0.04976
13 EPS12 1.9 0.2 9.6 125° 0.04991
14 EPS19 1.9 0.4 9.6 105° 0.05150
15 EPS22 1.9 0.3 1.0 65° 0.05156
16 EPS15 1.9 0.3 0.8 105° 0.05180
17 EPS12 1.9 0.1 0.8 105° 0.05212
18 EPS19 1.9 0.2 0.8 105° 0.05258
19 EPS12 1.9 0.3 9.6 115° 0.05262
20 EPS15 1.9 0.2 9.6 125° 0.05356
21 EPS12 1.9 0.3 1.0 105° 0.05387
22 EPS12 1.9 0.3 9.6 125° 0.05397
4096 EPS12 1.0 0.4 0.6 125° 0.54515
4097 EPS15 1.0 0.3 9.8 115° 0.54670
4098 EPS19 1.0 0.4 9.4 55° 0.54725
4099 EPS39 1.0 0.2 0.8 75° 0.55034
4100 EPS46 1.0 0.2 0.8 75° 0.55442
4101 EPS19 1.0 0.3 9.8 115° 0.55825
4102 EPS22 1.0 0.3 9.8 115° 0.56532
4103 EPS15 1.0 0.4 9.4 55° 0.56977
4104 EPS39 1.0 0.2 9.8 125° 0.57004
4105 EPS46 1.0 0.3 9.8 115° 0.57135
4106 EPS29 1.0 0.3 9.8 115° 0.57868
4107 EPS39 1.0 0.3 9.8 115° 0.58130
4108 EPS12 1.0 0.4 9.4 55° 0.58392
4109 EPS46 1.0 0.2 9.8 125° 0.58811
4110 EPS12 1.0 0.3 9.8 125° 0.72905
4111 EPS15 1.0 0.3 9.8 125° 0.74843
4112 EPS19 1.0 0.3 9.8 125° 0.76992
4113 EPS22 1.0 0.3 9.8 125° 0.78092
4114 EPS46 1.0 0.3 9.8 125° 0.79690
4115 EPS29 1.0 0.3 9.8 125° 0.80083
4116 EPS39 1.0 0.3 9.8 125° 0.80816
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3.6 Conclusions

A 2D numerical model is established in ABAQUS to investigate the performance of wave barri-
er in isolating ground motion generated by surface harmonic loads. The vibration isolation
effectiveness is evaluated and analyzed through an intensive parametric study. The comparative
study of 2D and 3D analyses shows that 2D model is sufficient to produce accurate results. By
using Python programming language, an optimization design method for wave barrier is devel-
oped, and an example of optimization design for barrier made of EPS is finally presented. Based

on the obtained results, the following understandings and conclusions are made:

e The installation of wave barrier is effective in reducing ground vibration generated by
surface harmonic loads. Significant vibration reduction can be achieved if wave barri-
ers with proper parameters are installed, as Tables 5, 6, 9 and 10 show.

o Decreasing the barrier Young’s modulus or increasing the barrier density results in an
increase in vibration reduction, but decreasing Young’s modulus is more effective. On
the other hand, the barrier Poisson’s ratio and damping ratio have ignorable influence
on the vibration isolation effectiveness.

e Large depth of barrier contributes to reduce soil motion, but a limiting value exists,
beyond which an increase of barrier depth produces little further vibration reduction.
Increasing barrier width is also helpful, wave barrier whose width is slightly larger
than its depth performs better than those with other widths. In addition, it is noted that
too slender barrier (i.e. barrier with very large depth but very small width) should be
avoided in practice due to its poor isolation performance.

e Barriers with a small inclination angle away from vertical direction have a better
screening effect than vertical ones. If it is feasible to install inclined barriers, slightly
oblique barriers are encouraged. Besides, the location of barriers generally does not
have remarkable influence on the vibration isolation effectiveness. But basically, barri-
ers perform better when they are installed near the vibratory source or close to the
protected site than in the intermediate areas.

e The developed method of the combination of Python scripts and ABAQUS can be used
for the optimization design for wave barrier in practice. Once all the possible parame-
ters are given, barriers ranging from performing the best to being the worst can be
identified. With the suggested method, plus the experiences of engineers and the limi-

tations in reality, the best choice of barriers is expected to become available.
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4. Investigation on the isolation performance
of wave barriers IT: under explosions

4.1 Numerical model

Figure 36 shows a 2D plane-strain model constructed in ABAQUS. It has a length of 216 m and
a height of 100 m. A rectangle barrier is installed in the rock media; its depth D, width W and
inclination angle U are given as 10 m, 1.0 m and 90°, respectively. The explosive charge is
placed near the barrier, as shown in Figure 36. The horizontal distance L, between the explosive
and the barrier is 6 m, and L,, which denotes the distance from the barrier to the protected point
“a”, is specified as 10 m. The model is fixed at the bottom, roller boundaries are applied to its
sides and free boundary on the top surface. The material properties are listed in Table 11. It is
noted that Rayleigh damping is adopted in ABAQUS.

L=6m

100 m L=10m 100 m
X

/l/ 6m l U Point a ﬂ/
D=10m
ol
Explosion
Il

W=1m

100 m
Rock

Y

y

Figure 36. Schematic diagram of the 2D model of rock-barrier system under explosions.

Table 11. Material properties of rock and barrier.

Material Density (kg/m®) Poisson’s ratio Young’s modulus (GPa)  Damping ratio
Rock 2500 0.15 15 5%
Barrier  45.7 0.258 0.0128 5%

Table 12. The characteristics of EMULSTAR 8000UG.

po (kg/m?) MVD (m/s) CDP(GPa) d; (mm) dn (mm)
1.25 5300 8.78 35 45

po = measured average density; MVD = measured velocity of detonation; CDP = calculated det-
onation pressure; d. = diameter of explosive; d, = diameter of blasthole.

66

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0011/these.pdf
© [B. Qiu], [2014], INSA de Lyon, tous droits réservés



The explosive charge used in this study is EMULSTAR 8000UG. It is an emulsion explosive
cartridge. Some of its characteristics are shown in Table 12. In order to apply the blast pressure
in the numerical model, the time history of pressure has to be obtained. Exponential functions
are often used to describe the explosive pressure as a function of time [120-122]. Here, the evo-

lution of pressure P in time which was given by Park [122] is adopted:
P=p, (j—h)3 O e (23)
where P, is the calculated detonation pressure, a; and a, are the diameters of the explosive
and the blasthole, respectively. And £ is the time to reach peak pressure (=0.0003361s). Com-
bined with Table 12, the time history of pressure can be obtained, which is shown in Figure 37.
It should be pointed out, however, that the diameter of the blasthole, which is 45 mm, is too
small compared with the model size, causing meshing problem in the finite element model. To

solve this problem, equivalent pressure Pegivaren IS adopted on the assumption that the equivalent

pressure is inversely proportional to the square of the blasthole diameter. Thus,

Pressure (Pa)

0 0.5 1 15 2 25 3 35 4 45 5
Time (s) x10°

Figure 37. The time history of blast pressure.

Pequivalentdgquivalent = Pdizl (24‘)
where Qeguiaren: 1S the equivalent diameter of the blasthole. In this study, Geguiaren is specified
as 0.5 m, large enough for meshing the model. Therefore, Peguiaren Can be obtained

d? 45
Pequivalent = sz L = P(%)Z = 0.0081P (25)

equivalent

To perform the numerical simulation effectively, explicit dynamic analysis procedure is
adopted in ABAQUS. The rock and the barrier are modeled as homogeneous, isotropic and elas-
tic media, using 4-node bilinear plane strain quadrilateral, reduced integration elements. The
interface between the rock and the barrier is assumed perfectly bonded. Since the model has a

finite domain, quiet boundary conditions are often used to absorb the outward propagating
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waves. However, as the duration of blast is very short and the initial response of structures is a
major concern [66], fictitious boundaries can be set at a sufficient distance away, resulting in no
reflected waves within the duration of interest or the amount of reflected waves is so small that
it can be ignored. In the present study, the finite element model is large enough to avoid the in-
fluence of wave reflection.

Before investigation of vibration isolation effectiveness of wave barrier, the ability that nu-
merical model in ABAQUS can produce accurate results has to be verified. As mentioned before,

the velocity of compressional waves (P waves) vp can be computed as:

_ E(1-v)
Vp = \’p(1+v)(1—2v) (26)

where £, p and vare the Young’s modulus, density and Poisson’s ratio of media, respectively.
It is noted that this equation can only be used in homogeneous isotropic and elastic media with-
out damping. Figure 38 shows the velocity of point “&” over time with the assumption that wave
barrier is replaced by rock in Figure 36 and the rock media has no damping. It is observed that
point “&” begins to vibrate at about 0.0063 s, while according to the Equation (26), the calculat-

ed velocity of P waves in the rock media is:

— E(1-v)  _ | 15(10)1°(1-0.15) _
P \/P(1+V)(1—2V) a \/2500(1+0.15)(1—o,3) =2517m/s 27)

Therefore, the first arrival time of P waves at point “a&” is:

L V624162
t=—=———=10.0068s (28)
P
x10° ‘ ‘ ‘ ‘ ‘ 1% 10°
< 3
c =
2 g
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8 8
3 L]
2 g
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% >
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Figure 38. The motion of point “4” in homogeneous isotropic and elastic rock media with no
damping.

where L is the distance from the explosive to the point “&”. It is found that the numerical re-
sults have a good agreement with the theoretical solution. Figure 39 shows the dynamic
scenarios of blasting vibration propagation in rock within 0.0303 s. It can be clearly seen that
wave propagation is blocked by the barrier, and waves are forced to propagate under the barrier
(see Figure 39(b)-(e)), as a result, the velocity amplitudes behind the barrier are smaller than the
ones before the barrier, as Figure 39(f)-(h) show. Therefore, it is inferred that the installation of

wave barrier is able to reduce the ground vibration effectively.

VT, Magnitude
5 02

+
2.411e-04
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(c) Time = 4.68 ms (d) Time=7.01ms
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Figure 39. Velocity amplitude nephogram at different times in rock with wave barrier.

To evaluate the performance of wave barrier quantitatively, the velocity amplitude reduction
ratio A-at point “a” (shown in Figure 36) is used to assess the vibration isolation effectiveness

of wave barrier:

4, =22 (29)

where Ag and Ag are the velocity amplitude at point “a” with and without wave barrier, re-
spectively. Since the velocity has vertical and horizontal components, A, and A, are respectively
used to represent vertical and horizontal velocity amplitude reduction ratios. These two ratios
give a quantitative evaluation of vibration isolation effectiveness, for example, A, = 0.6, A, =
0.7, it means that 40% reduction in the vertical amplitude and 30% reduction in the horizontal

amplitude at point “&” are achieved due to the installation of wave barrier.

4.2 Parametric study

In this section, an extensive parametric study, including the material properties of barrier, the
barrier dimensions, its positions, its damping ratio, the burial depth of the explosive and the
blast pressure, has been conducted to examine their influence on the vibration isolation effec-
tiveness of barrier. All the investigations are based on Figure 36. Note that when the effect of
one parameter is investigated, all the other parameters are kept constant. The following results

and analyses are presented.
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4.2.1 Effect of barrier Young's modulus

Figure 40 shows the effect of the ratio of Young's modulus (Eg/Eg) on the vibration isolation
effectiveness, where Eg and Eg are the Young's modulus of barrier and rock, respectively, and
Eg/Er is varied from 10™ to 5. It can be seen that when the barrier Young's modulus is small
(Es/Er < 0.1), both the horizontal and vertical velocity are reduced significantly. As the barrier
becomes stiffer (Eg/Er > 0.1), the velocity increases rapidly. It is worth mentioning that when
Es/Er = 1, which means that the barrier and the rock have the same Young's modulus, there is
little velocity amplitude reduction, while in this case, the density and the Poisson's ratio of bar-
rier are very different with the ones of the rock. Therefore, it is inferred that Young's modulus
should be a more important parameter in affecting the barrier's vibration isolation effectiveness
than the density and the Poisson's ratio. The following discussion on the effect of density and

Poisson's ratio will confirm it.

=

©

o o o oo
o N @

e o o
w >

Velocity amplitude reduction ratio

—&— Horizontal component ||
—&— Vertical component
a1 n n M
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Young's modulus: (EB/ER)

Figure 40. Effect of barrier Young's modulus on the vibration isolation effectiveness.
4.2.2 Effect of barrier density, Poisson’s ratio and damping ratio
Figures 41-43 show the effect of barrier density, Poisson's ratio and damping ratio on the vibra-
tion isolation effectiveness, respectively, where pg and pgr respectively denote the density of

barrier and rock. From the three figures, it can be seen that the influences of all these parameters

are so little that they can be ignored.
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Figure 41. Effect of barrier density on the vibration isolation effectiveness.
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Figure 42. Effect of barrier Poisson’s ratio on the vibration isolation effectiveness.
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Figure 43. Effect of barrier damping ratio on the vibration isolation effectiveness.
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4.2.3 Effect of barrier depth

Figure 44 shows the effect of the barrier depth on the vibration isolation effectiveness. It is clear
to see that as the barrier becomes deeper, the horizontal velocity reduces continuously. While
the vertical vibration firstly increases, and then decreases dramatically. When the barrier depth
exceeds 10 m, further reduction in both horizontal and vertical velocity becomes very small.
This is reasonable: as the barrier becomes deeper, more waves are blocked by the barrier, espe-
cially the Rayleigh wave, which only propagates in the area near the surface. But when the
barrier depth becomes too large, the deeper part hardly contributes to attenuate the ground mo-
tion, causing little further contribution in vibration isolation. The phenomenon that a short
increase in the vertical velocity occurs with an increasing depth of shallow barrier may attribute
to the complex wave interference between waves that transmitted directly through the barrier

and those that propagate under the barrier.
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Figure 44. Effect of barrier depth on the vibration isolation effectiveness.

4.2.4 Effect of distance from the explosive to the barrier

Figure 45 shows the effect of the distance (L;) from the explosive to the barrier on the vibration
isolation effectiveness. In this study, it is assumed that the distance between the explosive and
the point “a” keeps constant, namely, L; + L, =16 m. So when L; increases, L, will correspond-
ingly decreases, and vice versa. The purpose of this setting is to investigate the effectiveness of
active isolation and passive vibration at the same time and to find out the best location of barri-
ers when the underground explosion and the protected site are fixed. From Figure 45, it can be
found that as the barrier moves from the explosive to the protected point “a”, both the horizontal
and vertical responses do not change much, especially for the horizontal velocity. It is inferred

that the position of barrier has a minor influence on the vibration isolation effectiveness.
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Figure 45. Effect of distance from explosive to barrier on the vibration isolation effectiveness.

4.25 Effect of the burial depth of the explosive

Figure 46 shows the effect of the explosive burial depth on the vibration isolation effectiveness.
It is seen, in general, the deeper the explosion occurs, the stronger the horizontal and vertical
velocities are. This is reasonable, for fewer waves are blocked by the barrier due to the larger
depth of the explosive. A decrease of vertical velocity is observed when the burial depth is less
than 5 m, this may attribute to the complex wave interference and mode conversion [58] when

waves propagate on the surface of the rock and on the interface of the barrier and the rock.
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Figure 46. Effect of the burial depth of the explosive on the vibration isolation effectiveness.
4.2.6 Effect of barrier width, inclination angle and the blast pressure

Figures 47-49 show the effect of barrier width, inclination angle and the blast pressure on the
vibration isolation effectiveness, respectively. Like the phenomenon observed in Section 4.2.2.,

those three parameters have little or no influence on the vibration isolation effectiveness.
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Figure 47. Effect of the barrier width on the vibration isolation effectiveness.
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Figure 48. Effect of the inclination angle on the vibration isolation effectiveness.
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Figure 49. Effect of the blast pressure on the vibration isolation effectiveness.
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4.3 Optimization design

In order to study the mutual influences of various investigated parameters, an optimization de-
sign for wave barrier is carried out. Again, EPS is selected as the material for wave barrier. The
material properties of EPS can be found in Table 7. To study the performance of EPS barrier in a
practical way, only key parameters are selected for the optimization design. Based on the para-
metric study in the Section 4.2, it is found that the most important parameters that affecting the
isolation effect are the barrier Young’s modulus, the barrier depth and the burial depth of the
explosive. Since each type of EPS has its own intrinsic material property, the selected material
parameter (i.e. the barrier Young’s modulus) is replaced by the EPS type. The typical values of
the three investigated parameters are shown in Table 13. It is mentioned that shallow barriers are
included, for considering that in reality it may be too difficult or too expensive to install long
wave barriers deeply into the rock media. And explosions ranging from shallow explosions (e.g.
2 m) to deep explosions (e.g. 15 m) are examined as well. Here, a Python script is written and
run in ABAQUS for the optimization design for EPS barrier. Tables 14 and 15 respectively
show the final results for horizontal and vertical velocity amplitude reduction at point “a” due to
the installation of EPS barriers. Because of the space constraint, only the best and the worst vi-
bration isolation effectiveness are presented. It can be seen that different combination of
parameters results in very different vibration isolation effectiveness. If the values of parameters
are specified according to the Sequence 1 in these two tables, the minimum A, and A, can be
achieved, which are 0.02737 and 0.08454, respectively. Generally, a shallow burial depth of the
explosive and a large depth of barrier are more efficient in reducing vibration. It should be
pointed out that many limitations which exist in reality can be reflected in Python script. For
example, if the burial depth of explosive is fixed, specify the only corresponding value of burial
depth in Python script; or if it is too expensive to insert deep barriers in hard rock, just examine
the shallow barriers which are available in construction. Those two tables are able to provide a

useful reference for the wave barrier design in practice.

Table 13. The distribution of selected parameters to be optimized for EPS barriers.

Parameters Typical values

Barrier depth (m) 3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15

Burial depth of explosive (m) 2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15

Types of EPS geofoam EPS12, EPS15, EPS19, EPS22, EPS29, EPS39,EPS46
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Table 14. Final results of horizontal response at point “a” for parameter optimization of EPS
barriers.

Sequence Types of EPS Burial depth(m) | Barrier depth(m) A
1 EPS15 3 15 0.02737
2 EPS46 2 15 0.02873
3 EPS15 2 15 0.02889
4 EPS12 3 15 0.02936
5 EPS15 4 15 0.02941
6 EPS12 2 15 0.02948
7 EPS19 3 15 0.02960
8 EPS12 4 15 0.02960
9 EPS22 3 15 0.03040
10 EPS39 2 15 0.03049
11 EPS19 4 15 0.03071
12 EPS19 2 15 0.03082
13 EPS29 2 15 0.03150
14 EPS22 2 15 0.03152
15 EPS22 4 15 0.03194
16 EPS46 8 15 0.03195
17 EPS46 3 15 0.03205
18 EPS12 5 15 0.03213
19 EPS29 3 15 0.03226
20 EPS19 3 14 0.03251
21 EPS15 3 14 0.03298
22 EPS39 7 15 0.03306
1254 EPS46 8 3 0.67600
1255 EPS39 8 3 0.67632
1256 EPS29 8 3 0.67659
1257 EPS22 8 3 0.67682
1258 EPS19 8 3 0.67690
1259 EPS15 8 3 0.67701
1260 EPS12 8 3 0.67707
1261 EPS46 10 3 0.69110
1262 EPS39 10 3 0.69125
1263 EPS29 10 3 0.69136
1264 EPS22 10 3 0.69145
1265 EPS19 10 3 0.69149
1266 EPS15 10 3 0.69153
1267 EPS12 10 3 0.69154
1268 EPS46 9 3 0.69450
1269 EPS39 9 3 0.69472
1270 EPS29 9 3 0.69489
1271 EPS22 9 3 0.69503
1272 EPS19 9 3 0.69507
1273 EPS15 9 3 0.69514
1274 EPS12 9 3 0.69517
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Table 15. Final results of vertical response at point “a” for parameter optimization of EPS barri-
ers.

Sequence Types of EPS Burial depth(m) | Barrier depth(m) An
1 EPS15 2 13 0.08454
2 EPS12 2 13 0.08457
3 EPS15 2 14 0.08500
4 EPS12 2 14 0.08504
5 EPS12 3 15 0.08515
6 EPS19 2 13 0.08587
7 EPS46 4 13 0.08592
8 EPS15 3 15 0.08623
9 EPS22 2 13 0.08677
10 EPS12 2 15 0.08717
11 EPS39 4 13 0.08858
12 EPS19 2 14 0.08919
13 EPS15 3 14 0.08930
14 EPS15 2 15 0.08970
15 EPS39 3 13 0.08973
16 EPS12 3 14 0.08984
17 EPS19 3 15 0.09000
18 EPS39 4 14 0.09000
19 EPS29 3 13 0.09009
20 EPS29 4 14 0.09013
21 EPS19 3 14 0.09015
22 EPS29 2 13 0.09051
1254 EPS46 13 3 1.16713
1255 EPS39 13 3 1.16717
1256 EPS29 13 3 1.16722
1257 EPS19 13 3 1.16726
1258 EPS22 13 3 1.16726
1259 EPS15 13 3 1.16729
1260 EPS12 13 3 1.16731
1261 EPS46 15 3 1.18980
1262 EPS39 15 3 1.18982
1263 EPS29 15 3 1.18984
1264 EPS19 15 3 1.18989
1265 EPS22 15 3 1.18989
1266 EPS12 15 3 1.18991
1267 EPS15 15 3 1.18991
1268 EPS46 14 3 1.20170
1269 EPS39 14 3 1.20175
1270 EPS29 14 3 1.20179
1271 EPS22 14 3 1.20182
1272 EPS15 14 3 1.20184
1273 EPS19 14 3 1.20184
1274 EPS12 14 3 1.20186
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4.4 Conclusions

This chapter investigates the isolation performance of wave barrier under subsurface explosions.
Like the investigation presented in Chapter 3, a 2D numerical model is firstly established in
ABAQUS. Then an extensive parametric study is carried out to examine the influence of each
parameter on the screening effectiveness of wave barrier. By using Python language, an optimi-
zation design method is developed for the design of barriers made of EPS, and the best EPS
barrier that is able to minimize the ground vibration is identified. Based on the obtained results,

the following understandings and conclusions are made:

e The installation of wave barrier is effective in reducing ground motion generated by
subsurface explosions. Significant vibration reduction can be achieved if wave barrier
with proper parameters are installed, as Tables 14 and 15 show.

e The burial depth of explosive, the barrier Young’s modulus and the barrier depth are
key parameters that affect the vibration isolation effectiveness. Specifically, the shal-
lower the explosive is buried, the smaller the barrier Young’s modulus, the larger the
barrier depth, the better screening effectiveness can be achieved. Other parameters (the
barrier density, Poisson’s ratio, damping ratio, the width, the inclination angle, the dis-
tance of barrier from the explosive, the magnitude of the blast pressure) have
negligible or no influence in reducing the ground vibration.

e Python scripts can be used for the optimization design of wave barrier in practice. Af-
ter all the possible values of key parameters are given, barriers ranging from
performing the best to being the worst can be identified. With the suggested method,
plus the engineer’s experiences, the best choice of wave barrier is expected to become

available.
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5. Numerical simulation of the behavior of
main tunnel under explosions

5.1 Background of the project

The main road tunnel, which runs under Col du Fréjus in the Cottian Alps between Modane in
France and Bardonecchia in Italy, is the fifth longest road tunnel in the world (by 2005). It is
constructed and managed by the French company SFTRF (Société francaise du tunnel routier du
Fréjus) on the French side and the Italian company SITAF (Societd Italiana per il Traforo
Autostradale del Fréjus SpA) on the Italian side. Since it came to service in 1980, during the
first 20 years, more than 20 million vehicles had passed through this tunnel. It plays a vital role
in connecting France and Italy. In May 2009, a safety tunnel, which is parallel to the main tun-
nel, began to be built, as the red line shown in Figure 50 (the double black lines represent the
main tunnel). Based on the rock survey (see Figure 51), the rock media in some areas is so hard
that blasting method has to be used. Some cross passages that connect the main tunnel and the
safety tunnel are also excavated by means of explosives. Figure 52 shows the bird's-eye view of
the tunnel system. The main tunnel (on the right side) has a horseshoe shape cross section with
an inner height of 7.49 m, an inner width of 10.52 m and 0.6 m thick plain concrete as the tun-
nel lining, the inner radius of the arch in the top heading of tunnels was 5.26 m. The safety
tunnel (on the left side) with a circular cross section has an inner diameter of 4.1 m. The dis-
tance between the two parallel tunnels is 50 m. Figure 53 presents the section of cross passage,
its height and width are 5.09 m and 5.8 m, respectively, and the excavation of cross passages
from the safety tunnel to the location which is 6 m away from the main tunnel is carried out by
blasting method [126-129]. This study on main tunnel will be divided into two parts. The chap-
ter 5 focuses on the investigation of the dynamic behavior of main tunnel under explosions
through the numerical simulation in ABAQUS, examining the maximum motion and the possi-
ble damage and stiffness degradation of the main tunnel under different conditions. In the next
chapter, two mitigation measures are proposed and examined in reducing the vibration of main
tunnel, aiming to protect main tunnel from explosions in an effective and practical way. The re-
sults from these two chapters are able to provide a reference for the tunnel protection design
under explosions in practice. It is noted that in the present study, the main tunnel is considered
as a reference configuration on which some theoretical studies will be carried out in the follow-

ing investigations varying a huge number of parameters.
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Figure 50. The schematic plan view of safety tunnel (read line) and main tunnel (double black
lines).
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Figure 51. The geologic cross section of rock media.
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Figure 53. The section of cross passage (units: m).
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5.2 Numerical model

Physical process of explosions in rock media and the blast-induced vibration on the existing
tunnel are very complicated. They involve many complex processes: dynamic interactions
among the explosives, the formation of craters or camouflets, the propagation of shear and com-
pressional waves in rock, rock-tunnel interaction and the responses of the tunnel. To deal with
these complicated problems, some simplifications have to be made. The following considera-

tions and assumptions are made during the development of numerical model in ABAQUS.

5.2.1 Blast loading

Figure 54 shows the interaction with rock surrounding the explosives. From the center to the
outside, there are original hole, crushed zone, plastic zone and elastic zone, respectively. Much
of the energy is dissipated in crushed and plastic zones. To apply the blast pressure in numerical
model, the time history of pressure has to be obtained. It is noted that the explosive charge
EMULSTAR 8000UG which is used in Chapter 4 is also adopted in this project. Thus, the same
evolution of pressure P (see Equation (23) and Figure 37) is used in this chapter. Still, to avoid
the meshing problem due to the too small diameter of explosives compared with the whole

model size, equivalent pressure Pequivaient (S€€ Equation (25)) is adopted.

Elastic zone

Plastic zone

Crushed zone

Original
hole

Figure 54. Zones of rock surrounding the explosives.

5.2.2 Material model
5.2.2.1 Rock model

Rock, which ranges from intact to highly fractured, can exhibit very different behavior under
explosions. Until now, there is no constitutive relation that is able to describe the behavior of

rock accurately and simply. Traditional constitutive models, like elastic, elastoplastic and visco-
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elastic are widely used. The choice of one type of model mainly depends on the purpose of the
analysis. During the blast loading, there are certainly fracture zone and plastic deformation of
the rock in the vicinity of the explosives. But beyond some distance from the detonation, the
response of rock can be basically assumed to be elastic. From the Figure 54, it can be seen that
the pressure P is applied on the interface between the plastic zone and the elastic zone, and the
examined rock area in this study is within the elastic zone. Therefore, it is reasonable to assume

that the dynamic behavior of rock is linear elastic.

For the damping in rock, Rayleigh damping is adopted. Although rock ranging from soft to
hard exhibits very different damping, the time period of explosions is so short that the effect of
energy absorption by damping is generally insignificant. Here, 5% of damping ratio is given for

the possible energy loss.
5.2.2.2  Tunnel model

Typically, elastic or elastoplastic model is used to describe the behavior of tunnel, more compli-
cated constitutive relations may be needed if strong nonlinear behavior exists. In the present
study, elastic model is firstly adopted. Then, to investigate the behavior of tunnel in a more ac-
curate way, concrete damage plasticity (CDP) model is employed to investigate the possible
damage and stiffness degradation of main tunnel subjected to strong explosions under different

conditions. (For more details about CDP model, please refer to Section 2.4.3)

5.3 Finite element model

Based on the preceding discussion, a finite element model which includes the main tunnel, the
safety tunnel and their cross passage are created in ABAQUS. To perform the numerical simula-
tion effectively, explicit dynamic analysis procedure is adopted. The rock and tunnels are
modeled as homogeneous, isotropic and elastic media, using 4-node bilinear plane strain quadri-
lateral, reduced integration elements (for 2D model) and 8-node linear brick, reduced integration
elements (for 3D model), respectively. The interfaces between them are assumed perfectly
bonded. The material properties are given in Table 16. It should be mentioned that the main tun-
nel and the safety tunnel are built deeply into the mountains (see Figure 51); it is very difficult
to create a model with the whole mountains included. Instead, a limited area, which contains
only the explosives, the most possible vulnerable region of rock and tunnels, is investigated.
Figures 55 and 56 show the 2D and 3D finite element models developed in ABAQUS, respec-
tively. The 2D model with safety tunnel on the left side and main tunnel on the right side has a
length of 150 m and a height of 140 m. Enlarged views about the sites surrounding the explo-
sives and the main tunnel are presented as well. The 3D model in the plane perpendicular to the

direction of tunnels has the same size as the 2D model does and extends 140 m along the direc-
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tion of tunnels. A perspective view and a cut view of the 3D model (see Figure 56(a) and (c)) are
also presented in order to provide a clear image of the whole numerical model. It is pointed out
that the density of the mesh around the main tunnel is much denser than the one around the safe-
ty tunnel in both 2D and 3D models (see Figures 55, 56(b) and (c)). The reason is that the major
purpose of this investigation is the responses of main tunnel under explosions. Therefore, the
element size around the main tunnel should be small enough to generate accurate result from the
numerical simulation. While for the safety tunnel, some security measures are expected to be
carried out to protect it from explosions, so the mesh around it is relatively coarse. This can re-

duce the whole calculation time effectively in ABAQUS.

Table 16. Material properties of rock and main tunnel lining.

Material  Density (kg/m°) Poisson’sratio  Young’s modulus (GPa)  Damping ratio
Concrete 2500 0.15 20 5%
Rock 2700 0.20 15 5%

>
L

Explosion

Figure 55. The 2D finite element model in ABAQUS.

For the boundary conditions, roller boundaries are applied on the four sides of 2D model and
on the six faces of 3D model. It should be mentioned that fictitious boundaries like roller
boundary or fixed boundary could reflect outward propagating waves, bringing considerable
energy back into the model. To solve this problem, quiet boundary conditions can be used to
avoid the reflected waves. Nevertheless, according to Yang [66], the duration of blast loading is
very short and the initial response of structures is a major concern, so fictitious boundaries can
be set at a sufficient distance away, resulting in no waves are reflected within the duration of
interest or the reflection of waves is so small that it can be ignored. In the present study, the fi-
nite element models are large enough to avoid the influence of reflected waves within the

investigated time.
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(c) Cut view of the mesh of rock-tunnel system

Figure 56. The 3D finite element model in ABAQUS.
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Here, two typical points (denoted as “al”and “bl”, see Figure 55), which are the junctions
of the arch crown and the sidewall of the cross passage are chosen. The motion of these two
points is considered able to representatively reflect the vibration of main tunnel under explo-
sions. Figures 57 and 58 show the displacement, velocity and acceleration of main tunnel at
these two points. It is clear to see that the motion of both point “al” and “bl1 ” firstly increases
dramatically in a very short time, and then decreases sharply after the initial response. It is in-
ferred that the most dangerous damage to main tunnel is the arrival of the initial shock waves.
This agrees with the conclusion made by Yang [66], who pointed out that the initial shock
waves were the major concern during the investigation of tunnels under explosions. In addition,
it can be seen that the motion of point “al” and “b1” in 2D model is much larger than the one in
3D model. This may be attributed to the fact that the blast pressure in 2D model can be equally
treated as being applied in 3D model all along the tunnel direction, while the blast pressure in
3D model, which represents the real blast pressure, apparently has a very limited width along
the tunnel direction. Therefore, the blast pressure in 2D model is actually much larger than the
one in 3D model, causing much stronger vibration in the 2D analysis. Besides, it is obvious to
see that the peak motion of point “al” is much bigger than that of point “b1”. This is reasonable,
the point “al”, which is near to the explosives, suffers the high level of explosions to the initial
shock wave from the explosions. In fact, the left half part of main tunnel (e.g. the half part near
the explosions) generally has a much stronger vibration than the tunnel's right half part (e.g. the
half part far away from the explosions). This inference can be confirmed by Figures 59 and 60,
which show the distribution of maximum displacement, velocity and acceleration of main tunnel
in 2D and 3D models under explosions, respectively. The positions where the largest motion
occurs and their corresponding values are also pointed out. It is clear to see from Figure 59 that
the strongest vibrations occur in the arch, or around the junction of the arch and the sidewall on
the left half part of main tunnel. It is noted that the maximum motion of different parts of main
tunnel appears in different times, rather than in the same time due to the wave propagation
through the tunnel. Similar phenomenon can be observed in the 3D simulation (see Figure 60).
In addition, it is seen that, due to the symmetry of the 3D model, the distribution of the maxi-
mum motion of main tunnel is symmetric along its central section, as expected. However, the
maximum motion of main tunnel in 3D model does not occur in the central section, but some
distances away from it, as shown in Figure 60. This phenomenon may be attributed to the com-
plicated wave propagation and wave interference generated by the blast pressure, which is
assumed to be applied on a blasthole with a shape of cylinder (see Figure 56). Once again, it is
observed that the maximum motion of main tunnel in 3D model is much smaller than the one in
2D model. Therefore, in order to study the dynamic behavior of main tunnel in a more accurate

way, the following investigations are carried out through 3D analysis.
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Figure 57. The motion of point “al” in 2D and 3D rock-tunnel models under explosions.

88

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0011/these.pdf
© [B. Qiu], [2014], INSA de Lyon, tous droits réservés



x10° x10”7

w
N

N
Noow
T T
[

3]
T

=
Displacement (m)
[

Displacement (m)
=
[9))

I
)]
T

(=}

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

° Time (s) Time (s)

(a) Displacement at point “b1 ”in 2D (b) Displacement at point “b1 ”in 3D
0.03 ; ; ; ; ; ; ; 210"
0.025r

o

o

]
T

Velocity (m/s)
o
o
&
Velocity (m/s)
=

0.01F
0.005r
G0 0.605 0.61 0.615 O.b2 0.625 0.63 0.635 0.04 0O 0.605 0.61 0.615 0.62 0.625 0.63 0.635 0.04
Time (s) Time (s)
(c) Velocity at point “bl”in 2D (d) Velocity at point“p1”in 3D
35 0.35
_.30F __ 03
NU) NU)
E 25r E 0.25
g 20r g 0.2r
g 15F g 0.15f
g 10r ?('.)j 0.1r
< 5r < 0.05F
00 0.605 0,61 0.615 0“02 0.625 0.63 0.635 0.04 CO 0.605 0.61 0.615 0.62 0.625 0.63 0.635 0.04
Time (s) Time (s)
(e) Acceleration at point “b1 ”in 2D (f) Acceleration at point “b1 ”in 3D

Figure 58. The motion of point “b1” in 2D and 3D rock-tunnel models under explosions.
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Figure 59. The distribution of maximum motion of main tunnel (2D elastic model) under explo-
sions.
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Figure 60. The distribution of maximum motion of main tunnel (3D elastic model) under explo-
sions.
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5.4 Parametric study

In this section, an extensive parametric study, which includes the lining stiffness, the lining
thickness, the distance of explosions from main tunnel, the position of explosions along the sec-
tion of cross passage, the blast pressure and the tunnel burial depth, has been conducted to
examine their influences on the responses of main tunnel under explosions. All the investiga-
tions are based on the 3D model shown in Figure 56. Note that when the effect of one parameter
is investigated, all the other parameters are kept constant. Since the maximum motion of tunnel
is one of the most important evaluations on the tunnel safety, the magnitudes of maximum dis-
placement, velocity and acceleration are used to assess the security of main tunnel during

explosions. The numerical results and analyses are presented as follows.

5.4.1 Effect of lining stiffness

Figure 61 shows the effect of the lining stiffness E on the motion of main tunnel. Considering
that the construction material for tunnel lining is concrete or reinforced concrete, the value of E
is assumed to be ranged from 10 GPa to 200 GPa. Generally, the Young's modulus of concrete is
larger than 10 GPa, but the decay of concrete over time may reduce its stiffness, and 200 GPa,
which is almost the Young's modulus of steel, is used to examine the vibration of lining which is
mainly constructed by steel. It can be seen that with an increasing E, the maximum motion of
main tunnel firstly reduces and then remains to be stable. Specifically, when the value of E is
smaller than a certain value (100 GPa, 40 GPa and 40 GPa for maximum displacement, velocity
and acceleration, respectively), increasing the lining stiffness is effective in reducing the vibra-
tion of tunnel, but when E is larger than the values mentioned above, an increase of lining
stiffness seems to be useless. Therefore, it is inferred that “hard” lining generally performs bet-
ter than “soft” lining in resisting the vibration generated by nearby explosions.
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= =
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Figure 61. Effect of lining stiffness on the motion of main tunnel.

5.4.2 Effect of lining thickness

Figure 62 shows the effect of the lining thickness | on the motion of main tunnel. The investi-
gated | ranges from 0.3 m to 1.5 m, which generally reflects the widths of the practical lining
thickness. It is observed that there is little change of the maximum displacement, velocity and
acceleration with an increasing |. In other words, the variations of the tunnel maximum motion
are so small that they can almost be ignored. Thus, it is concluded that the effect of the lining

thickness on the tunnel motion is negligible.
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Figure 62. Effect of lining thickness on the motion of main tunnel.
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5.4.3 Effect of the distance of explosions from main tunnel

Figure 63 shows the effect of the distance of explosions s from main tunnel on the tunnel mo-
tion. It is mentioned that the excavation of cross passage between the safety tunnel and the main
tunnel is carried out by blasting method except the sections which are within 6 m away from
main tunnel (excavated by mechanics for security consideration). Therefore, the examined dis-
tance s is larger than 6 m. From Figure 63, it is clear to see that the maximum displacement,
velocity and acceleration of main tunnel increases as the explosions move closer to the main
tunnel. Particularly, when the explosions are very close to the main tunnel (s < 15 m), a small
decrease of s can result in a significant increase of the tunnel vibration. Thus, great care has to
be made to make sure that the vibration of main tunnel is under the permissible level when ex-

plosions occur near the protected tunnel.
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Figure 63. Effect of the distance of explosions from the main tunnel on the tunnel motion.
5.4.4  Effect of the position of explosions along the section of cross passage

Since multiple blastholes are drilled along the section of cross passage during the excavation of
Cross passage in practice, it is necessary to investigate the influence of different positions of ex-
plosions on the main tunnel motion. Figures 64 and 65 respectively show the effect of the
horizontal position of explosions (from A to B shown in Figure 53) and vertical position of ex-
plosions (from C to D shown in Figure 53) on the motion of main tunnel. It is seen from Figure
64 that the maximum motion of main tunnel seems to be symmetric along the vertical line
which passes the zero point (see Figure 53). This is reasonable, because the 3D model is sym-
metric along the X-Z plane. However, because that the 3D model is asymmetric along the Y-Z
plane, the motion of main tunnel is not strictly symmetric when the explosions move from C to
D, as shown in Figure 65. In addition, it is observed from the two figures that the vibration of
main tunnel seems not to change much when explosions move along both the horizontal and
vertical positions, particularly for the tunnel maximum displacement and velocity. Therefore, it
is inferred that the position of blastholes along the section of cross passage generally has minor
influence on the main tunnel motion. It should be mentioned, however, that the section of cross
passage where blastholes are drilled has a very limited area, if explosions happen in other areas,
it is uncertain that there are still few variations of the maximum motion of main tunnel. Since
only explosions along the section of cross passage are of interest in this study, the investigation

on the influence of explosions in other areas is beyond the scope of this study.
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Figure 64. Effect of the horizontal position of explosions along the section of cross passage on
the motion of main tunnel.
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5.4.5 Effect of the blast pressure

Figure 66 shows the effect of the blast pressure on the motion of main tunnel. It is clear to see
that the maximum displacement, velocity and acceleration of main tunnel increase linearly with
an increasing blast pressure, as expected. This can be attributed to the assumptions that the rock
and tunnels are elastic and their interfaces are perfected bonded. Apparently, it is impossible for
main tunnel to keep elastic constantly with an increasing blast pressure. Plastic analysis has to
be introduced when the blast pressure is strong enough to generate the plastic deformation of
tunnel. As mentioned earlier, the CDP model for the tunnel will be adopted later on to investi-

gate the evolution of the motion, the possible damage and stiffness degradation of main tunnel.

10> E T T T
£ 107} E
1S ;
5 i
IS [
(O]
o I
S
g1 3
o N
£ i
=1 L
E .
é 107 E
E E
:|_0'8 Lol M| M | .
10 10" 10° 10" 10
The blast pressure (x Pequ/va rend
(a) The maximum displacement
0
10 E T T T
_107F E
0 F
E
> |
G 107E 5
(@] F
o) [
> L
£ I
> S |
ENF
3 f
= I
10"k -
1ol L NI S T S A | L R S S S S A | L
10 10" 10° 10" 10
The blast pressure (x Peqw.va ‘en /

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0011/these.pdf

(b) The maximum velocity

99

© [B. Qiu], [2014], INSA de Lyon, tous droits réservés



105 T T T

[y
o
w
T
d

[any
(=}
T
|

N

(N

[y
o
T
1

=)

Maximum acceleration (m/sz)
=
o
T
|

=
o
'
1

=
O

L Lol L Lol L Lol L T S S S R
-2 -1 1 2

10 10° 10 10

The blast pressure (x P civatent

(c) The maximum acceleration
Figure 66. Effect of the blast pressure on the motion of main tunnel.

5.4.6 Effect of the burial depth of main tunnel

In this study, both the main tunnel and the safety tunnel are built deeply into the mountains, so
there is no consideration of the influence of waves reflected by the boundaries of the rock media
(the rock is assumed homogeneous, isotropic and elastic media). However, some tunnels, like
the subways, are built near the surface of rock or soil media, where waves generated by explo-
sions may be reflected when they propagate on the top surface, and the motion of tunnels may
be affected. Thus, it is necessary to investigate the effect of explosions on the tunnel which has
shallow burial depths. Figure 67 shows the evolution of the main tunnel motion over the burial
depth. The investigated burial depth of main tunnel ranges from 5.5 m to 30 m. It can be seen
that the maximum velocity and acceleration of main tunnel changes little with an increasing h.
For the maximum displacement, it almost remains constant except that there is a slight increase
when the burial depth h decreases from 10 m to 5.5 m. Based on the observations above, it is
inferred that the burial depth of tunnel basically has a minor influence on the tunnel motion.
This may be due to the phenomenon that the waves reflected by the top surface propagate in all
directions, and the amount of reflected waves which are able to reach the existing tunnel is so

small that its influence on the vibration of main tunnel can be almost ignored.
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Figure 67. Effect of the burial depth of main tunnel on the tunnel motion.
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5.5 Main tunnel damage evaluation

55.1 Concrete damaged plasticity model (CDP model)

During the parametric study in Section 5.4, it is found that the variation of the maximum motion
of main tunnel is linear to that of the magnitude of the blast pressure (see Figure 66). However,
as previously stated, such conclusion is based on the assumptions that the lining structure is
elastic. With an increasing blast pressure, there is no doubt that the main tunnel lining structure
no longer keeps elastic. When the blast pressure exceeds a certain value, plastic deformation or
even damage will certainly appear on the lining. Therefore, from a practical view, it is better to
adopt a constitutive model which is able to reflect the nonlinear behavior of main tunnel. While
the CDP model, which is a continuum, plasticity-based, damage model, can exactly provide a
general capability for modeling concrete and other quasi-brittle materials subjected to monoton-
ic, cyclic, and/or dynamic loading [123]. Thus, in the present study, the CDP model is adopted
to simulate the plastic deformation of main tunnel and to find out the locations of the lining
damage and stiffness degradation during strong explosions. Besides, it is noted that only the
tunnel lining structure is examined in this Section, there is no slabs inside. In the next Section
(Section 5.6), the influence of the slabs and the dynamic behavior of both the lining and the

slabs will be discussed.

Here the developed finite element model of the rock-tunnel system is still based on the mod-
el presented in Figure 56. The only difference is that the CDP model, rather than elastic model is
used for the lining structure, and the setting of Nlgeom should be ON in ABAQUS, for possible
large-displacement consideration. The input parameters of CDP model in ABAQUS is listed in
Table 17. And Rayleigh damping of 5% is adopted for the whole model. Based on the Table 17,
the concrete compressive and tensile properties can be plotted, as shown in Figures 68 and 69,
respectively. It can be seen that the concrete compressive stress is almost linear to the crushing
strain until the value of initial yield stress, which is about 40.30 MPa. As the compressive stress
keep increasing, plastic deformation is observed, such plastic response is generally character-
ized by stress hardening until the value of ultimate stress, which is about 50.01 MPa. Then
followed by the concrete strain softening state, where the crushing strain increases dramatically
with a decreasing compressive stress. For the tensile response, a linear elastic relationship is
observed until the value of failure stress, which is about 2.84 MPa. Beyond the failure stress, a
similar softening stress-strain response can be observed. Besides, it is seen that there is no com-
pression (tension) damage when the crushing (cracking) strain is very small, but the
compression (tension) damage tends to increase rapidly with an increasing crushing (cracking)

strain. It is noted that the values of damage variables should be smaller than 0.99, for excessive
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damages have a critical effect on the rate of convergence [123], which may cause convergence

difficulty. In this study, all the compression damage and tension damage are below 0.99.

Table 17. Concrete damaged plasticity model parameters

Parameter Description Value

P) Density 2500 kg/m?®
E Young’s modulus 20 GPa

v Poisson’s ratio 0.15

% Dilation angle 38°

€ Flow potential eccentricity 0.1

The ratio of initial equi-biaxial compressive yield stress to

fooffeo Initial uniaxial compressive yield stress 1.16
K The ratio of the second stress invariant on the tensile meridian 0.667
V. Viscosity coefficient 0
Concrete compression hardening* Concrete compression damage*
Stress [Pa] Crushing strain Damage Crushing strain
15000000 0 0 0
20197804 0.0000747307 0 0.0000747307
30000609 0.0000988479 0 0.0000988479
40303781 0.0001541230 0 0.0001541230
50007692 0.0007615380 0 0.0007615380
40236090 0.0025575590 0.195402 0.0025575590
20236090 0.0056754310 0.596382 0.0056754310
5257557 0.0117331190 0.894865 0.0117331190
Concrete tension stiffening* Concrete tension damage*
Stress [Pa] Cracking strain Damage Cracking strain
1998930 0 0 0
2842000 0.000033330 0 0.000033330
1869810 0.000160427 0.406411 0.000160427
862723 0.000279763 0.696380 0.000279763
226254 0.000684593 0.920389 0.000684593
56576 0.001086730 0.980093 0.001086730
* The representative values provided by Jankowiak [124] are adopted.
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5.5.2 Comparisons study between elastic analysis and elastic plastic analysis
5.5.2.1  Main tunnel under weak explosions

It is known that when the blast pressure is small, it is reasonable to assume that the tunnel lining
keeps elastic under explosions. However, as the explosions become stronger and stronger, it is
certain that the plastic deformation of the tunnel will appear. In such case, elastic plastic analy-
sis must be introduced. Here, based on the 3D finite element model created in Figure 56, a
comparison study on the behavior of main tunnel with elastic model and CDP model is present-
ed, aiming to find out when and where the plastic deformation, compression damage, tension
damage and stiffness degradation of main tunnel occur and develop with an increasing blast
pressure. Figures 70 and 71 show the evolution of the motion at point “al” and “b1” (see Figure
55) over time, respectively, using elastic model (on the left side) and CDP model (on the right
side) for the main tunnel lining. It is observed that there is no visualized difference of the dis-
placement, velocity and acceleration for both the point “al” and “b1” between elastic model and
CDP model. From Figure 72, which shows the distribution of maximum displacement, velocity
and acceleration of main tunnel (CDP model) under explosions, it is found that the tunnel max-
imum motion occurs in the following positions: the maximum displacement in the Node: PART-
1-1.100685, the maximum velocity in the Node: PART-1-1.100665 and the maximum accelera-
tion in the Node: PART-1-1.99818. It is noted that these points are exactly the same positions of
the maximum motion of main tunnel when elastic model for the lining is adopted (see Figure
60). And the values of the maximum displacement, velocity and acceleration, which are respec-
tively 9.456x107 m, 1.551x10° m/s and 3.604 m/s?, are very close to the corresponding ones of
main tunnel in the case that elastic model is used, which are 9.442x107 m, 1.549x10°® m/s and
3.579 m/s?, respectively (see Figure 60). The very likely explanation for the phenomenon above
is the small blast pressure generated by the weak explosions (the blast pressure is Peguivatent). In
fact, the magnitude of the investigated blast pressure is so small that no plastic deformation of
main tunnel appears. This can be verified by Figure 73, which shows the distribution of the
maximum compression damage, tension damage and stiffness degradation of main tunnel under
explosions. It is found that there are no compression damage, no tension damage and no stiff-
ness degradation. This means that main tunnel keeps being elastic during the explosions.

Therefore, the numerical results produced by elastic model and CDP model are almost the same.
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Figure 70. The motion of main tunnel at point “al” over time (the tunnel lining with elastic
model on the left side, and with CDP model on the right side, the blast pressure is Pegiasen)-
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Figure 71. The motion of main tunnel at point “b1” over time (the tunnel lining with elastic
model on the left side, and with CDP model on the right side, the blast pressure is Peguiasen)-
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Figure 72. The distribution of the maximum motion of main tunnel (CDP model) under explo-
sions (the blast pressure is Peguiaten)-
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Figure 73. The distribution of maximum compression damage, tension damage and stiffness
degradation of main tunnel (CDP model) under explosions (the blast pressure is Peguivasen)-
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5.5.2.2  Main tunnel under strong explosions

From the Section 5.5.2.1, it is found that the main tunnel with CDP model has almost the same
motion as the one with elastic model under weak explosions. However, will the tunnel motion
keep the same if the explosions become stronger? Here, a much larger blast pressure, which is
assumed 400 times as large as the one used previously, is adopted. It is noted that only the blast
pressure is changed from Peguivaren 10 400Paguivarens, all the other parameters in the model (see
Figure 56) keep constant. Figures 74 and 75 respectively show the motion of point “al” and
“b1” over time, using elastic model (on the left side) and CDP model (on the right side) for the
main tunnel lining. Compared with the Figure 70(a), (c), () and Figure 74(a), (c), (e), it can be
seen that in the case of elastic model, the displacement, velocity and acceleration of point “al”
become about 400 times large as the blast pressure increases from Pegyivasen t0 400Peguivasens aS
expected. However, an increase of about 800 times large is found for the motion of point “al” in
the case of CDP model during the same increase of the blast pressure (see Figure 70(b), (d), (f)
and Figure 74(b), (d), (f)). Similar phenomenon can be observed for the motion of point “b1”
when elastic model and CDP models are adopted as the blast pressure increases from Peguivasent
t0 400Ppuivarens (S€€ Figure 71 and 75). Figure 76 shows the distribution of maximum motion of
the main tunnel with CDP model under explosions, where the blast pressure is 400 Peguivasens 1t IS
seen that the maximum displacement, velocity and acceleration of main tunnel, which are
7.601x10™ m, 1.272 m/s and 2.883x10° m/s®, respectively, are 805.020, 821.175 and 805.532
times as large as the corresponding ones of main tunnel in the case of elastic model is adopted
under the blast pressure P.yiaen(See Figure 60). Based on the observation above, it is inferred
that the motion of main tunnel predicted by CDP model is about two times as large as the one
predicted by elastic model. This indicates that large plastic deformation appears when the main
tunnel suffers the strong explosions, where a slight increase in the blast pressure can result in a
significant increase in the tunnel deformation. This inference can be confirmed by Figure 77,
which shows the distribution of the maximum compression damage, tension damage and stiff-
ness degradation of main tunnel under the blast pressure of 400P.uaen Enlarged views about
the central area of main tunnel are presented as well. It is obvious to see that the compression
damage, tension damage and stiffness degradation, all appear on the tunnel lining. It is noted
that the compression damage is so small (the maximum value is 3.992x10™) that it is hard to be
noticed; however, the tension damage and stiffness degradation develop very quickly and are
quite remarkable. The maximum tension damage and stiffness degradation are 0.9026 and
0.8626, respectively. This means that 90.26% reduction of the tension resistance capability and
86.26% loss of the tunnel lining stiffness occur under the blast pressure of 400 Peguivarens Finally,
it is worth pointing out that the most vulnerable areas for the tunnel lining are the top heading of

the lining arch and the foot of the sidewall on the side near the explosions.
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Figure 74. The motion of main tunnel at point “al” over time (the tunnel lining with elastic
model on the left side, and with CDP model on the right side, the blast pressure is 400 Peguivasen)-
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Figure 75. The motion of main tunnel at point “b1” over time (the tunnel lining with elastic
model on the left side, and with CDP model on the right side, the blast pressure is 400 Peguivasen)-
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Figure 76. The distribution of maximum motion of main tunnel (CDP model) under explosions
(the blast pressure is 400P.guiasen)-
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Figure 77. The distribution of maximum compression damage, tension damage and stiffness
degradation of main tunnel (CDP model) under explosions (the blast pressure is 400 Peguivatens)-
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Here, to investigate the behavior of main tunnel in a comprehensive way, the evolution of the
maximum motion of main tunnel with both elastic model and CDP model under explosions with
an increasing blast pressure is presented, as shown in Figure 78. It is clear to see that when the
blast pressure is small (< 60P.yuiaen), there is no difference of the tunnel motion between the
CDP model and the elastic model. However, as the blast pressure increases (> 60Peguivarens), the
tunnel motion predicted by the CDP model gradually becomes larger than the one predicted by
the elastic model. Furthermore, the larger the blast pressure is, the much larger tunnel motion
that CDP model produces. These phenomena can be explained as follows: explosions with small
blast pressure can only result in the tunnel’s elastic deformation. But as the explosions become
stronger, there is no doubt that plastic deformation will appear, moreover, a small increase of the
blast pressure will generate a significant increase in the tunnel plastic deformation. Based on the
analysis above, it is recommended that CDP model have to be adopted to better reflect the real
behavior of main tunnel under strong explosions. In this study, the blast pressure of 60Peuiaen
can be considered as the minimum value for adopting CDP model during the numerical simula-
tion. Figure 79 shows the evolution of compression damage, tension damage and stiffness
degradation of main tunnel with an increasing blast pressure. It can be observed that the com-
pression damage begins to appear when the blast pressure reaches to be 225Pqguivaen While the
tension damage occurs as the blast pressure increases to be as large as 325Pgguivaren 1t should be
mentioned that although the appearance of the compression damage is much earlier than that of
tension damage during the increasing blast pressure from Pegivasen: t0 500 Peguivasens the maximum
compression damage, which is 0.0002 when the blast pressure is 500z IS almost negligi-
ble compared with the maximum tension damage, which is close to 1 when the blast pressure is
larger than 450 Peguiarens Therefore, it is inferred that the main tunnel is very likely to suffer ten-
sion failure, rather than compression failure under strong explosions. Besides, it is seen that the
variation of stiffness degradation seems to be firstly coincident with that of compression dam-
age, and then become coincident with that of tension damage. Specifically, when the blast
pressure is larger than 225P.givazen but smaller than 325Pyiazen (i.€. there is compression dam-
age but no tension damage), the variation of stiffness degradation keeps coincident with that of
compression damage. Examination of the values of stiffness degradation shows that they are
very close to the values of compression damage. However, it should be pointed out that the
compression damage is so small that the stiffness degradation also seems to be unnoticeable. As
the blast pressure becomes larger (> 325Pqguivaren), remarkable tension damage, which is much
larger than the compression damage, begins to appear. In such case, the variation of stiffness
degradation turns to become coincident with that of tension damage. And when the tunnel lining
is close to tension failure, almost all its stiffness is expected to be lost as well. In a word, it is

found that the tunnel plastic deformation appears when the blast pressure increases to be
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Figure 78. The evolution of the maximum motion of main tunnel with CDP model and elastic

model under blast pressures.
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(a) The blast pressure = 250 Peguiiasent (b) The blast pressure = 300 Peyuivasent

(c) The blast pressure = 350 Pequiaren: (d) The blast pressure = 400 Peguivasent

(e) The blast pressure = 450Pguiasent (f) The blast pressure = 500 Pguivasent

Figure 80. Compression damage nephogram of main tunnel under blast pressures.
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Figure 81. Tension damage nephogram of main tunnel under blast pressures.
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(a) The blast pressure = 250 Peguivatent (b) The blast pressure = 300P.piasent

(c) The blast pressure = 350 Peguivarent (d) The blast pressure = 400Pqguivatent

(e) The blast pressure = 450 P g jasent (f) The blast pressure = 500P.gasent

Figure 82. Stiffness degradation nephogram of main tunnel under blast pressures.
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60Psquivarens, Ut the appearances of compression damage and tension damage require much
stronger blast pressure (225~ iaen: for compression damage and 325P4jaren fOr tension dam-
age). Besides, the tunnel lining is very likely to experience failure under strong explosions due
to the too large and serious tension damage rather than the compression damage.

Figures 80-82 demonstrate the compression damage, tension damage and stiffness degrada-
tion nephogram of main tunnel under blast pressures. Only the central regions of main tunnel
are presented in order to clearly show the most affected areas of tunnel lining under explosions,
and the maximum values of investigated parameters are pointed out as well. It is clear to see the
evolution of damage areas and stiffness degradation areas with an increasing blast pressure.
Both the compression damage and the tension damage firstly appear on the top heading of the
lining arch (on the side near the explosions), and then damage can be observed at the bottom of
the sidewall (on the side near the explosions as well). Obviously, the tension damage areas are
much larger than the compression damage areas when the explosions are strong, and the corre-
sponding values of the maximum tension damage are also much larger than the values of the
maximum compression damage. For the stiffness degradation, since there is compression dam-
age and no tension damage when the blast pressure is relatively small, the distribution of the
tunnel stiffness degradation areas is similar to that of the tunnel compression damage areas.
However, as the blast pressure increases, tension damage areas significantly develop and be-
come the dominant damage mechanism for main tunnel, the distribution of stiffness degradation

areas then becomes similar to that of tension damage areas.

5.6 Examination on the behavior of slabs inside main tunnel lining

5.6.1 The development of numerical model

It is obvious to see from Figure 52 that there are slabs inside the main tunnel lining, however,
there is no consideration of the influence of slabs during the investigations presented above.
Undoubtedly, it is better to develop a numerical model of rock-tunnel system with slabs includ-
ed. This Section will focus on the examination of the behavior of the slabs inside main tunnel
under explosions, the behavior of the main tunnel lining with and without slabs is examined as
well. Figure 83 shows the corresponding 3D finite element model created in ABAQUS, a per-
spective view, a finite element mesh and an enlarged view of the rock-tunnel system are
presented. Compared with the numerical model shown in Figure 56, the only differences are that
there are slabs inside the main tunnel lining, and the CDP model is adopted for both the slabs
and the tunnel lining. The material property of slabs are assumed to be the same as the main
tunnel lining, which is given in Table 16. It is noted that the slabs are so thin (about 15 cm) that

shell elements are used for the slabs. This can reduce the whole calculation time significantly
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Figure 83. The 3D finite element model (slabs included) in ABAQUS.
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compared with the usage of solid elements for slabs. In addition, the “tie” constraints are used to
connect the solid part (main tunnel lining) and the shell part (the slabs) during the creation of
Assembly in ABAQUS. The following paragraphs will investigate the responses of the main
tunnel lining and the slabs under explosions. A comparison study on the behavior of the slabs

and the tunnel lining (with and without the slabs) is presented as well.

5.6.2 The responses of main tunnel lining (with slabs inside) under explosions

Figures 84 and 85 show the distribution of maximum motion of main tunnel lining with slabs
inside under explosions, where the blast pressure is assumed Peguivatent aNd 400Pequivalent, respec-
tively. The highlight part in red color represents the slabs. The purpose of choosing two different
blast pressures is to examine the responses of tunnel lining under weak explosions (Peguivatent)
and strong explosions (400Pequivaient) With the presence of the slabs. It is seen from Figure 84 that
the lining’s maximum displacement, velocity and acceleration, which are 9.451x10" m,
1.566x10® m/s and 3.612 m/s?, respectively, are very close to the corresponding ones of tunnel
lining without the slabs, which are 9.456x107 m, 1.551x10 m/s and 3.604x10° m/s?, respec-
tively (see Figure 72). Moreover, it is observed that the maximum motion of the tunnel lining
with and without the slabs occurs exactly in the same positions: NODE PART-1-1.100685 (max-
imum displacement), NODE PART-1-1.100665 (maximum velocity) and NODE PART-1-
1.99818 (maximum acceleration). Similar phenomenon can be observed for the motion of the
tunnel lining under strong explosions (see Figures 76 and 85). It should be mentioned, however,
that the possible damages and stiffness degradation of main tunnel with and without the slabs
under strong explosions are different. From Figure 86, which shows the distribution of maxi-
mum compression damage, tension damage and stiffness degradation of main tunnel lining with
slabs inside under the blast pressure of 400Pcquivaient, it is found that the lining’s maximum com-
pression damage, tension damage and stiffness degradation, which are 4.146x10™, 9.187x107,
8.770x10, respectively, are relatively larger than the ones of main tunnel without the slabs,
which are 3.992 x10™, 9.076x10™, 8.626x10™, respectively (see Figure 77). What also can be
seen is that the maximum damages and stiffness degradation of the tunnel lining with and with-
out the slabs occur in different positions: NODE 546385 and NODE PART-1-1.100673
(maximum displacement), NODE 543242 and NODE PART-1-1.100665 (maximum velocity),
and NODE 543229 and NODE PART-1-1.99882 (maximum acceleration), respectively. These
differences may be attributed to the stress concentration around the junction of the tunnel lining
and the slabs, leading to the stress redistribution and stress amplification which cause more
damage to the tunnel lining. Based on the observations above, it is concluded that the slabs have
negligible influence on the motion of main tunnel lining under explosions, but more damage is

likely to appear on the tunnel lining under strong explosions with the presence of the slabs.
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(c) The distribution of the maximum acceleration

Figure 84. The distribution of maximum motion of main tunnel lining (CDP model) under ex-
plosions (the highlight part in red represents the slabs, the blast pressure is Pegiasen)-
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(c) The distribution of the maximum acceleration

Figure 85. The distribution of maximum motion of main tunnel lining (CDP model) under ex-
plosions (the highlight part in red represents the slabs, the blast pressure is 400 Peguivaren).-
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(c) The distribution of the maximum stiffness degradation

Figure 86. The distribution of maximum compression damage, tension damage and stiffness
degradation of main tunnel lining (CDP model) under explosions (the highlight part in red rep-
resents the slabs, the blast pressure is 400 Peguivarens)-
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5.6.3 The responses of the slabs under explosions

In this Section, the responses of the slabs are firstly examined under weak explosions, and then
strong explosions are adopted to investigate the maximum motion, the potential damage and the
stiffness degradation of the slabs. A comparison study on the responses of the tunnel lining and

the slabs are conducted as well.
5.6.3.1 The responses of the slabs under weak explosions

Figure 87 shows the distribution of maximum motion of slabs under weak explosions, where the
blast pressure is assumed to be Pegiaer It is seen that the maximum displacement, velocity and
acceleration do not occur in the central section of the slabs, but some distances away from it.
What also can be seen is that the distribution of maximum motion of slabs is similar to that of
the main tunnel lining (see Figure 84). The reason may be attributed to the “tie” constraint
which is used to connect the lining structure and the slabs, enforcing their motion, particularly
the parts around their junctions to be compatible with each other. It should be mentioned, how-
ever, that although the distribution of the motion of the lining and the slabs is similar, the
maximum motion of these two parts is different. Specifically, the maximum displacement, ve-
locity and acceleration of the slabs, which are 8.722x10”" m, 1.141x10° m/s and 2.419 m/s?,
respectively, are smaller than the corresponding ones of the tunnel lining, which are 9.456x10~
m, 1.551x10° m/s and 3.604x10° m/s?, respectively. It seems that the tunnel lining partly plays
a role in protecting the slabs from vibration. In addition, it is found that the maximum displace-
ment, velocity and acceleration of the slabs appear in the horizontal slab (on the side near the
explosions), as expected. Figure 88 represents the distribution of maximum compression dam-
age, tension damage and stiffness degradation of the slabs under the blast pressure of Peyiaen
Since the blast pressure is so small that both of the tunnel lining and slabs keep elastic, there is

no damage or stiffness degradation on the slabs.
5.6.3.2  The responses of slabs under strong explosions

Figure 89 shows the distribution of maximum motion of the slabs under strong explosions,
where the blast pressure is assumed to be 400Pgguivaren Like what is observed in Section 5.6.3.1,
the maximum motion of slabs is smaller than that of the tunnel lining. On the other hand, it is
seen that the maximum displacement, velocity and acceleration of the slabs, which are
7.376x10* m, 1.033 m/s and 2.175x10° m/s? respectively, are respectively 845.68, 905.35 and
899.13 times as large as the corresponding ones of the slabs in the case of the blast pressure of
Pequivaten: (S€€ Figure 87). Since the blast pressure increases by only 400 times but the generated
motion of the slabs increases by more than 800 times, it is inferred that large plastic deformation

has appeared on the slabs. This can be confirmed by Figure 90, which represents the distribution
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(c) The distribution of the maximum acceleration

Figure 87. The distribution of maximum motion of the slabs under weak explosions (the blast
pressure is Peguivaten)-
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(c) The distribution of the maximum stiffness degradation

Figure 88. The distribution of maximum compression damage, tension damage and stiffness
degradation of the slabs under weak explosions (the blast pressure is Pegiasen)-
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of maximum compression damage, tension damage and stiffness degradation of the slabs. En-
larged views of the central areas of the slabs are presented in order to provide a clear image of
the most affected areas. It can be seen that both the damage and the stiffness degradation appear.
Particularly, it is observed that the areas of the horizontal slab which are close to the junction of
the lining and the slabs (on the side near the explosions) are the most vulnerable areas, where
most of the damage and stiffness degradation occur. It is worth mentioning that there is tension
damage and stiffness degradation but no compression damage in the vertical slab, and the hori-
zontal slab which is far away from the explosions seems to be relatively safe, for almost no
damage and stiffness degradation is observed on it. It is interesting to point out that, although
the maximum motion of the slabs is smaller than that of the tunnel lining and therefore the tun-
nel lining seems to protect the slabs, the compression damage, tension damage and stiffness
degradation of the slabs, which are 4.428x10, 9.801x10™" and 9.801x10", respectively, are
larger than the ones of the tunnel lining, which are 4.146x10, 9.187x10™, 8.770x10™, respec-
tively (see Figure 86). This may be because the slabs are so thin that they have little ability to
resist the blast pressure and therefore more likely to suffer damage and stiffness degradation

compared with the relatively thick tunnel lining with an arch shape.

From Figure 89, it is found that the Node: PART-2-SLABSHELL-1.1025 (Node 1025), Node:
PART-2-SLABSHELL-1.221 (Node 221) and Node: PART-2-SLABSHELL-1.197 (Node 197)
of the slabs respectively have the maximum displacement, velocity and acceleration in the case
of the blast pressure of 400Pqiaren Here, in order to further investigate the vibration of the
slabs under explosions, the evolution of the motion of these three nodes is plotted, as shown in
Figure 91. It can be seen that the Node 197 and Node 221 begin to vibrate a little earlier than the
Node 1025, this is because these two Nodes are closer to the explosions than the Node 1025,
therefore, the waves arrive earlier in these two Nodes than in Node 1025. Also, it is seen that
after the initial and major vibration, the motion of Node 197 and Node 221 become smaller and
smaller. However, that is not the same case for Node 1025. Unlike experiencing an initial and
major response and then decaying rapidly, the displacement of Node 1025 remains quite large as
time goes by. This seems to be strange, because after the major response, there is no blast pres-
sure at all; the vibrations of all the nodes in the slabs are expected to gradually become weaker
and weaker. The possible explanation for that is the large plastic deformation of slabs caused by
explosions. As mentioned earlier, remarkable damage and stiffness degradation of slabs have
appeared during strong explosions. And the plastic deformation is so large that it can still gener-
ate tremendous displacement, even though the blast waves have already passed the slabs. Figure
92 demonstrates the evolution of the maximum motion of the slabs, the lining with slabs inside
and the lining without slabs inside under blast pressures. This figure provides a good compari-

son study on the motion of the different parts of the whole main tunnel during explosions. It is
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Figure 89. The distribution of maximum motion of the slabs under strong explosions (the blast
pressure is 400Psguivaten)-
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(c) The distribution of the maximum stiffness degradation

Figure 90. The distribution of maximum compression damage, tension damage and stiffness
degradation of the slabs under strong explosions (the blast pressure is 400 Peguivasent)-
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Figure 91. The evolution of maximum motion of nodes on the slabs under strong explosions (the
blast pressure is 400 Peguivaren)-
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Figure 92. The evolution of maximum motion of the slabs, the lining with slabs inside and the
lining without slabs inside under blast pressures.
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clear to see that the maximum velocity and acceleration of the slabs are smaller than those of the
lining with or without slabs. This indicates that the vibration of the slabs is relatively minor than
that of the tunnel lining. On the other hand, it is seen that the differences of the maximum dis-
placement among three of them seem to be relatively small. This may be due to the fact that the
actual displacement of the lining and the slabs as a whole should be generally “continuous”,
therefore, it is unlikely that there exist big differences between the maximum displacement of
the lining and the slabs. Besides, it is worth mentioning that the motion of the lining appears to
change little whether there are slabs inside or not. This indicates that the slabs have little impact

on the motion of the tunnel lining under explosions.
5.6.3.3 Comparison study on the damage of main tunnel lining and the slabs

In the Section 5.5, the damage evaluation of main tunnel lining without the slabs has been con-
ducted. In the Section 5.6.3.2, an investigation on the motion and the damage of the slabs under
strong explosions has been presented as well. However, it is still unclear what the exact evolu-
tion of the damage and stiffness degradation of the slabs is with an increasing blast pressure.
Moreover, it is necessary to carry out a comparison study on the damage of main tunnel lining
and the slabs under the same explosions to find out the most vulnerable areas for the main tun-
nel as a whole, which is crucial for the security of the tunnel design. This Section will focus on
the issues mentioned above. It is noted that only the central areas of the slabs and the tunnel lin-

ing are shown in order to provide a clear image of the most affected areas under explosions.

Figures 93 and 94 respectively present the compression damage and tension damage nepho-
gram of the slabs and the lining (with slabs inside) under explosions. It can be seen that with an
increasing blast pressure, more and more damages appear in slabs. Specifically, the compression
damage seems to locate in the areas close to the junction of the lining and the horizontal slab
(on the side near the explosions), and the larger the blast pressure becomes, the more severe
compression damage will be generated. It should be mentioned, however, that the maximum
compression damage of the slabs is quite small (1.508x10®) even though the blast pressure in-
creases to be as large as 500Pgiaren This means that compression damage is so minor that it
can almost be ignored; on the other hand, when the blast pressure is relatively small (=
250Paquiatens), NO tension damage is observed on the slabs. But after a slight increase of the blast
pressure from 250 Pegyivaren: t0 300 Peguivarens 1t is Se€n that the tension damage begins to appear in
the similar areas where the compression damage occurs, more importantly, it develops very
quickly, the maximum tension damage suddenly increases from 0 to 0.7585. As the explosions
continue to become stronger, not only the maximum tension damage increases to its limiting
value, but also the affected areas develop from the horizontal slab to the vertical slab. When the

blast pressure is 450 Peguivarens, fOr example, it is seen that large tension damage areas appear in
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both the horizontal and vertical slabs. In such case, it is very likely that the slabs will experience
tension failure. Similar phenomenon can be observed from the evolution of the compression
damage and tension damage of the lining. It is worth mentioning that the tension damage which
is the dominate damage mechanism develops slower in the lining than in the slabs with an in-
creasing blast pressure. This means that the tension failure of the slabs is expected to appear
earlier than that of the lining. Therefore, proper reinforcement measures should be taken to
strengthen the ability of the slabs to resist vibration. In addition, compared with the tension
damage of the lining without the slabs under explosions (see Figures 81), it seems that the lining
with the slabs inside experiences more serious damage. From this point of view, it is inferred
that the slabs have a negative influence on the lining to resist the vibration-induced damage. The
reason may still be the stress redistribution and stress amplification due to the stress concentra-
tion around the junction of the lining and the slabs. Figure 95 represents the stiffhess
degradation nephogram of the slabs and the lining under explosions. Like the phenomenon ob-
served in Figure 82, the evolution of stiffness degradation for both the slabs and the lining
firstly keeps coincident with that of compression damage when the blast pressure is relatively
small (i.e. there is compression damage but no tension damage). As the blast pressure increases
and the tension damage becomes the dominate damage mechanism, the evolution of the stiffness
degradation turns to keep coincident with that of the tension damage. Once again, it is found
that the slabs suffer larger stiffness degradation than the lining under the same blast pressure.
This confirms the conclusion made in Section 5.6.3.2 that the slabs are more vulnerable than the
lining during explosions. Figure 96 presents the evolution of compression damage, tension
damage and stiff degradation of the slabs, the lining with slabs inside and the lining without
slabs inside under blast pressures. It is clear to see that the compression damages for three of
them are so small that they can be almost ignored. For the tension damage, the slabs are the ear-
liest to experience tension failure, then the lining with the slabs inside, and finally the lining
without the slabs inside. The corresponding blast pressures which result in tension failure for
three of them are 325Peguivarens 425 Peguivatenss 450 Pequivarens, TeSpectively. It is concluded that during
the tunnel design, if there are slabs inside, they should be the first consideration in terms of ten-
sion failure. Proper measures like the installation of damping material (e.g. the rubber) inside
the junction of the tunnel lining and the slabs can be taken to mitigate the slabs vibration. Be-
sides, more tension damage of the tunnel lining seems to appear with the presence of the slabs,
this problem can probably be relieved by mitigating the stress concentration around the junction
of the slabs and the lining. Finally, since the tension damage is much more remarkable and seri-
ous than the compression damage, it is generally unnecessary to consider the compression

damage problem during the tunnel protection design under explosions.
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(a) The blast pressure = 250 Pegyjvasent (b) The blast pressure = 250 Pogujasent
(for the slabs) (for the lining)

(c) The blast pressure = 300 Peguivaent (d) The blast pressure = 300Pguiasent
(for the slabs) (for the lining)

(€) The blast pressure = 350 Peguiarent () The blast pressure = 350 Peguizasent
(for the slabs) (for the lining)
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(9) The blast pressure = 400Pguiasent (h) The blast pressure = 400Pguiasent
(for the slabs) (for the lining)

(i) The blast pressure = 450 Peyyjizasent (i) The blast pressure = 450 Pequivasent
(for the slabs) (for the lining)

(k) The blast pressure = 500Peguivasent () The blast pressure = 500 Pequivatent
(for the slabs) (for the lining)

Figure 93. Compression damage nephogram of the slabs and the lining (with slabs inside) under
blast pressures.
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(@) The blast pressure = 250 Peguivatent (b) The blast pressure = 250 Peguiasent

(for the slabs) (for the lining)

(c) The blast pressure = 300 Peguiasent (d) The blast pressure = 300Peguiizasent
(for the slabs) (for the lining)

(e) The blast pressure = 350 Peguivarent (f) The blast pressure = 350 Peguivarent
(for the slabs) (for the lining)
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(h) The blast pressure = 400Ppuiasent
(for the lining)

(9) The blast pressure = 400 Peguivasent
(for the slabs)
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(i) The blast pressure = 450 Py iasent
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(1) The blast pressure = 500 Pgjasent
(for the lining)

(k) The blast pressure = 500Pguiasent
(for the slabs)

Figure 94. Tension damage nephogram of the slabs and the lining (with slabs inside) under blast
pressures.
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(a) The blast pressure = 250 Pegujvarent (b) The blast pressure = 250 Peguivasent

(for the slabs) (for the lining)

(c) The blast pressure = 300 Peguiasent (d) The blast pressure = 300 Pequiizarent
(for the slabs) (for the lining)

(e) The blast pressure = 350 Pegjiasent (f) The blast pressure = 350 Pegjiasent
(for the slabs) (for the lining)
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(9) The blast pressure = 400P.piasent (h) The blast pressure = 400Pguiasent
(for the slabs) (for the lining)

(i) The blast pressure = 450 Pegyivasent | (i) The blast pressure = 450 Peguiasent
(for the slabs) (for the lining)

(k) The blast pressure = 500 Peguivasent " (1) The blast pressure = 500Pyvarent
(for the slabs) (for the lining)

Figure 95. Stiffness degradation nephogram of the slabs and the lining (with slabs inside) under
blast pressures.

142

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0011/these.pdf
© [B. Qiu], [2014], INSA de Lyon, tous droits réservés



Compression damage

Tension damage

Stiffness degradation

18
1.6
14

12

0.8
0.6
0.4

0.2

0.9

0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1

0.9

0.8

0.7
0.6
0.5
0.4
0.3
0.2

0.1

x10°

—+—The slabs
—8—The lining (with slabs inside)
—5—The lining (without slabs inside)

.
100 150 200 250 300

The blast pressure (></-79‘7[”_1/6”@7 /

350 400 450 500

(a) The evolution of compression damage

—+—The slabs
—&—The lining (with slabs inside)
—&—The lining (without slabs inside)

| o o

150 200 250 300

The blast pressure (xP__ /
equivalen

| | | |
50 100 350 400 450 500

(b) The evolution of tension damage

—+—The slabs
—8—The lining (with slabs inside)
—&— The lining (without slabs inside)

=

& | | |

o o
100 150 200 250 300

The blast pressure (XPequivalenl)

350 400 450 500
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Figure 96. The evolution of compression damage, tension damage and stiff degradation of the
slabs, the lining (with slabs inside) and the lining (without slabs inside) under blast pressures.
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5.7 Conclusions

In this chapter, the dynamic behavior of main tunnel under nearby explosions is comprehensive-
ly studied. Firstly, the 2D and 3D numerical models of rock-tunnel system are respectively
created. Comparison study shows that 3D analysis has to be used in order to produce accurate
results. Then based on the 3D model, a parametric study which includes the lining stiffness, the
lining thickness, the distance of explosions from main tunnel, the position of explosions along
the section of cross passage, the buried depth of main tunnel and the magnitude of blast pressure,
is performed to investigate their influences on the motion of main tunnel. It is found that the
lining stiffness, the distance of explosions from main tunnel and the magnitude of the blast pres-
sure are crucial parameters that significantly affect the vibration of tunnel under explosions.
Then the concreted damaged plasticity (CDP) model is adopted for better simulating the dynam-
ic behavior of main tunnel lining under strong explosions. Comparison study between the CDP
model and elastic model shows that elastic model can be used to simulate the rock-tunnel sys-
tem under weak explosions (< 60Peqivaient), While CDP model has to be adopted in the case of
strong explosions (= 60Pcquivaient). Numerical results also reveal that the compression damage,
tension damage and stiffness degradation of main tunnel lining firstly appear on the top heading
of the lining arch and then at the bottom of the sidewall (on the side near the explosions). Con-
sidering that there are slabs inside the main tunnel lining in reality, a 3D finite element model of
the rock-tunnel system with the slabs inside is created. The responses of both the tunnel lining
and the slabs are investigated. A comparison study on the behavior of the slabs, the lining with
the slabs and the lining without the slabs is carried out as well. The results show that both the
lining and the slabs are likely to experience tension damage rather than compression damage
during strong explosions. And the slabs are more vulnerable to suffer tension damage than the
lining, The lining without the slabs inside performs better in resisting potential vibration-
induced damage than the lining with the slabs inside. In addition, the vibration of the slabs is
generally smaller than the vibration of the tunnel lining, and the slabs seem to have little influ-

ence on the maximum motion of the tunnel lining.
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6. Mitigation measures for reducing vibration
of main tunnel

Since one of the major objectives of this research is to ensure the security of main tunnel under
explosions, any mitigation measure that can reduce the tunnel vibration effectively and econom-
ically is encouraged. Considering the limitations in reality, it is generally difficult to prevent
wave propagation in rock media, especially when tunnels are deeply built in mountains. There-
fore, mitigation measures are more likely to be carried out around the vibratory source (i.e. the
explosives) and the protected structure (i.e. the protected tunnel). In this study, two mitigation
methods are examined: one is the installation of a protective layer along the main tunnel lining;
the other is the usage of time-delayed explosions (rather than instantaneous explosions). In gen-
eral, a protective layer can reflect and/or absorb the impinging waves back to the rock media; as
a result, the protected tunnel vibration can be attenuated. On the other hand, by choosing explo-
sions with appropriate delay times which can generate destructive wave interference during
wave propagation in rock media, the ground vibration is expected to be reduced as well. In this
chapter, investigation on the isolation performance of a protective layer is firstly presented, and
then comparison study on the influence of time-delayed explosions and instantaneous explo-
sions is carried out. It is noted that main tunnel without slabs inside is investigated, for
considering the conclusion made in the last chapter that the tunnel lining has a stronger vibra-
tion than the slabs and the slabs have little impact on the motion of the tunnel lining. In addition,
it generally takes much longer time to simulate the rock-tunnel system with slabs than the one
without slabs, especially in the later optimization design, the calculation time of the numerical
model with slabs may be too long to be acceptable.

6.1 Mitigation measure I: installation of a protective layer

In order to verify the necessity of installing a protective layer along the protected tunnel lining
to reduce the tunnel vibration, the dynamic scenarios of blasting vibration propagation in rock is
presented, as shown in Figure 97. The investigated time is 0.02 s. From Figure 97(c)-(e), it is
very clear to see that waves are reflected when they propagate in the interface between the rock
and the tunnel lining. Therefore, it is reasonable to estimate that an installation of a protective
layer that lies outside the lining is able to reflect and/or absorb more waves to reduce the tunnel
vibration. Figure 98 shows the sketch section of the main tunnel with a protective layer which
lies along the lining structure. It is noted that this protected layer can be considered as “wave

barrier” to prevent or block wave propagation into the tunnel lining. The following investigation
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focuses on the isolation performance of the protective layer and the optimization design for the
protective layer made of real materials, aiming to provide a better understanding of the protec-
tive layer screening efficiency. The numerical results are able to act as a reference for the tunnel
protection design under nearby explosions.

(@) Time =4.42 ms (b) Time = 8.44 ms

(c) Time =11.61 ms

(d) Time = 17.41 ms
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(e) Time =20.00 ms

Figure 97. Displacement amplitude nephogram at different times during explosions.

Protective layer

Lining
// =

L i’

Figure 98. The sketch section of main tunnel with a protective layer.

For the protective layer design, there are generally two important considerations: one is the
material properties; the other is the thickness. Different types of protective layer may have quite
different vibration isolation effectiveness. And the protective layer thickness has to be carefully
examined for the considerations on the construction cost and the construction requirements. In
the present study, four typical types of material are examined: cement grout, wood, rubber and
EPS, which are very common in civil engineering. The representative values of the four materi-
al properties are listed in Table 18. According to the Table 7, it is known that the investigated
type of EPS is actually EPS46. It is noted that the damping ratio of all the materials is assumed
to be 5%. Like the investigations presented in the last chapter, considering that the 3D analysis
is able to produce more accurate results than the 2D analysis, the investigation on the isolation

performance of the protective layer is based on 3D model as well.
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Table 18. Material properties of the protective layer.

Material Density (kg/m®)  Poisson’s ratio  Young’s modulus (GPa) Damping ratio
Cement grout 1900 0.20 20 5%
Wood 700 0.30 10 5%
Rubber 1150 0.49 0.05 5%
EPS 45.7 0.26 0.0128 5%

Figure 99 presents the 3D finite element mesh model of rock-tunnel system built in
ABAQUS, where a protective layer (in red color) is included. Compared with the model shown
in Figure 56, the only difference is that there is a protective layer which lies along the lining (in
yellow color). And the protective layer is assumed to be homogeneous, isotropic and elastic, the
interfaces are perfected bonded. In order to provide a quick look on the protective layer isolation
effectiveness, once again, two points “al” and “b1” (see Figure 55) are chosen. Figures 100 and
101 show the motion of these two points over time with and without a protective layer. The pro-
tective layer is assumed to be EPS with a thickness of 0.3 m. It is observed from Figure 100 that
there is a time delay of the appearance of maximum motion of point “al” with the presence of
the protective layer. This may be due to the wave reflection by the protective layer, which post-
pones the arrival time of waves on the tunnel lining. What also can be seen is that the maximum
displacement, velocity and acceleration of point “al” are remarkably reduced, as the dash lines
show. However, a very different phenomenon is observed from Figure 101, which reflects the
motion of point “b1”. Firstly, there is little difference of the arrival time of waves with and
without the protective layer. More importantly, the maximum displacement, velocity and accel-
eration are unexpectedly amplified due to the installation of the protective layer. The possible
explanation is as follows: point “b1”, which is located far away from the explosions, seems to
be unprotected by the protective layer, because the waves are more likely to propagate from
point “b1” to the protective layer, rather than from the opposite direction. Therefore, the waves
reflected by the protective layer during wave propagation from the protective layer to point “b1”
may inversely amplify the motion of point “b1”. It is worth mentioning that in the Section 5.3, it
is found that the motion of left half part of main tunnel (i.e. the half part near the explosions) is
much larger than that of the right half part (i.e. the half part far away from the explosions), so it
is sufficient to just examine the vibration of the left half part of main tunnel under explosions.
However, when a protective layer lies along the lining structure, it becomes unclear which part
has a stronger motion, because the vibration on the left half part is reduced but is amplified on
the right half part. In fact, the maximum displacement, velocity and acceleration of point “al”,
which are 3.997x10" m, 4.621x10™ m/s and 0.779 m/s” respectively, are only slightly larger
than the corresponding ones of point “b1”, which are 3.526x107 m, 2.772x10™ m/s and 0.417
m/s”, respectively. Therefore, the motion of the whole main tunnel should be examined if a pro-

tective layer is installed along the outside the tunnel lining.
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Protective layer

Lining

Figure 99. The 3D finite element mesh model with a protective layer.

To investigate the vibration reduction effectiveness of the protective layer quantitatively, at
least one of the three quantities, tunnel displacement, velocity and acceleration has to be used. It
is well known that Peak Particle Velocity (PPV) is one of the most widely used controlling in-
dexes to assess the level of structure vibration [115]. And study [116] also indicates that the
velocity of vibration is a better measure of structure damage than either the displacement or ac-
celeration. Thus, in the present study, the reduction ratio of the maximum velocity v; is used to

evaluate the isolation effectiveness of the protective layer, and v; is expressed as follows:

171« _ Vwith (3 0)

Vwithout

where V,,icn and Viyienoue are the maximum velocity of main tunnel with and without the protec-
tive layer under explosions. Since the PPV is measured in three mutually perpendicular
directions (radial, vertical and transverse), the v, v, and v, are respectively used to represent
the maximum radial, vertical and transverse velocity reduction ratio. These three parameters can
provide a quantitative evaluation of the vibration screening performance of the protective layer,
for example, if v,,=0.6, v,= 0.7, v, = 0.8, it means that 40%, 30% and 20% maximum velocity
reduction is achieved in the radial, vertical and transverse direction, respectively. Based on the
parametric study in the Section 5.4, it is known that the distance of explosions from main tunnel,
the blast pressure and the stiffness of main tunnel are the most important factors that affect the
tunnel motion. Therefore, the investigation on the isolation performance of the protective layer
will be carried out under different conditions of those parameters. In addition, considering that
the thickness of the protective layer is often an important design parameter for construction cost
and construction requirements in practice, its influence on the isolation effectiveness is exam-

ined as well.
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Figure 100. The motion of main tunnel at point “al” with and without the protective layer under
explosions.
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Figure 101. The motion of main tunnel at point “b1” with and without the protective layer under
explosions.
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6.1.1 Parametric study

To examine the sensitivity of important parameters on the vibration isolation effectiveness of the
protective layer, a parametric study is carried out. Four typical types of materials for the protec-
tive layer provided in Table 18 are investigated. The evaluated parameters include the thickness
of the protective layer, the distance of explosions from main tunnel and the magnitude of blast

pressure. The following part presents the analyses and results from the numerical investigation.
6.1.1.1 Effect of the thickness of the protective layer

Figure 102 shows the effect of the thickness of protective layer on the vibration isolation effec-
tiveness. The examined thickness ranges from 0.1 m to 0.5 m. It is clear to see that the
protective layer made of EPS performs much better than the ones made of other materials in all
the radial, vertical and transverse directions. Specifically, the wood layer does not reduce the
tunnel vibration at all, but slightly amplifies it. And the cement grout layer seems to be useless,
for the values of vy, vy, and v,; are almost equal to 1. This may be due to the fact that the materi-
al properties of cement grout are the closest to the ones of plain concrete which is the material
for the tunnel lining structure. The rubber layer with thickness larger than 0.35 m seems to per-
form better than the thinner ones. However, such velocity reductions are relatively small
compared with the ones achieved by EPS protective layer, where the velocity reduction ratios in
all the three directions reduce to be about 0.4. This means that the maximum velocity of tunnel
decreases by 60% due to the installation of EPS protective layer. It should be pointed out, how-
ever, that the thickness of EPS layer appears to have little influence on the vibration isolation
effectiveness, the values of v, v, and vy change little with an increasing EPS layer thickness.
Therefore, the thickness of the protective layer is not an important consideration during the vi-

bration isolation design if the EPS protective layer is installed.
6.1.1.2 Effect of the distance of explosions from main tunnel

Figure 103 shows the effect of the distance of explosions from main tunnel on the vibration iso-
lation effectiveness. It is assumed that the thickness of the protective layer is 0.3 m. Basically, it
can be seen that the velocity reduction ratios in all the three directions change little when explo-
sions move away from main tunnel in the case of protective layers made of cement grout, wood
and EPS. In other words, these protective layers have stable isolation performance regardless of
the blast location (EPS layer performs quite good, cement grout layer and wood layer are use-
less). On the other hand, it is observed that certain velocity reductions are achieved by rubber
layer in some locations (e.g. the investigated distance is within 10 m for reducing the transverse
component of velocity). However, there is no doubt that EPS layer still performs much better

than the rubber layer. In addition, it is worth mentioning that although the blast
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location generally has minor or negligible influence on the vibration isolation effectiveness of
the protective layer, the absolute responses of main tunnel will undoubtedly become stronger as

the explosions move closer to main tunnel, regardless of the presence of the protective layer.
6.1.1.3 Effect of blast pressure

Figure 104 shows the effect of blast pressure on the vibration isolation effectiveness. Since the
whole model is homogeneous, isotropic and elastic, the velocity reduction ratios keep constant,
as expected. It should be pointed out that such conclusion is based on elastic assumption. If the
blast pressure is strong enough to generate plastic deformation or even damage of the protective
layer and/or main tunnel lining, numerical models with elastic-plastic constitutive relations or
more complicated models have to be introduced in order to produce reasonable and reliable

simulations of the rock-tunnel system under explosions.
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Figure 104. Effect of the blast pressure on the vibration isolation effectiveness.
6.1.2 Optimization design of the EPS protective layer

In this section, the optimization design of the protective layer made of EPS is carried out. Like
the optimization design method presented in the Chapters 3 and 4, only key parameters are cho-
sen in order to save the calculation time, and the distribution of key parameters to be optimized
for EPS protective layer is listed in Table 19. It is mentioned that although the layer thickness is
not an important factor, it is still included in the Python script during the optimization design,
for considering its importance in other fields, such as construction cost and construction re-
quirements. Again, a Python script is written and run in ABAQUS for the optimization design of
EPS protective layer. The final results are shown in Tables 20, 21 and 22, which represents the
maximum velocity reduction of main tunnel for parameter optimization of EPS protective layer
in the radial, vertical and transverse direction, respectively. Only the best and the worst vibra-
tion isolation effectivenesses are shown due to the space constraint. It can be clearly seen that
different types of EPS, different layer thicknesses and different blast locations produce quite
different isolation effects. Those tables are able to provide a reference for the tunnel protection

design under explosions in practice.

Table 19. The distribution of key parameters to be optimized for EPS protective layer

Parameters Typical values

The thickness of EPS protective 0.1,0.2 03,04 0.5

layer (m)

The distance of explosions from main 7.10, 13, 16, 19, 22, 25, 28, 31, 34, 37, 40

tunnel (m)

Types of EPS Geofoam EPS12, EPS15, EPS19, EPS22, EPS29, EPS39, EPS46
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Table 20. Final results of the maximum radial velocity reduction of main tunnel for parameter
optimization of EPS protective layer

Sequence Types of EPS Thi(_:kness of Di-stance from Arr
protective layer (m) [ main tunnel (m)
1 EPS46 0.4 13 0.338672
2 EPS39 0.4 13 0.341002
3 EPS29 0.4 13 0.343942
4 EPS12 0.4 13 0.344245
5 EPS15 0.4 13 0.344927
6 EPS22 0.4 13 0.345285
7 EPS19 0.4 13 0.345368
8 EPS46 0.1 4 0.351627
9 EPS46 0.1 10 0.35746
10 EPS39 0.1 10 0.358247
11 EPS29 0.1 10 0.359247
12 EPS39 0.1 4 0.359328
13 EPS46 0.1 13 0.359577
14 EPS39 0.1 13 0.359848
15 EPS12 0.1 10 0.360106
16 EPS29 0.1 13 0.360904
17 EPS46 0.2 13 0.361145
18 EPS15 0.1 10 0.362019
19 EPS39 0.2 13 0.362385
20 EPS22 0.1 13 0.362619
400 EPS15 0.1 1 0.470214
401 EPS19 0.1 1 0.470302
402 EPS22 0.1 1 0.470365
403 EPS15 0.4 1 0.470377
404 EPS29 0.1 1 0.470533
405 EPS19 0.4 1 0.470684
406 EPS39 0.1 1 0.470764
407 EPS22 0.4 1 0.470846
408 EPS46 0.1 1 0.471014
409 EPS29 0.4 1 0.471116
410 EPS46 0.4 1 0.471475
411 EPS39 0.4 1 0.471753
412 EPS15 0.2 25 0.472347
413 EPS12 0.2 25 0.475332
414 EPS46 0.4 25 0.498222
415 EPS39 0.4 25 0.504864
416 EPS29 0.4 25 0.510881
417 EPS22 0.4 25 0.515292
418 EPS19 0.4 25 0.516892
419 EPS15 0.4 25 0.519177
420 EPS12 0.4 25 0.520601
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Table 21. Final results of the maximum vertical velocity reduction of main tunnel for parameter
optimization of EPS protective layer

Sequence Types of EPS Thi(_:kness of D?stance from A
protective layer (m) | main tunnel (m)
1 EPS46 0.2 10 0.279220
2 EPS39 0.2 10 0.279417
3 EPS29 0.2 10 0.280299
4 EPS22 0.2 10 0.281631
5 EPS19 0.2 10 0.282327
6 EPS29 0.1 10 0.290414
7 EPS39 0.1 10 0.290637
8 EPS46 0.1 13 0.307489
9 EPS46 0.4 10 0.317308
10 EPS39 0.1 16 0.325461
11 EPS46 0.1 10 0.325553
12 EPS46 0.1 16 0.326063
13 EPS22 0.1 10 0.332616
14 EPS12 0.5 22 0.334944
15 EPS15 0.5 22 0.335001
16 EPS19 0.5 22 0.335161
17 EPS22 0.5 22 0.335299
18 EPS29 0.5 22 0.335825
19 EPS39 0.5 22 0.336818
20 EPS19 0.1 10 0.337333
400 EPS46 0.4 31 0.492629
401 EPS39 0.4 31 0.493456
402 EPS29 0.4 31 0.494596
403 EPS22 0.4 31 0.495670
404 EPS19 0.4 31 0.496139
405 EPS15 0.4 31 0.496839
406 EPS12 0.4 31 0.497348
407 EPS46 0.1 31 0.498766
408 EPS39 0.1 31 0.500993
409 EPS46 0.2 31 0.503106
410 EPS29 0.1 31 0.503239
411 EPS39 0.2 31 0.503511
412 EPS29 0.2 31 0.504562
413 EPS22 0.1 31 0.505010
414 EPS19 0.1 31 0.505690
415 EPS22 0.2 31 0.505887
416 EPS19 0.2 31 0.506502
417 EPS15 0.1 31 0.506679
418 EPS12 0.1 31 0.507331
419 EPS15 0.2 31 0.507505
420 EPS12 0.2 31 0.508235
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Table 22. Final results of the maximum transverse velocity reduction of main tunnel for parame-
ter optimization of EPS protective layer

Sequence Types of EPS Thi(_:kness of D?stance from Art
protective layer (m) | main tunnel (m)
1 EPS29 0.5 22 0.328660
2 EPS39 0.5 22 0.328664
3 EPS22 0.5 22 0.328670
4 EPS46 0.5 22 0.328674
5 EPS19 0.5 22 0.328675
6 EPS15 0.5 22 0.328687
7 EPS12 0.5 22 0.328695
8 EPS12 0.5 19 0.334304
9 EPS15 0.5 19 0.334310
10 EPS19 0.5 19 0.334324
11 EPS22 0.5 19 0.334331
12 EPS29 0.5 19 0.334362
13 EPS39 0.5 19 0.334409
14 EPS46 0.5 19 0.334481
15 EPS46 0.4 25 0.336727
16 EPS46 0.5 25 0.336948
17 EPS39 0.5 25 0.336973
18 EPS29 0.5 25 0.337031
19 EPS22 0.5 25 0.337080
20 EPS19 0.5 25 0.337104
400 EPS46 0.5 34 0.416721
401 EPS19 0.5 34 0.416729
402 EPS15 0.5 34 0.416781
403 EPS12 0.5 34 0.416809
404 EPS12 0.1 34 0.419715
405 EPS15 0.1 34 0.420038
406 EPS19 0.1 34 0.420521
407 EPS22 0.1 34 0.420839
408 EPS46 0.4 4 0.420892
409 EPS29 0.1 34 0.421643
410 EPS39 0.4 4 0.421843
411 EPS19 0.4 1 0.422308
412 EPS39 0.1 34 0.422587
413 EPS29 04 4 0.423210
414 EPS46 0.1 34 0.423513
415 EPS22 0.4 4 0.424404
416 EPS19 0.4 4 0.424902
417 EPS15 0.4 1 0.425318
418 EPS15 0.4 4 0.425666
419 EPS12 0.4 4 0.426202
420 EPS12 0.4 1 0.427304
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6.2 Mitigation measure II: millisecond-delay explosions

In the preceding study, all the explosions are assumed to be a single hole blast, while multiple
holes blast, which is very common in reality, has not yet been investigated. Since multiple holes
blast is so widely used in practice, it is necessary to examine the influence of multiple holes
blast on the responses of existing tunnel. Generally speaking, there are two kinds of multiple
holes blast: one is the instantaneous explosions (all the explosives are fired at the same time),
and the other is the time-delayed explosions (explosives are fired one by one). The latter is con-
sidered able to mitigate the existing tunnel vibrations by controlling the delay times among a
series of explosions, which produces destructive wave interference during wave propagation in
rock media. Figure 105 shows a simple example of two-hole blast along the section of cross
passage between the safety tunnel and main tunnel. Two blastholes “h(0)”and “h(T)” detonate at
0 sand T s, respectively. Point “0” is the center of the cross passage section. The distance be-
tween the two blastholes is denoted as “S”. Suppose that only the single hole blast in the rock-
tunnel model (see Figure 56) is replaced by multiple hole blast, the rest of the model keeps con-
stant, a similar numerical model of rock-tunnel system with multiple hole blast can be created in
ABAQUS. Figure 106 shows an example of the finite element mesh model with two-hole blast.
It is seen that two explosions exist in the cross passage. Again, in order to provide a quick look
at the mitigating effect induced by multiple holes blast, two typical points of main tunnel: “al”
and “b1” (see Figure 55) are chosen for comparison study of the motion of main tunnel caused
by instantaneous explosions and time-delayed explosions (millisecond-delay explosions). From
the Figures 107 and 108, which respectively show the evolution of main tunnel motion at point
“al” and “b1”, it can be seen that the maximum motion generated by millisecond-delay explo-
sions (the delayed time “T” is assumed to be 5 ms) is smaller than the one caused by
instantaneous explosions. Moreover, the appearance of peak motion at point “al” seems to be
postponed in the case of millisecond-delay explosions. On the other hand, the peak motion of
point “b1” is also reduced in the case of millisecond-delay explosions, but there seems to be no
delay of the appearance of its peak motion. Besides, it is clear to see that the maximum motion
of point “al” is much larger than the one of point “b1”. Based on the observations above, it is
inferred that the vibration of main tunnel can be mitigated by the millisecond-delay explosions,
and still, the major concern of the main tunnel during the millisecond-delay explosions should
be the vibration of the left half part of main tunnel (i.e. the half part of tunnel near the explo-
sions). It is worth noting that the phenomenon presented above is somehow different from what
is observed during the investigation of the responses of main tunnel with the installation of a
protective layer, where the vibration of both the left and right half part of tunnel has to be exam-

ined.
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Figure 106. The 3D finite element mesh model with two-hole blast.
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(b) Vertical distribution (Pattern-V)
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Figure 107. The motion of point “al” during the two-hole blast.
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Figure 109 presents the dynamic scenarios of two-hole blast vibration propagation along the
section of cross passage within 2 ms, the left and right figures show the evolution of displace-
ment during instantaneous explosions and millisecond-delay explosions (the delayed time “T™ is
assumed to be 0.4 ms), respectively. It is clear to see two explosions from Figure 109(a) on the
left side, while only one explosion is seen on the right side. As time goes by, the delayed explo-
sive is fired, and two explosions are observed in Figure 109(b) on the right side, but the area
affected by the delayed explosion is relatively small compared with the one affected by original
explosion. In addition, it is observed that the distribution of wave propagation is symmetric in
the case of instantaneous explosions, but not in the case of millisecond-delay explosions, as ex-
pected. It is noted that the Figure 109(a)-(g) provides a clear image on the wave propagation
along the section of cross passage during both the instantaneous explosions and millisecond-
delay explosions. The following paragraphs will further show an extensive investigation on the
blast-induced vibration of main tunnel generated by instantaneous explosions and millisecond-
delay explosions.

Before examining the vibration reduction effectiveness of millisecond-delay explosions, it is
worth pointing out two important considerations during the multiple-hole explosions design: the
first one is the pattern of blastholes. It is well known that there is a variety of blasthole patterns
in practice. It is interesting to find out the possible responses of main tunnel in the case of dif-
ferent patterns of blastholes under explosions. In this study, some basic patterns of blastholes are
discussed. The second consideration is the distance “S” between the blastholes, which has to be
examined carefully. Explosions with too large “S” may not be strong enough to break rock,
while too small “S” may cause excessive usage of explosives. In the present study, the value of
“S”is assumed to be 1 m.

To evaluate the performance of millisecond-delay explosions in reducing the vibration of

main tunnel, the maximum velocity reduction ratio v; is adopted, and v; is denoted as:

v, = Vdelayed (3 1)

Vinstantaneous

where Vgeiayea aNd Vipstantaneous are the maximum velocity of main tunnel under millisec-
ond-delay explosions and instantaneous explosions, respectively. Again, the v, v, and v are
respectively used to represent the maximum radial, vertical and transverse velocity reduction
ratio. These three parameters provide a quantitative evaluation of the tunnel vibration reduction
in the case of millisecond-delay explosions, for example, if v;,= 0.6, v,,= 0.7, v;= 0.8, it means
that 40%, 30% and 20% maximum tunnel velocity reduction is achieved in the radial, vertical

and transverse direction, respectively.

164

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0011/these.pdf
© [B. Qiu], [2014], INSA de Lyon, tous droits réservés



() Time =0.4 ms

(b) Time = 0.6 ms

(c) Time =0.8 ms

(d) Time =1.0 ms
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(e) Time=1.4ms

(f) Time =1.8 ms

(g) Time=2.0 ms

Figure 109. Displacement amplitude nephogram over times during two-hole blast (Instantane-
ous explosions on the left side and millisecond-delay explosions on the right side).
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6.2.1 Two-hole blast

Figure 105 describes the plan of two-hole blast along the section of cross passage. Two basic
patterns of blastholes are presented: one is the horizontal distribution (see Figure 105(a)), the
other is vertical distribution (see Figure 105(b)), which are denoted as Pattern-H and Pattern-V,
respectively. Figure 110 shows the maximum velocity reduction effectiveness of millisecond-
delay explosions with two-hole blast. It is clearly seen that all the velocity reduction ratios in the
three directions are smaller than 1.0. This means that the main tunnel vibrations generated by
millisecond-delay explosions are smaller than the ones caused by instantaneous explosions.
What can also be seen is that the motion of main tunnel basically becomes smaller with an in-
creasing delayed time “T”, but when “T” is larger than 20 ms, there seems to be little further
velocity reduction. The possible explanation is that negligible interaction exists between the first
and the delayed explosion if “T” is larger than 20 ms. Based on the observation above, it can be
concluded that millisecond-delay explosions are effective in mitigating the responses of main
tunnel. And explosions with different delayed times may produce quite different vibration re-
duction effectiveness. Moreover, explosions with delayed time larger than 20 ms can be
considered as a series of separate explosion with little interaction among them. Thus, the follow-
ing investigation will focus on the examination of vibration reduction effectiveness of

millisecond-delay explosions with delayed time “T” smaller than 20 ms.
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Figure 111. The plan of the three-hole blast along the section of cross passage.
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6.2.2 Three-hole blast

Figure 111 shows the plan of three-hole blast along the section of cross passage. Four typical
patterns of blastholes are presented: Pattern-H1, Pattern-H2, Pattern-V1 and Pattern-V2 (see
Figure 111(a)-(d), respectively). The major difference between the three-hole blast and the two-
hole blast is that there are typically two ways of firing explosives during the three-hole blast.
One way is that explosives are fired from one side to another side, as shown in Figure 111(a)
and (c); the other way is that explosives are firstly fired in the middle and then in the two sides,
as shown in Figure 111(b) and (d). It is noted that the blasthole “h(2T)” detonates at 2T, and the
definitions of other parameters are the same as those mentioned in the two-hole blast study.
Since these four patterns of three-hole blast are so common in practice, it is necessary to exam-
ine all their velocity reduction effectivenesses. Figure 112(a), (c) and (e) show the maximum
velocity reduction effectiveness of millisecond-delay explosions with three-hole blast in Pattern-
H1 and Pattern-H2. It is seen that the motion of main tunnel is reduced to some extent. Specifi-
cally, more than half of the maximum velocity reduction is achieved in the radial and vertical
directions, and about 40% maximum velocity reduction in the transverse direction in the case of
the millisecond-delay explosions in Pattern-H1. By contrast, the millisecond-delay explosions in
Pattern-H2 reduce the maximum velocity of main tunnel by only about 40%, 40% and 30% in
the radial, vertical and transverse direction, respectively. Therefore, it is inferred that time-
delayed explosions in Pattern-H1 are more efficient in reducing the tunnel vibration than the
ones in Pattern-H2. Similar phenomenon can be observed in Figure 112(b), (d) and (f), which
reflects the maximum velocity reduction effectiveness of millisecond-delay explosions with
three-hole blast in Pattern-V1 and Pattern-V2, i.e. the millisecond-delayed explosions in Pat-
tern-V1 are more efficient in reducing the tunnel vibration than the ones in Pattern-V2. Thus, it
is strongly suggested to fire the explosives from one side to another side (rather than from the

middle to its sides) in order to mitigate the vibration of the main tunnel.
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Figure 112. The maximum velocity reduction effectiveness of millisecond-delay explosions
with three-hole blast (Pattern-H1, H2, V1 and V2 are shown in Figure 111).

6.2.3 Four-hole blast

Figure 113 shows the plan of four-hole blast along the section of the cross passage. Six typical
pattern of four-hole blast are included: Pattern-H1, Pattern-V1, Pattern-H2, Pattern-V2, Pattern-
H3 and Pattern-V3, which are shown in Figure 113(a)-(f), respectively. Investigation on the mil-
lisecond-delay explosions in these six patterns can provide not only an insight of the effect of
delayed time “T”, but also an examination on the influence of relative positions of the blastholes
on the tunnel motion. It is assumed that the plan of four blastholes of instantaneous explosions
is the same as the one in Pattern-H1 (see Figure 113(a)). Figure 114 shows the maximum veloci-
ty reduction effectiveness of millisecond-delay explosions with four-hole blast. It is seen that an
average of 40% to 60% tunnel velocity reduction can be achieved in the radial and vertical di-
rections. However, the efficiency of reducing transverse velocity is relatively low, especially
when the delayed time “T” is smaller than 5 ms. It is interesting mentioning that the millisec-
ond-delay explosions in Pattern-H1 and Pattern-H2 generally perform a little better than the
ones in Pattern-H3 when “T™ is larger than 8 ms, but inverse phenomenon seems to be observed

for the millisecond-delay explosions in Pattern-V1, V2 and V3, i.e. the millisecond-delay
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Figure 113. The plan of the four-hole blast along the section of cross passage.
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Figure 114. The maximum velocity reduction effectiveness of millisecond-delay explosions
with four-hole blast (Pattern-H1, H2, H3, V1, V2 and V3 are shown in Figure 113).
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explosions in Pattern-V3 basically appear to perform a little better than the ones in Pattern-V1
and Pattern-V2. This may be due to the complicated wave interference caused by different pat-
terns of blastholes and the relative positions between the main tunnel and the blastholes.
Nevertheless, as long as the delayed time is long enough (“T” > 10 ms), the differences of the
maximum velocity reduction effectiveness of millisecond-delay explosions with four-hole blast
in different patterns are very small. Therefore, it is inferred that the patterns of blastholes have a
limited impact on the vibration reduction of main tunnel under millisecond-delay explosions

with a relatively long delayed times.

6.2.4 Nine-hole blast (in parallelogram shape)

Figure 115 shows the plan of nine-hole blast along the section of the cross passage. Twelve typ-
ical patterns of nine-hole blast, which are denoted as Pattern-H1, Pattern-H2, Pattern-H3,
Pattern-H4, Pattern-H5, Pattern-H6, Pattern-V1, Pattern-V2, Pattern-V3, Pattern-V4, Pattern-V5
and Pattern-V6, are presented, as shown in Figure 115(a)-(m), respectively. Examination of
time-delayed explosions in these twelve patterns can further provide a comprehensive under-
standing on the effect of the delayed time “T”, the relative positions of the blastholes as well as
the sequence of firing explosives. Figure 116 presents the maximum velocity reduction effec-
tiveness of millisecond-delay explosions with nine-hole blast (in parallelogram shape). It can be
observed that millisecond-delay explosions in Pattern-H2, H4 and H6 (Pattern-V2, V4 and V6)
perform better than the ones in Pattern-H1, H3 and H5 (Pattern-V1, V3 and V5). This means
that it is more efficient in mitigating the vibration of main tunnel when the explosives are fired
from one side to the other side, rather than from the middle to the sides. This agrees with the
conclusion made in Section 6.2.2 that millisecond-delay explosions with explosives fired from
one side to another side should be used to minimize the tunnel motion. It is also seen that the
differences of the velocity reduction ratios of millisecond-delay explosions in Pattern-H2, H4
and H6 ((Pattern-H1, H3, and H5), (Pattern-V2, V4 and V6), ((Pattern-V1, V3, and V5)) are
relatively small. This means that the relative positions of blastholes have little impact on the
vibration of main tunnel. It confirms the inference made in Section 6.2.3 that the positions of
blastholes have limited influence on the vibration reduction effectiveness. Based on the analyses
above, it is summarized that millisecond-delay explosions with explosives fired from one side to
the other side is the effective way to reduce the blast-reduced vibration, and the distribution of
blastholes along the section of cross passage is relatively unimportant for the vibration of tunnel.
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Figure 115. The plan of the nine-hole blast (in parallelogram shape) along the section of cross

passage.
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Figure 116. The maximum velocity reduction effectiveness of millisecond-delay explosions
with nine-hole blast (in parallelogram shape, Pattern-H1, H2, H3, H4, H5, H6, V1, V2, V3, V4,
V5 and V6 are shown in Figure 115).
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6.2.5 Multiple-hole blast in triangle shape

To study the millisecond-delay explosions in a more practical way, a common plan of blastholes
which is in triangle shape is presented, as shown in Figure 117. There are generally four patterns
of blastholes: Pattern-1, Pattern-2, Pattern-3 and Pattern-4 (see Figure 117(a)-(d), respectively).
For the Pattern-1 and Pattern-3, explosives are fired from the center to outside; While for the
Pattern-2 and Pattern-4, explosives are firstly fired in the middle place and then toward the in-
side and outside. Observed from Figure 118, which shows the maximum velocity reduction
effectiveness of millisecond-delay explosions with multiple-hole blast in triangle shape, it is
found that the vibration of main tunnel generated by multiple-hole blast in Pattern-1 (Pattern-3)
is smaller than the one in Pattern-2 (Pattern-4). This confirms again that it is better to fire explo-

sives from one side (center) to another side (outside) rather than firing explosives from the
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Figure 117. The plan of the multiple-hole blast (in triangle shape) along the section of cross pas-
sage.
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Figure 118. The maximum velocity reduction effectiveness of millisecond-delay explosions
with multiple-hole blast (in triangle shape, Pattern-1, 2, 3 and 4 are shown in Figure 117).
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6.3 Conclusions

Two effective mitigation measures, which are the installation of a protective layer along the
main tunnel lining and the millisecond-delay explosions, are investigated for the blast-induced
vibration of main tunnel through 3D numerical simulation in ABAQUS. The mitigation effect of
installing a protective layer is examined by a comprehensive parametric study and a developed
optimization design method (EPS protective layer as an example), and the mitigation effect of
millisecond-delay explosions is examined by choosing different delayed times, different patterns
of blastholes and different sequences of firing explosives. Based on the analyses and discussions

above, the following understandings and conclusions are made:

e The installation of a protective layer made of soft material is very effective in reducing
the vibration of main tunnel under nearby explosions; for example, an estimated 50- 60%
maximum velocity reduction can be achieved if the EPS protective layer is installed
along the main tunnel lining. Protective layers made of hard materials (e.g. wood, ce-

ment grout) seem to have little or no contribution in reducing the tunnel motion.

e The thickness of the protective layer, the distance of explosions from main tunnel and
the magnitude of blast pressure have quite limited influence on the vibration isolation
effectiveness of the protective layer (however, it does not mean that the absolute motion

of main tunnel change little with the variation of parameters mentioned above).

¢ Remarkable vibration reduction can be achieved if millisecond-delay explosions (rather
than instantaneous explosions) are adopted. The delayed time larger than 20 ms is en-

couraged to minimize the motion of main tunnel.

o Millisecond-delay explosions with explosives fired from one side to another side is
more effective in mitigating the motion of main tunnel than the ones where explosives
are fired from the middle place to its sides. Therefore, the former detonation method is
recommended in practice in order to mitigate the blast-induced vibration of existing

tunnel.
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7. Conclusions and future work

In this chapter, the main conclusions drawn in the previous chapters are summarized and the

areas where future work may be achieved are pointed out.

7.1 Conclusions

Ground vibration generated by dynamic sources has attracted an increasing attention in recent
years, due to its variety of adverse influences, like damaging nearby buildings, disturbing inhab-
itants, affecting the accuracy of sensitive equipments. To deal with it, many vibration reduction
methods have been proposed and applied in practice, one of them is the installation of wave bar-
rier between the dynamic source and the protected structures, which is considered a cost-
effective way. Over the past decades, extensive efforts have been made to investigate the barrier
vibration isolating effectiveness, and remarkable achievements have been made. However, to
the best of the writer’s knowledge, few researchers focus on the optimization design for wave
barriers. On the other hand, with more and more second parallel tunnels being constructed by
blasting and drilling method and a series of terrorist attacks in public subway systems, the dy-
namic behavior and the security of existing tunnels under nearby explosions has generated more
and more attention. Up to now, little work has been done on the mitigation measures of reducing
the blast-induced vibration of existing tunnel. To overcome these drawbacks, this dissertation
investigates the isolation performance of wave barrier by conducting a comprehensive paramet-
ric study and developing an optimization design, aiming to provide an effective, reasonable and
economic way for the wave barrier design in practice. Besides, the dynamic behavior of existing
tunnel under nearby explosions is examined as well; two mitigation measures for reducing the
vibration of main tunnel are presented with details, aiming to provide a reference for the tunnel

protection design under explosions.

From the Chapters 3 and 4, it is found that the ground vibration generated by surface har-
monic source and subsurface explosions can be significantly reduced if wave barrier with proper
parameters is installed. Soft barriers with large depth are particularly effective in reducing the
ground motion in protective sites. It is noted that the barrier width and inclination angle seem to
have little influence on the isolation effectiveness in the case of subsurface explosions, but their
influences cannot be ignored in the case of surface harmonic load. Specifically, under the sur-
face harmonic load, a proper increase in the barrier width is beneficial, wave barrier with width
slightly larger than its depth performs better than the one with other widths. Moreover, wave

barrier with a small inclination angle away from vertical direction has a better screening effect
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than vertical ones. If it is feasible to install inclined barriers, slightly oblique barriers are en-
couraged. Other parameters like the barrier Poisson’s ratio, damping ratio, the barrier location,
the magnitude of external load has negligible or no influence on the vibration isolation effec-
tiveness under the surface harmonic source and subsurface explosions. Furthermore, by using
Python scripts in ABAQUS, the optimization design method is developed for the wave barrier
design in practice. Once all the possible available parameters are given, barriers ranging from
performing the best to being the worst can be identified. With the suggested method, plus the
experiences of engineers and the limitations in reality, the best choice of barriers is expected to
become available.

Based on the results from Chapters 5 and 6, it is found that the main tunnel lining stiffness,
the distance of explosions from main tunnel and the magnitude of the blast pressure significant-
ly affect the motion of main tunnel under explosions. The influences of other parameters like the
lining thickness, the position of explosions along the section of cross passage, and the buried
depth of main tunnel are negligible. Numerical results show that elastic model can be used for
simulating the dynamic behavior of main tunnel under weak explosions (< 60/Puiaen), but con-
crete damage plasticity (CDP) model has to be adopted to better reflect the real behavior of
main tunnel under strong explosions (= 60 Peguiaren), Where plastic deformation or even possible
damage and stiffness degradation appear. Numerical results also reveal that the compression
damage, tension damage and stiffness degradation of main tunnel lining firstly occur on the top
heading of the lining arch and then at the bottom of the sidewall (on the side near the explosions)
with an increasing blast pressure. If there are slabs inside the main tunnel, the slabs are more
vulnerable to experience tension damage than the lining; however, the vibration of the slabs is
generally smaller than the vibration of the tunnel lining. In addition, the lining without slabs
inside performs better in resisting potential vibration-induced damage than the lining with slabs
inside, but the slabs seem to have little influence on the maximum motion of the tunnel lining.
For the whole main tunnel, both the lining and the slabs are likely to experience tension failure
rather than compression failure under strong explosions. In Chapter 6, two effective mitigation
measures: the installation of a protective layer and the usage of time-delayed explosions are
proposed in reducing the blast-induced vibration of main tunnel. It is found that significant ve-
locity reduction can be achieved if soft protective layer is installed, for example, an estimated
50- 60% maximum velocity reduction is achieved in the presence of EPS protective layer. Re-
markable vibration isolation effectiveness can also be observed when millisecond-delay
explosions with delayed time larger than 20 ms are adopted. And millisecond-delay explosions
with explosives fired from one side to another side is more efficient in reducing the tunnel vi-

bration than the ones where explosives are fired from the middle place to the its sides. Therefore,
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the former detonation method is suggested in practice in order to maximally reduce the vibra-

tion of existing tunnel.

7.2 Recommendations for future work

Although some work has been done to better understand the isolation performance of wave bar-
rier and the mitigation measures for protecting existing tunnel under explosions, there are still

much work to do. The following paragraphs show the recommendations for future work.

The wave barrier investigation is based on the assumptions that the whole model is homoge-
neous, isotropic and elastic, and the interface between the soil (or rock) and wave barrier is
perfected contacted. Apparently, such assumptions can hardly reflect the real conditions. Heter-
ogeneous and anisotropic soil media widely exists in reality and exhibits complicated
constitutive relation under external load, especially under strong dynamic sources. Nonlinear
behaviors of the interface between the soil and wave barrier like the slippage, separation and
rebound are also common. To take these effects into account, more practical models which are
able to reflect the real behavior of the soil-barrier system ought to be developed. It is noted that
although some researchers have developed more practical models and some progresses have
been achieved, it should be pointed out, however, that it generally takes (much) longer time to
finish the calculation of the numerical simulation of soil-barrier system with (much) more com-
plicated constitutive relations. Given the huge combination number of parameters during the
optimization design for wave barrier, the total calculation time may be too long to be acceptable
if (too) complicated constitutive relations of the soil-barrier system are adopted. Therefore, how
to deal with the contradiction between more accurate model and longer calculation time may
also be an important research field. In addition, the protected site in this dissertation is just a
point, if a relatively large zone is required to be protected in practice, it is perhaps more straight-
forward to investigate the isolation performance of wave barrier for protecting a zone, although
a zone can be generally decomposed into a series of connected points. For the study on the dy-
namic behavior of existing tunnel under nearby explosions, there are similar problems in this
dissertation, i.e. the homogeneous, isotropic and elastic model of rock-tunnel system is too sim-
ple to represent the real conditions when the main tunnel is subjected to nearby explosions.
Although it is reasonable to assume that the rock media keeps elastic when it is far away from
the explosions and the concrete damaged plasticity constitutive relation is proposed for the main
tunnel lining and the slabs under strong explosions, the assumption that the interfaces among the
rock, the lining and the slabs are perfected contacted is undoubtedly not realistic. Besides, the
detonation of explosive charges often produces a wide variation of pressure-time histories, even
when identical charges are used [132]. Therefore, it may be unreliable to define the blast pres-

sure that simply comes from previous empirical equations. Such simplified treatment may be
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acceptable if the explosive is far away from the existing tunnels [91], but if the explosions occur
near the existing tunnels, in-field measurements should be committed to obtain the accurate val-
ues of blast pressure. In addition, dynamic material properties of both the rock media and the
tunnel should be adopted during the numerical investigation, for static material properties often
cause conservative results, especially when the rock is relatively soft and the explosions are
very strong. It is noted that a protective layer is proposed to be installed along the outside of
main tunnel lining, however, since the lining structure generally has several different layers, it
may be necessary to examine the isolation performance of the protective layer which lies be-
tween different layers of tunnel lining or inside the tunnel lining. It is also interesting to
examine the isolation efficiency of two or even more protective layers installed with different
material properties, positions, thicknesses, etc. Although millisecond-delay explosions with
some basic patterns of blastholes have been investigated, there is no doubt that the influence of
more practical patterns of blastholes needs to be examined. The last point that is worth mention-
ing is that the research in this dissertation is purely numerical investigation, experimental study

is strongly recommended to be carried out to verify the numerical results.
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