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Abstract

The thesis is the summary of the three-years worledat the Department of Mechanics
at the Politecnico di Torino, from January 2010 December 2012, under the
supervision of professor Luigi Garibaldi (Dipartinte di Ingegneria Meccanica e
Aerospaziale) and professor Alberto Godio (Dipaetirto di Ingegneria Ambientale, del
Territorio e delle Infrastrutture).

The subject of the thesis has been chosen in cod#ibn with Gd Test S.r). a
company operating in the field of environmentaliaegring, based in Torino, relatively
close to the Politecnico. During the three yedrs, dompany cooperated with me and
the professors, in particular by giving an impottaelp for the experimental tests.

The topic is the prediction of lithological discontities ahead of a tunnel face, in a
tunnel under construction, i.e. the identificatimnwhatever type of zone producing a
reflection of the seismic waves generated in acpoint. Typical excitations are the
blasting, the hammer or magneto-strictive sourdésteover, the procedures can be
improved to be applied in presence of the Tunneirf§oMachine, by exploiting the
noise produced by its cutter head.

The main objective of the work is duplex: to redtice risk for people and machinery
and to reduce the excavation cost by setting theavation based on the rock
configuration that has been predicted.

The theme is a modification of the classical rdftet seismology techniques, in order
to be applied in tunnels. Indeed, the particularfiguration of sources and receivers in
a tunnel obliges to devel@u hocmethods for the analysis of the seismic data.

The thesis proposes two methods for the identiboadf the discontinuities ahead of a
tunnel face: the first comes directly from the ogpicof ellipsoids, fundamental in the
reflection seismology, and the second is a backwaethod, able to provide an
automatic prediction without extracting the time\als corresponding to the reflected
waves. To run, this procedure needs only the coatds of sources and receivers,
together with the acquisition data parameters, theth it allows: i) to estimate an
average value of the wave velocity; ii) to detda discontinuities for each source; iii)
to analyze and plot the number of superposing asitoms for each node of the selected
space domain.



The final result can be interpreted as the proligltd detect a discontinuity at a certain
distance from the tunnel face.

The thesis first describes the fundamental relatigss in tunneling seismology, then it
proposes a direct technique for the reflectorsaliete Since it is demonstrated to be
not too reliable in presence of low signal-to-norsgio, the automatic method is
presented.

This procedure has been tested on synthetic anddega coming from the new
Brennero tunnel under construction, which will beeoof the longest tunnel in the
world. The results indicate that the method runsyviast and it is reliable in the
identification of lithological changes and discowities, up to more than one hundred
meters ahead the tunnel face. Moreover, it carsbd in every kind of tunnels, without
any detailed knowledge of the soil and rocks arothm tunnel, and with different
excitations.

The thesis deals also with another important istuéng the tunnel construction: the
monitoring of the rockburst phenomenon, a smalére@ event caused by the rock
alteration during the excavation. For this purp@sspecific procedure has been created,
able to estimate the position of the source point.
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Introduction

Chapter 1

Introduction

1.1. Motivation

In the last years, many tunnels have been conettuall around the world, and in
particular long tunnels are one of the most impuriasues in the field of the civil
engineering, because of their advantage of comgedivo or more cities that are
geographically separated by seas or mountainsarticplar, in Europe, a big increment
of the main railway and highway connections is e€xge and this needs the crossing of
the principal mountains (Alps, Pyrenees, Apenniges,..).

Considering the submarine tunnels, the principangxdes are the Channel Tunnel,
connecting France and England, 50 km long, and&Gtikan Tunnel, in Japan, 53.8 km
long.

On the contrary, the most significant tunnel extagtawithin the mountains is the
Gotthard Base Tunnel, in Switzerland, expectedoenan 2016 with a length of 57 km.
Other long tunnels under construction are the Tetityon high-speed railway (57 km),
between ltaly and France, and the Brennero Basiedly55 km), connecting Italy with
Austria. The latter is the subject of the experitakapplications presented in the thesis.
All the cited tunnels are built for railways; if msidering only car tunnels, the most
important ones are the Laerdal Tunnel, in Norway5 Z4n long and the Zhongnanshan
Tunnel, in China, 18 km long.

The construction of long tunnels usually requireangn years, and then a constant
monitoring of the site is necessary, to predict temlogical risks during tunnel
excavation. This is not useful only for technicgpeacts, as for example for choosing the
appropriate excavation technique, but also for gafety purposes, especially of the
workers, which spend lot of time inside the tunaekl of the machinery.
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This facts lead to monitor the stability of the Ibpiart, the variation of the rock stress
near the tunnel, the small seismic events causethéyaltered rock configuration

(rockburst) and the discontinuities ahead of thenéli face. In particular, the thesis is
concentrated on the last topic, with an entire tdragedicated also to the rockburst
monitoring.

1.2. Objectives of the thesis

Within the geophysical techniques, the seismic outhare one of the most important
categories because of their high penetration dapthgood resolution in estimating the
discontinuities present in the soil.
Seismic methods can be divided in two categoriesasive tests and non-invasive tests.
The first ones are characterized by the presenbereholes, while the second ones are
conducted from the free surface. Within the noraBive tests, the seismic reflection
methods are the only techniques that can be usditpty in a tunnel investigation.
However, since the configuration of sources andivecs cannot be placed analogously
to the classical seismic reflection survegd,hocmethods must be created. Indeed, the
particular geometry obliges to place the sensodsthr source points on the tunnel
walls or in the tunnel face.
Despite these problems, some methodologies haved®seloped during the last years,
trying to the give an indication of the discontitres ahead of the tunnel face. A
discontinuity is a change of impedance, i.e. a ghaof the product of the velocity and
the density.
Almost all the methods proposed do not come exadlgifrom academic studies: they
are developed entirely or in collaboration with om@ant companies in the field of
seismic monitoring. This is indicative of two facts

» the application of the seismic reflection in tunnglis not straightforward and

needs capacity both on the theoretical and onxperanental point of view
» there is not a methodology which has been demdadtta be much better than
the others.

The first point indicates that both theoreticaldstand practical skills are useful to find
an optimal configuration, for example about thessermplacement, the coupling rock-
receivers, the choice and the location of the axons and the data interpretation.
The second point highlights that there are manjeriht methods existing in the
literature but there is not a reference one, tloeeethis is actually an interesting
challenge for the thesis.
The objective is then to propose a new method Herinterpretation of seismic data
coming from a tunnel survey. In particular, thel teaget is to create an algorithm able
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to analyze the data in a completely automatic washout any human intervention for
the selection of the peaks due to the reflectioenes: The algorithm should work for
different sources-sensors configurations and fierdint types of excitations.

1.3. State of the art

In the last decades, different methods have beepoped for the estimation of
geological faults during a tunnel construction (8aitel etl., 1992; Kneib etl., 2000;
Kneib et al.2004)

Chang and Yu (2005) discussed several methodseological explorations in tunnel
when using a TBM. Some examples of non-seismic ousthof are:

e Probe Hole: some hole probes are realized besald@®M, in order to acquire
some information about the ground. Sometimes, fethod can interfere with
the TBM and moreover it not so representative ef gnound because only a
small section is analyzed.

* Pilot drilling: a pilot hole is drilled in a certazone of the excavation front. It is
able to advance for 30 meters in two hours. Analshoto the Probe Hole
technique, this technique allows to have only s@uectual information about
the rock typology.

* Long distance horizontal drilling (LDHD): thereasdirect rock inspection of the
rock cores, but it is very expensive and it needsng stopping of the TBM
activity.

* GPR (Ground Penetrating Radar): a Radar, mounteteorotating head, which
allows identifying the obstacles in front of the MBor 2-3 meters.

« Horizontal sonic logs: they are placed in smallntkéers boreholes, drilled
ahead the tunnel front, are a good compromise legtwige need to reduce the
time of no activity and reliability in detectionutss and discontinuities (Godio
and Dall'Ara, 2012).

Most of the methods present in literature are h@véased on seismic investigations of
the rock ahead of the tunnel face; substantiakdifices among the methods consist to
perform the geophysical survey in tunneling withM Br with conventional work using
explosives.

Differently from the survey in open field, the prettbn of lithological changes or rock
discontinuities in a tunnel is a critical problemainly because the sensors and the
sources cannot have a large spatial coverage. foherad hoctechniques must be
developed.

The major part of the methods are based on theepvraf ellipsoids (Ashida and
Koichi, 1993; Ashidaet al,2001), built starting from a source-receiver paihich
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forms the two foci of the quadric surface. Thiguadamental for the identification of
reflectors, which are defined as the tangent plamed the ellipsoids.

Some methods are based on the tomography approattatacterize the rock volume
around the tunnel using seismic attributes, like wave velocity or the reflectivity
(Tzavaras et al, 2012; Yamamotoet al, 2006). Basically, in the travel-time
tomography a velocity model is assumed, then @lgbssible ray-paths between the
sources and the receivers are calculated, aftandpaliscretized the space domain in
pixels or voxels according to the expected resofutiThe inversion problem is usually
solved by iterative algorithm, where the whole paomain is evaluated, trying to
minimize an objective function of the synthetic aexperimental travel-times. The
maximum reliable imaging distance is dependent lo& a@ttenuation of the rocks
encountered (hard rock corresponds to low atteowlati

One of the most famous techniques is the TSP (Tudeismic Prediction), proposed
by the Amber Measuring Technique society. It isieea consequence of Vertical
Seismic Profiling, and it is based on the recordofgseismic waves produced by
charges of explosive. The data processing methah iadvanced migration imaging
technique making full use of both kinetic and dymanharacteristics of seismic waves,
that is, both travel time and amplitude (Badtlial, 2006; Klose, 2002).

More recently, Tzavaraat al. (2008, 2012) processed the data acquired in thth&d
base tunnel by using the 3D versions of the KPSD#chhoff Pre-Stack Depth
Migration), the FVM (Fresnel Volume Migration) artie RIS (Reflection Image
Spectroscopy).

The SIST is a method proposed by Cosma C. and En¢s(2001), which is a viable
solution for high-resolution surveys in hard rockbe method is a combination of the
Vibroesis swept frequency and the Mini-Sosie minfippact ideas. The SIST technique
is based on a low-power impact source, which igplrand easy to transport. There are
considerable benefits in increasing the impactUesgy as much as possible.

The Tunnel Seismic Tomography (TST) is a tunnekme@& prediction technology
developed by the Chinese Academy of Sciences (Mareial, 2006). Data processing
integrates seismic migration imaging, velocity sgag structural grain analysis and
travel time inversion imaging. The seismic migratimaging obtains the positions of
the reflection planes in front of the tunnel fattes reflection strength and the velocity
distribution.

Another approach is the Three-dimensional Reflaecfisacing (TRT), which uses
advanced algorithms for rapidly imaging subsurfeaeities and structures that exhibit
significant changes in velocity or attenuation, dehon the reflected waves. The
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excitation is produced by sledgehammer strokesg/@ imagneto-strictive source driven
by a swept frequency signal (Yamametal, 2006; Yamamotet al, 2008).

Contrarily to TRT, the True Reflection Undergrouséismic Technique (TRUST) uses
detonations from small boreholes in the tunnel faicside wall (Benecket al, 2008).
The sensors are placed in “listening boreholedtedriinto the rock at about every 50
meters.

In addition to the methods just presented, othdghots are specific when TBM is used
as seismic source. Swinneh al. (2007) propose a technique for the seismic imaging
from a TBM by using a method based on short fo@usiperators optimized in a least-
square sense.

The SSP (Sonic Soft-ground Probing) is based oibeo¥sis (trademark name) source
at high frequency and on a series of acceleromg@lexsed on the head of the TBM
(Kneib et al., 2000). The source is a seismic ¥draropagating energy signals over an
extended period of time as opposed to the neaarteteous energy provided by
impulsive sources. The data recorded must be ebetto convert the extended source
signal into an impulse. The source signal using théthod was originally generated by
a servo-controlled hydraulic vibrator or shakertumounted on a mobile base unit,
but electro-mechanical versions have also beenlajese.

The TSWD (Tunnel Seismic While Drilling) makes usfethe vibrations produced by
the cutting head of the TBM as seismic source (redrand Poletto, 2002; Poletto et
al., 2007; Bruckl et al., 2008). The process inekidhe noise separation in remote
seismic data and the cross-correlation betweelpitbesignal and the data acquired by
sensors, in order to have interpretable seismia. ddte main advantages respect to the
previous methods are the acquisition of real-tinmbormation about the rock
characteristics ahead of the TBM, without excavairderruption.

1.4. Work organization

The thesis starts with an overview of the seismaves, focusing on fundamental
concepts as the reflection coefficient and on tifeerénces between the classical
seismic reflection surveys and the tunnel investiga; successively, the most
important methods for the prediction of disconttims in tunneling, just cited in the
previous subsection, are described.

In the third chapter, the geometrical representatid the problem under study is
analyzed, together with the principal relationshga®iong the parameters, with a
particular attention to the concept of ellipsoids.

Then, the ellipsoid method, descending directlymfrthe extracted relationships, is
presented together with some numerical examples.
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The real core of the thesis is concentrated onfiftie chapter, where the automatic
backward method for the estimation of rock disamunties is described. The approach
is a fully automatic method based on an automatikiqg of all the possible reflection
events recorded in an array of sensors when sesanates are used. The space domain
in front of the tunnel is subdivided in pixels athe main clusters back-projected in the
space domain reflect the zone of higher probabibtyletect a change of impedance,
which can be related to rock failures or litholaichanges. The velocity model is
based on a simple regression analysis of the walecity of the travel-times of the
direct wave.

In order to check the method efficiency, in thetlsighapter the results on 2D synthetic
models are discussed, generated using commeroigigms.

Successively, some seismic investigations conductethe Brennero tunnel under
construction are analyzed to point out the perforcea of the methodology, in different
configurations and with different excitations.

The last chapter is dedicated to the conclusiond #re proposals for further
improvements of the method.
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Chapter 2

Geophysics and seismic monitoring
In tunnelling

In every tunnel under construction, it is importémtkeep different parameters under
monitoring, to ensure safety for the working pecagtel for the machinery. One of these
topics is related to the seismic surveys, which diseussed in this chapter, starting
from the principles of geophysics and then showihg differences between the
classical seismic reflection analyses and thogarinels. At the end, the main methods
used for the characterization of the rocks aheadtafnnel face are presented.

2.1. Seismic waves

The geophysics is the general field of study inedlvn this work. Its name comes from
the ancient Greek and means “physics of the Earifésring to the fact that it includes
all the physical methods for the study of the Earth
Within the geophysics, our attention is focusedr@seismology, and consequently the
study of the propagation of the seismic waves engfound. More precisely, there are
two types of waves travelling in the ground:

* Body waves

» Surface waves

2.1.1. Body waves

Within the body waves, the P-waves and the S-waveddistinguished. The P-waves
name stands fdPrimary waves, since they are the quickest waveeliiag in the
ground. They are also called pressure waves bec#usg are formed from
alternatingcompressions and rarefactions.
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r— Compressions — Undisurbed medium

Amplitude |

Wiavelongh
L ————
Figure 2.1. Particle motion associated to the hedyes propagation (Font:
earth.northwestern.edu)

The mode of propagation of a P-wave is always koiignal: the particles in the solid
have vibrations along the trawditectionof the wave energy.

The name of S-waves, on the contrary, are callenr&mry waves, coming from the
fact that they are slower than the P-waves. Theyaiso called shear waves because
their motion is perpendicular to the direction atwe propagation.

The propagation of the body waves is depicted guife 2.1.

The velocities of Primary and Secondary waves af@ed by

vy = |22 2.1)
0

ve = ¥ 2.2)
0

where p is the density of the material in which the wavepagates, whilel and u

are the Lamé parameters in the stress-straingeidtip for an isotropic solid
in Einstein notation

Tij = /]5”ekk + 2/4&] (23)
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wherer is the stressg; is the Kronecker Delta anel is the strain tensor.

EqQ. (2.1) can be also re-written as:

(2.4)

in order to evidence& , which is called bulk modulus or modulus of incoegsibility.
The constanfu is also called shear modulus or modulus of rigidit

The ratio y between the velocities of P- and S-waves depentls an the Poisson

rationv = 2(/1—-'_IJ) .

y:v_p:\//l+2,u:\/1—2v 25)

Since for real medi®<v < 05, thenv, >vg. This is also evident from Eq. (2.1) and
(2.2).

2.1.2. Wave equation

Let’s now consider the equation for the one-dimenai case along the direction for
the shear wave. The equation of motion is given by:

0°u _ 1 0°u

— == 2.6
ox*> V5 ot? (@9
The solution is assumed in the following form:
u=f(xe'“ (2.7)
Then, by inserting Eqg. (2.7) in Eq. (2.6),
2 2
A0 , & ¢ =0 (2.8)

2 2
ox Vs
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This ordinary differential equation has a harmosdadution that, combined with Eq.
(2.7), gives the general solution for a harmoniwevaropagating in the x direction:

u(x,t) = Ae'tred) (2.9)

where A is the wave amplitudek =« is the wavenumber and the phase can be
Vs

written as
@=kx—at = k(x—vgt) (2.10)

The wavelength is defined as the distance betwe®n sticcessive points in space
having equal phase:

27
A== (2.11)
k
Surface waves
Love wave
ATTA W . W s
e ] P A R
17 u.-‘.r‘,u:f_,?#jﬂ A ;
forae I'J'._J.l: _j 444 .'_- 4
- rd al et A

Rayleigh wave

LAY

LAl
L 11T

Dwachon of wave propagntan

Figure 2.2. Particle motion associated to the serf@aves propagation (Font:
divisionlfrankwproject.wikispaces.com)
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2.1.3. Surface waves

The superficial waves travel in a very shallow zotuse to the free surface of an half-
space. There are two principal types:

* Love waves

* Rayleigh waves
Love waves can exist only in presence of a sofedigial layer over a stiffer half-
space. Rayleigh waves are always generated in mqmesef a free surface in a
continuous body.
The range of variation of the velocity of the Ragtewavesvy, is given by

087< R < 096 (2.12)
Vs

Therefore, they are slightly slower than the sheares.

2.2. Reflection coefficient

Within the seismology, one of the most importargide is the reflection seismology,
I.e. the characterization of the soil by takingpiaccount the waves reflected back by a
layer which is simply called reflector. In simpirins, a wave is reflected when there is
a change of impedance (product of velocity and it@ndloreover, a part of the wave
energy is reflected at the boundary while the remgipart is transmitted through the
second material.

The amplitude of the reflected wave is obtained nmyltiplying the energy of the
incoming wave by a the reflection coefficieRt, which is defined by the impedances of
the two media:

R=V2P2 "ViPy (2.13)
Vo005 ¥V10

wherev indicates the velocityp the density and the subscripts are referred tdirtste

and the second material. R is equal to zero, then the two media have the same
impedance and no reflections can appear.

The phenomenon just described is represented urd-2}3, showing that the reflection
coefficient plays the role of amplitude modulator.
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Reflected
amplitude

Medium 1

Incident
amplitude

Transmitted
amplitude

Figure 2.3. Scheme of the reflection in presendgvofmedia with different
impedances. The amplitude of the incident wavelis i the reflected amplitude and
in the transmitted amplitude, according to theerfbn coefficient.

Together with the considerations just expresseghetlare some assumptions coming
from the geometrical optics, if the reflection happ quite far from the source (far-field
condition):

» the reflection angle is equal to the incident angle

» the ray of the amplitude wave and that of the iestdwave are on the same

plane

» the amplitude of the reflected wave is dependertheneflection coefficient
When crossing many media, the final amplitude vabfiethe transmitted wave is
proportional to the product of all the transmissioefficients, each of them defined by:

T = 210

= “AFL (2.14)
Vo P +V101

It is clear that the following relationship is \aili

T=1-R (2.15)
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A sequence of reflection coefficieni(t) can be used to generate a seismic tsate ()

through the convolution, starting from a sourcenalgv( ):

s(t) = R(t) * w(t) + n(t) (2.16)

wheren { )is a generic random noise.

In Figure 2.4, a simple example is represented: stierce is defined by a Ricker
wavelet with frequency equal to 100 Hz, and a seigrace is obtained by convoluting
the source signal with the sequence of reflectimefficients given in Figure 2.4b. No
noise is added to the signals.

0.025

------- Wavelet
0.02- Seismic trace
0.015F
[0}
k]
g 0.01r-
a
€ ;
<€ 0.005i}
; V
] V
-0.005F
0.01 . . . . . .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04
Time (s
a) (s)
1
0.8
0.6
0.4+
0.2+
0
-0.2+
0.4 . . . . . . .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04
b) Time (s)

Figure 2.4. Convolutive model in the time domairbtain a seismic trace from a
wavelet representing the source signal (a) by meatiee reflectivity (b).
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2.3. Classical reflection seismology

The term classical reflection seismology is herepaeld to define the methodologies
used for the soil characterization by means of @sn@sually geophones) placed on the
ground surface. Larger the number of sensors, axperate are the results.

Nowadays, this technique is not only used for th&ection of discontinuities in the
ground, but also to have information about the kihiblogy and to investigate on the
presence of hydrocarbons.

2.3.1. The reflected times

The typical configuration on a single sensor lisgroposed in Figure 2.5. A seismic
wave is generated in the source pditand it can be either reflected back to a receiver
A or transmitted until to the third medium, wheraeav boundary is found and a new
reflection is produced (recorded IB)).

For simplicity, let's analyze the first reflectionith the discontinuity parallel to the
ground surface. The total tinte from S to A is equal to:

I: X >I
Receivers
So:rce A B
A 7
S\‘\ | II’/] 71
\\ I /I’ /’I .
h ! K Medium 1
\\ 19; | 191 . ,’I
\\\ | /’, //I Vl’pl
— dh — —\‘(:— —\ - apaaas e E——
\\\ \ /I
\\\ \\ ,I/
N Fo\ oS
Medium 2 V2'p2 \\‘%’\ ) “--‘-|llll“--‘
\\/ ll‘-‘--
II-III-II““-
quuun®®
lllllll--“ :
-llll--l-“ Majlum3 V3,p3

Figure 2.5. Configuration of a reflection seismgldgr the soil characterization,
together with the most important parameters inwbivethe relationships.
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_2G/(x2)* +h?
= »

t, (2.17)

where x is the distance source-receivér,is the layer thickness ang is the velocity

of the direct wave of the first medium.
If manipulating the equation, then it is possildebtain an hyperbole:

2 2
X“ _4h
1 1

At the same time, the timigy due to the direct wave fror8 to A is simply given by
td = — (219)

In Figure 2.6 the hyperbole due to reflection isnpared to the lines due to the direct
waves. The figure has been generated by considénmgnedium velocity equal to
v =3000m/s, a layer with thicknesk = 5@ and sensors distributed over a line 500
meters long, symmetric respect to the zero whexedlirce is located.
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Figure 2.6. Comparison between the time arrivalhefdirect waves and those of the
reflected waves, for a simple numerical example.
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In the hypothetic case that a sensor is placechersame position of the source, here
located in the origin of the axes, the correspogdime is

t, == (2.20)

the thickness of the layer can be easily found:

_ Vvl
2

h (2.21)

The hyperbole, for receivers far from the souremds to the line determined by the
times of the direct waves.

2.3.2. Data acquisition

During the acquisition of the signals, it is im@ort to have a good coupling between
sensors and the ground/rock analyzed. Moreovegrder to contrast the amplitude
decay due to the geometric dispersion and to thiensic attenuation, the signals are
progressively amplified.
In these seismic reflection surveys, two main aggions are done:
1. Reflection with “small angles™ the distance (ofjséoetween each source-
receiver pair is smaller than the depth of theexihg layer
2. Vertical resolution: the wavelength of the seismsignal must be significantly
smaller than the depth of the reflecting layer.
In real applications, the number of sensors is eh@s large as possible, related to the
capacity of the seismogram. Typical configuratiorshe data analysis are:
« common shot gathe> all the traces with the same source
e common receiver gathe® all the traces with the same receiver
* common offset gather> all the traces with equal distance source-receive
« common midpoint gather> all the traces with source and receiver symmetric
respect to their middle point.

2.3.3. Data elaboration

The process of data elaboration is quite long bexawany different operations must be
performed. In Figure 2.7, a typical processing flewpresented, together with a brief
description of the procedures.
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2.3.4. Differences respect to classical seismic re  flection

The objective of the thesis is to present a methothe interpretation of seismic data in
tunnelling. In general, the tunnel-seismology agplthe seismology techniques in a
tunnel and the aim is to predict elastic groundpproes ahead and around the tunnel.
First of all, it is important to note that the seis reflection in tunnels is different from
the classical one, because the configuration ofrcesuand receivers is strongly
conditioned by the geometry of the tunnel; thereftirey have to be confined on the
tunnel walls and cannot be placed everywhere osfhee.

Figure 2.8 gives a graphical representation of #estence, showing two waves
generated in a source point reflected back anddeddoy the first and the last receiver.
The points on the discontinuities where the refidcivaves are generated are called
reflection points. The distance from the two fartbé them picks out the identifiable
zone, which is quite limited. This is a typicalusition in a tunnel configuration and
therefore the methods should be as accurate abj@oss

Moreover, no information is given about the poidt which represents the point in
which the tunnel will cross the discontinuity. Téfare, the unique possibility is to
detect all the identifiable zone and then to cargithe line until to cross the line given
by the tunnel axis.

On the contrary, if the configuration would be agmlus to the classical seismic
surveys, then it would be like in Figure 2.9.

Identifiable zone

d

Figure 2.8. Typical configuration of sources anckereers in a tunnel, with the
identifiable zone in evidence. The red squaresatdithe sources, the green circles
represent the receivers.
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Identifiable zone

Figure 2.9. Hypothetical ideal configuration of smes and receivers in a tunnel, created
analogously to the classical seismic reflectiorveys, with the identifiable zone in
evidence. The red squares indicate the sourcegrélea circles represent the receivers.

In this hypothetical ideal case the sources andémsors are placed laterally respect to
the tunnel face, and the identifiable zone is miacher respect to the previous case.
Furthermore, the poinD is easily estimated since the identifiable zone lsa on or
very close to it. This configuration is obviouslyeral because in a real test it is very
complicated to excavate long holes laterally ant&low and above the tunnel; and it
would be also very difficult to place the sensard & produce an efficient excitation.

2.4. The monitoring in tunnels

The monitoring during the construction or for thaimenance of a certain structure is
essential to limit the risks for the workers and the machinery utilized. This is
particularly important during a tunnel constructievhere it is necessary to study the
rocks that will be crossed (prediction methods) enehonitor the seismic events caused
by rock alteration (rockburst investigations).



20 | Geophysics and seismic monitoring in tunnelling

Here, firstly the excavation techniques are prexgrthen the principal methods for the
estimation of discontinuities are described, amélfy the monitoring of the rockburst
phenomenon is treated.

Figure 2.10. Drill operation done by the jumbo tloe excavation of small holes in
which the explosives will be inserted, in the Brermtunnel under construction.

Figure 2.11. Tunnel face ready for the blast op@ngfFont: ec.europa.eu).



21| Geophysics and seismic monitoring in tunnelling

2.4.1. Methods of excavation in tunnels

The monitoring of discontinuities is important tecide which is the most suitable
excavation method in a certain zone or which aeep@wrameters to set to optimize the
drilling operations. The most important technigass
» drilling and blasting (D&B)
e TBM (Tunnel Boring Machine)
The drilling and blasting methods, adopted for mgears, are divided into two phases:
1. DRILLING: a drilling jumbo is used to drill a pretigmined pattern of holes in
the tunnel face (see Figure 2.10).
2. BLASTING: The drilled holes are filled with explosis and then the charges
are detonated (see Figure 2.11).
One of the disadvantages of the method is thefoiskvorkers, because the fumes and
gases generated from detonating explosives are. tkareover, a high quantity of dust
is produced. This is the reason why the air alws to be circulated through some
types of ventilation duct. Another risks are undetied explosives.
During the last years, a new excavation technigugorn, based on the Tunnel Boring
Machine (TBM), also named "mole". It is a machirsed to excavateinnelswith a
circular cross section in very different soils aadks, as for example hard rock, sand,
and almost everything in between.

Figure 2.12. Disassembled TBM with the most impartzarts in evidence (Font:
tunneltalk.com).
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Figure 2.13. Example of a cutter head of a TBM (Famneltalk.com).

The tunnel diameters can range from a metre (Mi@wis) to almost 16 metres.
A TBM, under the mechanical point of view, is corapd mainly by three elements:

e the main body

e some grippers, to fix the machine to the tunnelsvddiring the drilling phase

« the cutter head, composed by many roller bits.
The different components of the TBM can be seenFigure 2.12, while the
composition of the cutter head is well shown inuFeg2.13.
In the latter one, it is possible to see that tarlned steel roller bits are disposed in a
way that, during the rotation of the cutter heaeytcan destroy all the rock wall ahead
of the TBM. The type, number and geometry pattdrthe cutter head depend on the
rock characteristics and planned rate of penetrafiom 5 to 50 m/day, but typically
about 15-20). Harder is the rock, larger the peartiein rate.
The TBM repeats cyclically some operations:

1. The grippers are coupled with the tunnel wall.

2. The cutter head is moved against the tunnel frodtthe drilling phase begins.

3. The drilling phase ends when the cutter head hashesl the maximum

elongation.

4. The grippers are retracted.

5. The main body moves forward.
The drilling cycle is said to correspond of aboi& h of advancement.
Tunnel boring machines are used as an alternatitieet classical drilling and blasting
methods. They have the advantages of limiting tilstudbance to the surrounding
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ground and producing a smooth tunnel wall, theeetbeir use is advisable in heavily

urbanized areas.

On the contrary, the major disadvantage of TBM#hés cost of both construction and
transport. However, as modern tunnels become lortger tunnel boring machines
result more convenient respect to drilling and tohstechnique, because the excavation
with TBMs is much more efficient and needs a shopmject. Moreover, in soft
grounds and in presence of critical zones (froneaagical point of view) the drilling

and blasting technique is still very used.

EXCAVAT

ION TYPE

DRILLING AND BLASTING

at rest

~

Static methods
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Figure 2.14. Scheme of the seismic methods foptediction of discontinuities in a
tunnel investigation. They are classified starfimgn the type of excavation adopted.
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2.4.2. Seismic methods in tunneling

As explained in the introduction, there exist somethods for the prediction of the
lithological discontinuities in tunnelling. The ntasnportant ones are depicted in the
scheme of Figure 2.14, where the distinction isebdamainly on the excavation type
used for the tunnel construction. In particular t&n division among the techniques is
the following:

* dynamic methods: they are used while the TBM iskivgy

« static methods: they are used during a TBM pausétbe tunnel is excavated

with the traditional drilling and blasting procedur

Consequently, each of both the typology is based specific class of excitations. For
the dynamic methods, the TBM is not stopped duthmg lithological study and the
noise produced by its cutter head is considereti@agxcitation. On the contrary, for a
static method, since no excavation operations ageiag, the excitation can be freely
chosen; in particular the most important ones are:

* blasting

* hammer strokes

* magneto-strictive sources
Each of the method highlighted at the end of Fiduidel are the most used in seismic
surveys in tunnelling. In the following, the TRThet TRUST and the TSWD are
described more deeply than in the introduction, fogusing on the different
configurations and peculiarities.

24.3. TRT

The TRT method (Tunnel Reflector Tracing or Threamehsional Reflector Tracing)
was invented in Japan in 1999, and it was improgtladng the successive years
(Descouret al, 2012; Aoki K.et al, 2007; Yamamoto et al., 2006) until the present
days. It is a non-intrusive and “near-real time’pagach, able to predict the rock
condition up to 100-150 m ahead and 30 meters drahe tunnel. The method is
relatively cheap and quick, because it is based eswitations produced by
sledgehammer strikes or magneto-strictive sourdegeh by a swept frequency signal)
against the tunnel walls, while the accelerometges directly attached to the tunnel
walls.

A typical configuration of sensors and source@esented in Figure 2.15. There are
12 sources disposed on two different sections andréceivers distributed over four
rings, alternating two and three sensors per eachos. It is important to note that
sensors and sources are quite close each othes,thiem maximum distance among them
is about 30 meters.
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b)
Figure 2.15. Configuration of source points andceéEometers on the tunnel for the
TRT scheme: a) the general scheme; b) the altagaéctions for the receivers
location. Source points are indicated with red sesiareceivers with green circles.

The processing technique is composed by 8 steps:

1. collect the information about the positions of s®srand receivers;

2. define the three-dimensional domain of investigatio respect to the fact that
the resolution is inversely proportional to thetaice from the array and
directly proportional to the shortest detectableel@ngth;

3. set the frequency filter to compensate the amidecay;

4. detect the time arrivals of direct waves and ttenvielocity;
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5. construct seismic velocity model which is assigteedll the volume;
6. set filters for data processing and calculate #feectogram by means of the
ellipsoids;
7. run data processing repeating steps 3-4-5-6 uhal results are balanced
(reflectogram is stable) and noise is sufficiesthppressed;
8. set background (scale, color code) for displayimgresults;
The results are visualized in terms of reflectiarmber. The extent and hardness of
reflecting boundaries is measured by normalizedeRedn Magnitude, defined as ratio
between the average level of amplitude of reflegtasles and those of direct waves. It
is proportional to the reflection coefficient aridallows to distinguish high impedance
from low impedance.
The total calculation time is about 3 hours peheagavey on a common laptop.
Yamamotoet al. (2008) improved the methodology by introducing thieeless TRT,
based on radio communication, without using anyecakhis system is very efficacious
in tunnel with a large cross-section, but it hasneoproblems due to interferences
especially for small cross-section tunnels.

2.4.4. TRUST

The TRUST (True Reflection Underground Seismic Teghe) has been invented in
Germany by DTM, in Essen. The substantial diffeeerespect to the TRT method is
the use of blasting, therefore the total time @f ithvestigation and the costs are slightly
higher.
In details, the sources are small explosives dé&tdnfaom small boreholes in the tunnel
face or side wall. Usually, series of 20-30 singlasts starting from the tunnel face
along the tunnel axis are performed. Their charesties are:

» Electric triggered zero-delay detonators

» Explosive material of 100-150 g per single shot

» Explosives with detonation velocity > 6000 m/s

» Packer/fill material (water tubes) to fill the bbode
The frequency range of the signal varies from 2Gd1¥000 Hz.
The receivers are typically three-component geoplonounted in separated “listening
boreholes”, drilled radial into the rock. Usualtiiere are some rings with 3-4 borehole
geophones each, placed about every 50 m.
An exemplar configuration is proposed in Figure62.ihere it can be seen that the
sources are normally on the same tunnel side, laadeceivers have two preferable
schemes: with two elements at 4- and 8-hours réspgcand the third either at 10- or
12-hours.
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The processing technique is based on classicahgergflection techniques while the
results are much less fine respect to TRT. Moreaber calculus time is higher: about
24 hours to obtain a final representation of ttseaintinuities on a common laptop.

In case of problematic excavation zones, addititeahniques are used, as exploration
boreholes, radar boreholes or Shuttle borehola®l@ss).

Tunndl front

a)
10-hours 12-hours
position position
RS ~ 0 <
Ve /7 N
/ /
\ \
/ /
\ \ 4-hours
8-hours | / \ / . o
position | / /! position
1 \
| I "\ I
I " |

b)
Figure 2.16. Configuration of source points ancedgrometers on the tunnel for the

TRUST scheme: a) the general scheme; b) possitiliesdor the receivers location.
Source points are indicated with red squares, vecewith green circles.
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2.45. TSWD

The TSWD (Tunnel Seismic While Drilling) is a metlmbogy born about ten years ago
in Trieste, at the OGS (Istituto Nazionale di Oaagafia e geofisica sperimentale),
thanks to the work of two scientists: Lorenzo Pavoand Flavio Poletto. The first
article produced by the two authors is “Seismicteddirilling by using tunnel boring
machine noise” (Petronio L., Poletto F., 2002) whilther fundamental works have
been developed later (Poletto and Petronio, 208BpRioet al, 2007).

The Poletto and Petronio’s idea is to create a mesthod for the prediction of
discontinuities ahead of a TBM, without stopping tinachine, contrarily to the static
methods. Indeed, the latter ones are not convehiecduse the cost of stopping and
restarting the TBM is very large. The realizatiohaoreliable dynamic method will
permit to save a lot of money and to conclude tima¢ls in less time.

The seismic-while-drilling (SWD) techniques (T. Yai& et al, 2004) have been very
frequently adopted in many fields, such as theopmim engineer, the geophysical
surveys of the ground and the exploration of gaotléfields. The main peculiarity is
the use of the noise produced by a certain drillagrce as a seismic source, which is
inserted in a borehole. The most classical proeedfor the data analysis are to gather
the first time arrivals of the seismic waves, bditect waves and reflected waves, and
then cross-correlate the signals coming from thet gensor (reproducing the source
signal) and from the geophones.

The TSWD method uses accelerometers mounted aruttexr head of the TBM (called
pilot sensors) and geophones located along andeutse tunnel. The central idea is to
consider the noise produced by the working TBM agiamic source. In this way, the
cross-correlation between the signals coming froenfilot sensors and those coming
from the geophones gives information about the argloof the seismic waves and
consequently about the rock characterization. Wpécal results of this analysis are
strong coherent events, corresponding to P and\&lst

Actually, the TBM produces other types of vibragdrecause, during the drilling phase,
it is coupled with the tunnel walls by means of tmgppers. These signals can be
considered as noise added to the system. MoretheelTBM train can be hundred of
meters long, and the vibrations produced in théhést points of the machinery may
add up many milliseconds of relative delay.

The most innovative peculiarity is the real-timentfication of the rock discontinuities
and consequently the setting of the drilling paramse For this reason, the process can
reduce significantly the project costs and the neinadb working days.

With this dynamic method, the most critical problésnconnected with the source,
because it has a low energy level and because #ohine produces also a different
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noise caused by the coupling of the grippers Withtinnel wall. The first problem may

be solved by modifying the source, for example tigilmg other excitations. The second
problem can be solved by means of methods for éparation of the sources, as the
Blind Source Separation and Blind Component sejgar&fntoni, 2005).

Petronio and Poletto proposed a simple method ¢dordpose the signal recorded at the
beginning and at the end of the tunnel, in ordedisiinguish the cutter head noise
(called S(« )) from the noise due to the coupliniy(c. ). This operation has been done

by calculating the total paths travelled by the esav

2.4.6. The Potsdam approach

Instead of considering the noise produced by thigercitnead, a seismic reflection
method can be also conducted when the TBM is ataebetween two consecutive
drilling cycles. Within this topic, some promisingprks have been done by the GFZ
Potsdam in Germany, where Luth et al. (2008) ttedpplied a seismic method by
considering two types of sources:

1. A pneumatic impact hammer, constituted by a mowirasgs of 5 kg accelerated
onto a shock plate generating an impact of appratetyp 1 ms duration, by
generating frequencies up to 2 kHz.

2. A magneto-strictive vibrator able to generate swegigpals within a frequency
range of 10 Hz with a dynamic force of 22kN.

The sources are placed on the grippers of the TBIMge the sensors are placed where
the TBM is open and the rock is easy to reach. thw particular application, the
sensors must be wireless, to avoid the difficulivg operations with the presence of
the TBM.

2.4.7. Monitoring of the rockburst

Another aspect, parallel to the prediction of digtwities ahead of the tunnel face, is
the monitoring of the rockburst, a small seismiergvcaused by the alteration of the
rock configuration due to the excavation. Thesenpheenon is frequent especially in

deep mines. It is due to the fact that the tunoaktruction breaks the equilibrium state
of stress, which is immediately redistributed whexvancing. Stronger rock

corresponds to higher stored energy (larger risgranite and volcanic rock, lower in

weak rocks). Rockbursts occur due to violent redezghis energy.

The rockburst is very dangerous both for the warlaard for the tunnel excavation, as
can be seen in Figure 2.17, where an example effiésts is proposed. In this case, the
magnitude of seismic event is 2.7 of the Richtealescbut a significant collapse

happened.
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Figure 2.17. Example of a collapse in a tunneltduie rockburst phenomenon (Font:
accessscience.com).

Even if many researchers deeply studied the phenomehere is no comprehensive
and rational explanation for its cause. Moreovike, prevention to rockburst depends
primarily on practical experience.

The rockburst mainly occurs in two forms (Zéual, 2009)

» tension fracture on the surface of surrounding fmatallel to the tunnel wall

» shear failure at an angle from 15° to 40° to tmmélwall, which forms a step-
like triangular damage area on the wall.

To reduce the severity of rockbursts, some precomditg techniques have been
developed:

* to detonate explosives in the confined rock mas=adhof the mining face,
thereby transferring the stresses further away effettively de-stressing the
immediate face area;

* a large diameter (about 50 mm) hole is drilled jpelréo excavation 5 m ahead
of the mining face (face parallel method)

* long holes (3 m) are drilled at the same time as fbrmal 1-1.2 m long
production holes (face perpendicular method).

Grodner (2001) investigated the gold mines of thésatersrand Basin, South Africa,
one of deepest excavations in the world. His woals wainly concentrated in reducing
the severity of the rockburst by preconditioning, particular with the Ground

Penetrating Radar (GPR), which maps the fracturesitle and pattern around deep
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excavations, quantifies the change in fractureepattahead of mining (e.g. with
preconditioning) and delineates new fractures.

Zhu et al, 2009 proposed a numerical study, based on tssictd elasto-plastic theory,
to prevent rockburst by means of guide holes driltieiring tunnel excavation. The
results showed that the stress field around thdeghibles severely changed. This fact
caused the formation of an X-shaped area of plagiormation, which prevented the
rockburst.

Significant studies about the rockburst have bésm@one by Tang et al. (2010) and by
Liu et al. (2011), about a hydropower station in Southwestn&hwhere many
rockburst events were recorded in the transportdtionel and in the drainage tunnel,
and by Khanlari and Ghaderi-Meybodi (2011), abtat Karaj-Tehran Water Supply
Tunnel in Iran, finding that zones with high overtben have high possibility of
rockburst.
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Chapter 3

Modelling of reflections

Before presenting the methods for the estimationhef discontinuities ahead of the
tunnel face, it is important to give an idea abih geometrical representation of the
problem under study, with a particular attentioriite concept of ellipsoids. Moreover,
the most important relationships among the varghble extracted.

3.1. General idea

Simply speaking, it is easy to imagine that thersé& waves are generated in a certain
point and they propagate in all the directionspading to the properties of the rock that
they cross. However, the waves can meet some laemgties and this might produce a
reflection, i.e. an amount of the total wave anuglé is pushed back according with the
inclination of the reflector.

As already stated in Subsection 2.3.4, a seismigstigation in a tunnel is similar to the
classical survey based on the seismic reflectiahwith the substantial difference that
the zone in which the sensors are located is vargeld, usually close to the tunnel
face. Indeed, they are placed on tunnel wallsy@eioto detect the waves that have been
generated in the source point and have been refldszck by discontinuity, considered
as a region characterized by a contrast of impedavith respect to the embedded
material.

A typical configuration of sources/receivers iswhan Figure 3.1.

Since the wave arrivals can be detected by aceelteys or geophones placed behind
the tunnel front, then it is possible to constmsintple geometric relationships.

Since the sensors can be distributed everywhetbeotunnel walls, the reflections are
not generated in a single point but they clustex ieflection zone.
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Receivers

TUNNEL

REFLECTOR

Figure 3.1. The reflection of the seismic wavesegated by the source (red square) is
produced by the reflector (or discontinuity), ahd teflected waves are recorded by the
sensors placed on the tunnel walls (green circles).

3.2. Geometric idea

Let’s start by analyzing the equations from thepdest case, in two dimensions, while
the 3-D case will be presented successively.

3.2.1. 2D representation

In Figure 3.2, the representation of a 2D invesiogais depicted. The discontinuity,
indicated with the thick brown line, is inclinedspect to the vertical axis of an angle
a . The source pointS is the point in which the waves are generated.iCByp
experimental excitations are hammer strokes, Iigsir magneto-strictive sources.

The wave reaches the discontinuity in the reflecpoint P, where it is reflected back
with an angled which depends both on the discontinuity inclinatamd on the relative
position betweerP and S. The reflected wave reaches the tunnel at theosgataced
in the pointR . For a different sensor, placed B, the reflection point i, and it is

different from P .

The parameterd has the meaning of the distance between the tunmei and the
discontinuity: in other words it indicates the nwenlof missing meters before meeting
the discontinuity, by supposing that the tunneldsstructed on a straight line.
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Figure 3.2. Geometric illustration of the problemtwo dimensions. The tunnel is
colored in grey, while the discontinuity is indiedtwith the thick brown line. The red
line represents the direct wave, while the grees lepresents the reflected wave.

The purpose of this approach is to find both thgleaor and the distancd , which are
the two parameters characterizing the discontinuity

The position of the source can be either on theduface or on the tunnel walls, but
often it is located on the tunnel wall for reasohsonvenience and simplicity, since the
tunnel face is filled by explosives (drilling anth$ting technique) or by the cutter head
of the TBM. The typical case in which the sourceors the tunnel front is when
monitoring during the excavation of the TBM (Petmand Poletto, 2002; Poletto et al.,
2007; Bruckl et al., 2008). In this case, howesgearce the cutter head is in contact with
the rock in many points, a punctual source cana@dsumed.

3.2.2. Relationships among the parametersinthe 2 D case

In this subsection, the governing equations for twe-dimensional problem are

extracted. By using the law of sines on the triar§RD,
d _SP

sin@0-) sin(Q0-a)

(3.1)
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cosa
cosd

SP=d

(3.2)

and, equivalently, on the triangRPLC, with the approximation of the sour& on the
same side of the receiver considered,

d+w, _ PR

, =— (3.3)
sin@0+) sin(Q0-a)

— cosa
PR=(d +w 3.4
(d+w) = (34)

The total distancé. travelled by the seismic wave observed at theseRsis
L = SP+ PR= (2d +w,) 22X (3.5)
cosd

and so it depends on three unknowtis:a andJ . Using again the law of sines, but on
the triangleRSP,

W PR (3.6)
sin29) sin(l80—-a —-59)
and therefore
cosa
d+w
WX - ( X)COSZ9 (37)
sin(2d) sina cosd +cosasing
W (d+wx)cosa. 3.8)
2sing sinacosd +cosasing
W dEw (3.9)
2 taracolg+1

d+w, =&(ta”” +1j (3.10)
2 \ tand
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and finally

d :&(tam —1) (3.11)
2 \ tand

Now, by using together Eq. (3.5) and Eq. (3.10} gossible to write

I_=(2d+wx)cosa zdcosa+&[tana+lj cosa (3.12)
cosd cosy 2 \tang cosd
R (3.13)
2 Jcosd 2 sind
(2d+wx)cosa: d+& cosa+&5|_na (3.14)
cosd 2 Jcosd 2 sind
&S{na _(4 L Wy | cosa (3.15)
2 sing 2 )cosd
w, SN of g 4 W 1 COST ) (3.16)
sing 2 )cosd
and finally the relationship about the distanceedhad is
sina
L=w, —— 3.17
“sing (3.17)

Since the medium is supposed to be homogeneousgelibety v of the seismic wave is
supposed to be constant. Then, sihce vt, wheret is the time in which the wave
passes front to P to R. The set of independent equations is given by

_1 X(tana _1J (3.18)
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where there are three unknowns, therefore thersysémnot be solved. The unique way
to obtain a solution is to use the relationshige &r other receivers or sources, to have
more information. This is the main subject of tiecessive chapters, where a solution
of the problem is proposed.

3.2.3. 3D representation

The extension to the three dimensional case imgles the seismic waves can
propagate in the space and the discontinuity ismnce a line but a plane. Therefore a
second angle, which is indicated lpy is necessary to take the additional direction int
account.
In Figure 3.3 the 3D reflection is represented dfiod, clarity, the most important
parameters are here listed:

e S:source point

: reflection point, indicated by the coordinates, y, and z,

. position of the sensor considered
- inclination of the discontinuity respect to thesaz

<~ Q IV U

. inclination of the discontinuity respect to thasax

d

Figure 3.3. Geometric illustration of the problemthree dimensions. The discontinuity
plane is indicated with thin brown lines. The ragklrepresents the direct wave, while
the green dotted line represents the reflected wave
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* r,: direction of the wave generated $h
* r,:direction of the wave reflected iA

D : point in which the tunnel will cross the disconiity

d : distance between the tunnel face and the disuaibyi
* J:wave incident angle (equal to the reflection ahgl

w: distance between the sensor and the source point.

3.2.4. Characterization of the discontinuity

Since the discontinuity is a plane, then it carkgressed as:
ax+a,y+az+a, =0 (3.19)

wherea, , i =1,...,4 are constant coefficients.
If intersecting the discontinuity with the planess afid y= Q it is possible to find
the distanced as

d=-24 (3.20)

Now, we have to find a similar relationships foe thnglesy and a . To do this, some
geometrical relationships must be reminded.
The anglep between the ling and the lines whose equation are, respectively,

y=mx+q y=mx+q' (3.21)
can be calculated by means of the following formula

m-m
1+mn'

tan¢ = (3.22)

Coming back to the problem, if intersecting thecdiginuity with the XY plane, the
line t is obtained and the angle between the x-axistasdalculated:

tan(y) = % (3.23)
2
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Moreover, the angle between the line obtained Brsecting the discontinuity with the
YZ plane and the z-axis, is exactly the angle

_ &
tanla) = 3.24
) a (3.24)

Since Eq. (3.19) can be re-written as

x+iy+$z+ﬁ:0 (3.25)
ol Tl ol

then conclusively the discontinuity is of the form

1 _
x+ta—r(y)y+tar‘(a)z—d =0 (3.26)

3.3. Construction of the ellipsoids

Instead of considering all the relationships amthregvariables expressed in Subsection
3.2.2., it is better to introduce the concept dpsbids, which is basilar in these kinds of
reflection seismology and it allows to simplify tequations defining the problem under
analysis. Let's consider a sour&e a receiverR and a reflection poinP, respectively
defined by

S=(xs,¥s:2s) R=(xe.¥r:zr) P=(xv2) (3.27)

The sum of the distance betwegnand P and betweerP andR is equal toL , which
corresponds to the total path travelled by the wave

J(X=x)2 +(y = Y5)? +(2-25)? +/(x=Xg)2 + (¥ - YR)? +(2- 25)% =L (3.28)
Actually, the constant is the given by

L =vtg (3.29)
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Figure 3.4. Choice of the Cartesian coordinateshferAshida’s moving approach (a)
and for the static approach (b).

wherev is the velocity of the wave antg, is the recorded travel time. The velocity is
supposed to be constant since the rock is assusn@th@mogeneous material.
The ellipsoids are built by considering one sousoe one receiver as the two foci.
Successively, they can be obtained in two ways:

« Dby fixing the origin of the axes in the middle pobbetween the source and the

receiver, as indicated in Figure 3.4a

* by imposing the source in the origin of the axasndicated in Figure 3.4b
In the first case, according to the Ashida’s apphogAshida and Koichi, 1993; Ashida
et al,2001), the axes change for each source-receivierapd the equation of the
ellipsoid is

2 2 2
< Ly z_1 (3.30)
L>-4x? LP-4x2 L* 4

where the dependence is only on the x-coordinateeo§ource and on the total pdth
therefore the construction of the ellipsoids isyv&mple. For the same reason, the first
two axes of the ellipsoid are equal.

In the second case, the axes are fixed but thetiegaaof the ellipsoids are simply
comparable. Let us consider separately the casedich the receivers have one and
two non-null coordinates, respectively.
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3.3.1. Sensors aligned with the source

If the sensors have only one coordinate differemmfthe source (i.e. the x-coordinate)
then it is possible to define the sourge a generic receiveR and the corresponding
reflection pointP as

$=(000) R=(xz,00) P=(xy2) (3.31)

The distance source - reflection point — receiser i

\/x2+y2+22 +\/(x—xR)2+y2+z2 =L (3.32)

Jox=x)? +y2 422 = L= +y2 4 22 (3.33)
x2—2xxR+x,_%+y2+22=L2+x2+y2+22—2L\/m (3.34)
—2x%g + X4 = L2 - ZLW (3.35)
2L\/x2-|-y72+z2 = L% + 2XX5 — X3 (3.36)

4L2(x2 +y%+ 22): L* +4X2X3 + Xp + 4L2xxq — 2L°X3 — 4% (3.37)
4 4 2,2
Lz(x2+y2+22):|'7+x2x,§+x—;+ LZXXR——LZXR - X3 (3.38)
_Xr
Now, let us assume that = >
L4
|_2(x2 +y? + 22): -7 4x?p? +4p* + 2%xp- 2% p? - 8xp° (3.39)

4
Lz(x2 - 2xp+ p2)+ L2y? + 1?22 = L? +4x%p? +4p* -8xp> - L2p?  (3.40)
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4
L?(x— p)* + L2y? + 122% = L? +4p2(x2 + p? —2xp)— L2 p? (3.41)
4
L?(x— p)® + L2y? + L2Z? :L? +4p?(x- p)® - L?p? (3.42)
4
L2(x- p)* —4p?(x— p)* + L?y? + 122 :LT_ L?p? (3.43)
2 2 oYo A2 4202 22_|-_22_2
L2 -4p?x p)+Ly+Lz-4L 4p (3.44)
(k=pf, v* . 7
1 (3.45)
v -ap?) (P -ap)
4 4 4

Conclusively, the equation extracted is an elligsdithe form

(x-pf,y*, 2 _
gt Tl (3.46)
2 _ 4.2
p=" a:% b= =P 44p =Ja® - p’ (3.47)

wherea andb are the semi-axes of the ellipsoid. It is possibleee that Eq. (3.46) is
equivalent to the Ashida’s formula expressed in(Ba0).

3.3.2. Sensors not aligned with the source

If the receivers have also the y-coordinate difiefeom the source, then the source and
a generic receiver can be written as

s=(000) R=(Xg, Vg 0) (3.48)

Considering the corresponding reflection poipt (x y,z), the sum of the distance

source-reflection point and reflection point-re@giis given by
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U2 +y2 + 22 +4)(x=xg)? +(y—yr)2 +2% =L (3.49)

Now, let us manipulate the equations as in theipusvsubsection

Jx=xg)2 +(y-yg)2 +22 =L—yx? +y? + 22 (3.50)

X2 = 2xXg + X3 + Y2 = 2yyn + YR + 22 = L2+ X% + y? + 22 - 2L x? + y? + z° (3.51)

—2XXg + X3 —2yyg + Y& = L2 —2L\x? + y? + Z° (3.52)
2L\ X2 +y? + 2% = 1 +2xxq — X3 + 2yYr — VA (3.53)
4L2(x2 +y?+ 22): LY + 4x?X3 + Xp + 4L xxg — 2L%X3 — 4xx3 + 4y2yE + (3.54)
+ i =y + 2L + 206 - xE oy - vi)
Let us imposep :X—ZR andq= y—zR , then
L4
Lz(x2 +y?+ 22):7 +4x2p? +4p* + 2L%xp-2L2p? -8xp® +
) (3.55)
L
+4y*q” +4q° -8yq’ +(7 + 2xp—2p2j(4yq—4q2)
(Lz _4 2XX_ )2 +L2V2 + 1222 =L—4—L2p2 +ag2(y-q)? +2L2yq+

p p y 2 y y (3.56)

- 2L%g” +8xypg-8xpa” —8yp’q+8p°g”

(L2 - 4p%x- p)? + (L2 - 402y - o) + 1222 - 8(x~ p)(y - ) pa =
L4 (3.57)
:T—LZPZ—LZQZ

Renaming some parameters as

s, = L% -4p? (3.58)
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sy = L* =497 (3.59)
_|—_4_ 2,2 _ 1242
A= 4 L“p“ -Lq (3.60)
Then it is possible to obtain
L 122 1242
_ A _ 7 L p L q _ L 4q2
a= |—= > 5 =l (3.61)
Sp L -4p 2 L* -4p
L4 2.2 2.2
—-L"p"-L"q 2
L 4
b= |~ = = [l (3.62)
Sq L° - 4q 2 L® - 4q
A L p? +q?
= === 3.63
2z 2 (3.63)
4
A Li K p2 _ quz
k= = (3.64)
8pq 8pq

With this new parameters, the equation of the sdlip becomes

(x-p)f , (y-a)f* , 2% _(x-p)y-aq)

= =t ’ =1 (3.65)

This equation is equal to Eq. (3.30) onlygiE , iC. when only the x-coordinate of the
sensor is different from zero.

3.3.3. How to do in a real investigation?

It is very difficult to obtain the general equatidsy considering a receiver with three
components different from zero, because a cubepoiymnomial of seven terms should
be calculated.
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Figure 3.5. Schematic representation of the rec@uesitions in a tunnel investigation.
The white circles represent accelerometers plangtietunnel walls.

Anyway, in real tunnel investigations, the x-coodte of the sensors is the
predominant one. This is due to the fact that #wessrs are disposed on the tunnel
walls, and this is the unique direction which cam dxploited to have significant
distances among the receivers.

At the same time, the y-coordinate of the sensor®t equal to that of the source but is
practically assumes two values (one positive aredr@gative).

Finally, the z-coordinate of the receivers shoutd dhosen such that the variation
respect to the z-coordinate of the source is mimmin this case, the proposed
approach can find good results.

Figure 3.5 shows a typical sensor configuratiora itunnel monitoring. The receivers
are at different heights but the variation in theobrdinate is inferior than the variation
in the y-coordinate, since the tunnel width usuadyies from 4 to 10 meters. The worst
case is when some sensors are placed at the thp ainnel, but this is practically less
convenient because a special machine is needédtidond person for the installation.

3.4. Characterization of the discontinuity

In this section, all the equations involving thdfatient parameters present in the
problem are listed, especially about the tangeahel the positions of sources and
receivers and the reflection points.
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3.4.1. Tangent plane

Once extracted the equation of the ellipsoidss inécessary to calculate the tangent
plane in the reflection point which represents thecontinuity that generated the
reflection. The tangent plane of a functioh=f x ¥z ,ir) the reflection point

P, = (X, Yo, 2o) is given by

of of of
— = Xo) t— “Yo)+t— -2,)=0 3.66
X lp, (X=X%o) dy lp, (Y= Yo) p g, (2= 2) (3.66)

Therefore, from Eq. (3.46), it is possible to write
2(xy — 2 2z
( 02 p)(X_XO)'F%(y_yO)'F_ZO(Z_ZO)=O (367)
a b b
If the plane is in the standard form of the type
ax+a,y+az+a, =0 (3.68)

then the coefficients are expressed by

(-p)_(¥%-a)
= - 3.69
4 a’ 2k ( )
L =" —,- :-— - ————- ~
-~ - ----_-..---- ------- "taaa,,
P . /“““--
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Figure 3.6. Geometric interpretation of the ellipso whose common tangent plane is
the discontinuity (the reflector).
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(Yo-a) _(x%-p)
_ - 3.70
T 2k (3.70)
8, =22 (3.71)
C
a4 = "Xy 8o T &7 (3.72)

When considering several sources and receivers,ftben each source-receiver pair it
is possible to build an ellipsoid and later to aédte the tangent plane. All the tangent
planes are theoretically equal and they corresponige reflector.

In Figure 3.6, three ellipsoids are constructedtist from three sensors and one
common source. For each case, the reflection poutifferent from the other cases, but
the tangent is the same and it is equal to theodtsuwity.

3.4.2. Generic discontinuity

If the discontinuity is not a straight line, theonge observations should be done on the
problem.

First of all, as can be seen in Figure 3.7, thiecdbn point is depending on the tangent
to the curve. Consequently it is not possible teeha direct connection between every
point and its reflection point, because the shdpeuove changes instantaneously and
moreover, for the same reason, it is impossibjaedict the distance .

Figure 3.7. Geometric illustration of a case inathihe discontinuity is not a straight
line. It is represented by the thick brown line,ivhhe tunnel is colored in red. The red
lines represent the direct waves, the green liepgesent the reflected waves.
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Figure 3.8. Geometric illustration of a case inathihe discontinuity is not a straight
line. It is represented by the thick brown line,ilthe tunnel is colored in red. The

black dots represent some reflection points, wihidedashed green line indicates the
reconstruction of the discontinuity.

A

d

Indeed, by looking at Figure 3.7, the reflectiontle point P leads to estimate the
distance tunnel front-discontinuity ak, instead ofd . Because of the curve shape, the

reflection point is not directly linked to the ptisn of the receiver.

In order to have a complete map of the lithologicaiiation, infinite sensors should be
theoretically placed on the tunnel walls. Sincepiactice the number of sensansis
limited to the maximum of few tenths, the refleatipoints obtained should be
considered zone by zone in order to create a aomiis line given by different segments
connecting the different reflection points estindat®ractically, a map like that in
Figure 3.8 will be obtained.

Due to this facts, in order to avoid complicatiomsd long processing times, the
discontinuity will be always considered as a stitiline in the 2D analyses and as a
plane in the 3D analyses.

3.4.3. Source and receiver position

In the previous section, it has been discussedtahelcase with all the sensors aligned
or not to the source. This is a crucial point nalydor the construction of the equations
but also for the estimation of the discontinuity.

Let us analyze the configuration of Figure 3.9. Feensors and four different sources
are considered, therefore sixteen ellipsoids cabuié& Actually, in this 2D case they
are simply ellipses, but since the validity is gahethey are called ellipsoids.
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ZONE 1

y-axis
=

N // ZONE 2

X-axis

Figure 3.9. Ellipsoids built from a configurationtivthe sources and receivers aligned.
The sources are indicated with red squares while@dbeivers with green circles.

There are two zones (called respectively 1 ana 2hich the ellipsoids are very close,
while they are quite distinguishable in the othartg of the domain. This means that the
discontinuity is tangent in one of the two zones ibis impossible to known which is
the correct one, because they are completely ebpaeded, the ellipsoids are symmetric
respect to the line including the sources and ¢énsars.
Due to this fact, the position of the sources ahthe receivers must follow a simple
rule:

For the identification of a reflector, at least oekment (source or receiver) must be

not aligned with the other ones.

In Figure 3.10, instead, a configuration with a reeunot aligned with the other
elements is depicted. In this case, the two zoresr@ more specular: the first one is
similar to the previous case, with all the ellipsuperposing in a small region, while
the second one is completely different, because tisenot a total superpositions of the
curves. In particular, the ellipsoids created bysidering the source not aligned with
the other elements do not cross the reflectionoregientified by the other ellipsoids.
This fact causes a simple interpretation: the umigart of the domain in which all the
ellipsoids are crossing each other is zone 1, lael this is the reflection zone.
Moreover, the discontinuity can be detected agdhgent line to the ellipsoids in that
region.
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y-axis

Figure 3.10. Ellipsoids built from a configuratiamth sources and receivers not
aligned. The sources are indicated with red squahde the receivers with green
circles. The discontinuity is the thick brown line.

3.5. Relationships among the receivers and reflecti  on point

The discontinuity is defined by the parameters y and a according to Eq. (3.20),
(3.23) and (3.24), respectively.
If considering only one coordinate of the receidiéierent from zero, and starting from

A =X ~&2Yo T &7 (3.73)

and by using the relationships expressed by E§9)33.72), since the reflection point
belongs to the ellipsoid, it is possible to obtain

Xo(xo - p) _ yg Zg _ Xo(xo - p) (Xo - p)2

S
= (Xoa_z p) (=%, +x, - p)-1= (3.74)
:_(XO B p) p_l



52 | Modelling of reflections

a, =—ap-1 (3.75)

Now, the whole system involving all the relationshis therefore:

_X P
a = X0a2
_Y
a, b—g
Z
as = —
b2
% - tan(a) (3.76)
q
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a2 2k
_(yo-a)_(x-p)
a, 5
b 2k
Z
a; = C—g

@
I
N
AN
o

o
T
N
N
|T\ =y =y
[ [
> (o
N
RS EN
=
I_I\J+ B NS [N
o | < ©
o N

—
N

o
I
N

—

_ quz

|
-
N
©
N

(3.77)

x
5|

o]
e}
o0



53 | Modelling of reflections

The solution of the system of Eq. (3.76) is disedss the next subsections.

3.5.1. Receiver position once given the reflection point

The relationship between the reflection point amhe@ tcorresponding receiver is
investigated. Once given a discontinuity, it is oapible to know a priori which are the
values of both the parameters, then it is more eoient to start by fixing the reflection
point (which belongs to the discontinuity) and therobtain the receiver position. The
reflection points are chosen in order to have aloé p similar to the reality
(according to the TRT scheme of Subsection 2.48)included between -5 m and -25
m, approximately.

If a reflection point is given, then the other pageders characterizing the equations can
be calculated.

Firstly, a value forz, is chosen, theryg is calculated by considering the second, the

third, the fourth and the fifth equations of theteyn of Eq. (3.76):

Zy

= (3.78)
tan(@) tan(y)

Yo

The x-coordinatexy is calculated by imposing thaR, is on the tangent plane. The

solution is given by manipulating the equationg ystten; the final relationships are:

Z

dx, —d 2
o= tan(@) (3.79)

d+x, - %0

tan@)
a=./(d - p)(% - p) (3.80)
g =0 P (3.81)
a
_ 4

b= o tana) (3.82)
a, =0 (3.83)
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a, =b% (3.84)
a, =-ap-1 (3.85)

Let us observe thap depends only orxg and zy, but not onyg and this is because
there is only one receiver coordinate differentrfreero. In the same wayy could be
defined by xy and yg and not byz,. Therefore, the formula for the estimation of the

reflection point is not theoretically correct butepresents a reasonable approximation.

3.5.2. Reflection point once given the receiver po  sition

In a real application, the positions of the recesvare known. Since for the numerical
examples the discontinuity is fixed, then the r&ften point can be calculated by means
of the following equations.

From -4 =d and a, =—gp-1

<l

1
y =—— 3.86
o (3.86)
a, = —aid (3.87)
a, = a, tan(a) (3.88)
a
a = 3.89
2 = tanly) (3.89)
Then, sinceb:\/ag, a’=b%+p?, y, =a,b?, x, = p+aa’ then
3
_ d-p-ap’ (3.90)
%7 a, 1 a, '
- —= +tan@)
a; tan(y) a,

and consequentlp, a, y, and x,.
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3.6. A case study: frontal discontinuity

The discontinuity is said to be frontal ¥=7 /2et us analyze this simplified case,

by inspecting the reflection angle, the time adsvand the positions of the reflection
points, once given a configuration of sources anars.

3.6.1. Reflection angle
Starting from Eq. (3.90), the z-coordinate of th#lection pointR, =(x,, Y, 2, ), related

to the receiver with coordinatd$= (2p,0,0), IS

&y tan(@)
ag (3.91)

_ d-p-ap?
cot(a) +tan(@)

Z

and then the following inequalities are obtained:

d < d-2p

<z, ifp<O (3.92)
cot(a) + tan(@) cot(a) +tan(@)

d-2p <y < d

cot(a) + tan@) i cot(a) + tan@) ifp>0 (3.93)

In Figure 3.11, the cross-sectional view of thediginuity is represented, together with
the reflection angle that allows the wave generateglto be recorded in R.
The y-coordinate of the points under analysis isnwe considered becauge=711  ./2
From the figure, it is possible to understand that:

HD = z, tan(@) (3.94)

SH = z, cot(a) (3.95)

GD = z,(tan@) + cot(@)) (3.96)
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Figure 3.11. Geometric representation of a frodist¢ontinuity, seen in two dimensions
(cross-sectional view).

GS=-p-a,p*| (3.97)

By using the theorem of sines on the triangj&sPS,

A 2 2+ 2
1-p-ap?| _ V% *% (3.98)

sin(@?) sin(a)

and then the reflection angle is extracted:

2 2
Xg t 2,

9= sin'l[l_p_—alpzlsin(a)] (3.99)

3.6.2. Investigation on the reflection point

All the relationships written up to now can be abzed through the numerical example
here proposed. The case under study is a discagtinith y = 77/2 and the purpose is

to verify if the reflection point can be considenagique. This topic is very important

not only for the modeling but for the two methodp&s proposed in the thesis: the
forward method (Chapter 4) and the backward mef{Gb@pter 5).
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If the reflection point can be approximately comesetl as unique, then all the
relationships connecting the different parametarshe simplified because it is no more
necessary to calculate each single reflection point

In the simulation created iMatlab®, the given data are the discontinuity and the
reflection point. The parameters of the discontynare taken directly from a simulation
produced previously i€omsol Multiphysic

d=21684 (3.100)
a =38 (3.101)
y =90° (3.102)

Table 3.1. Coordinates of reflection points andegponding receivers, for the
simulation with the discontinuity indicated by Kg§.100)-(3.102).

Coordinates of £ Coordinates of R
124.0000 0 118.8318 -64.5615 0 0
124.3000 0 118.4479 -62.4808 0 0
124.6000 0 118.0639 -60.4175 0 0
124.9000 0 117.6799 -58.3712 0 0
125.2000 0 117.2959 -56.3419 0 0
125.5000 0 116.9119 -54.3292 0 0
125.8000 0 116.5279 -52.3330 0 0
126.1000 0 116.1439 -50.3530 0 0
126.4000 0 115.7599 -48.3891 0 0
126.7000 0 115.3759 -46.4411 0 0
127.0000 0 114.9919 -44.5087 0 0
127.3000 0 114.6079 -42.5919 0 0
127.6000 0 114.2240 -40.6903 0 0
127.9000 0 113.8400 -38.8039 0 0
128.2000 0 113.4560 -36.9324 0 0
128.5000 0 113.0720 -35.0757 0 0
128.8000 0 112.6880 -33.2336 0 0
129.1000 0 112.3040 -31.4059 0 0
129.4000 0 111.9200 -29.5924 0 0
129.7000 0 111.5360 -27.7931 0 0
130.0000 0 111.1520 -26.0076 0 0
130.3000 0 110.7680 -24.2360 0 0
130.6000 0 110.3840 -22.4779 0 0
130.9000 0 110.0001 -20.7333 0 0
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The abscissa of the reflection point is varyingrrtt24 to 130.9 m, the ordinate is null
and the z-coordinate is calculated by imposingrdilection point on the discontinuity.
In Table 3.1, the positions of the sensors (onkytkcoordinate is different respect to
the source) are listed. Even if the reflection poiare quite close each other, the
receivers have a significant distance among therogghey lie on a line which is about
45 meters long.

This result is obviously depending on the inclioatof the discontinuity, but this can be
seen a representative example, since it is implesgbcompare the coordinates of the
receivers for different inclinations, once givee tieflection points.

If the coordinates of the receivers are more didtam the source, then the reflection
points would be closer among each other and thiansx¢hat the approximation of
considering a uniqué, is sufficiently good.

This is a useful practical indication for the senglacement in a real tunnel survey: if
they are close to the source then the reflectiantpmannot be considered as unique,
otherwise the approximation is valid. However, sitiedy of an optimum configuration
of both sensors and sources is still a challenge.

3.6.3. Time arrivals

In Figure 3.12, the time arrivals of the reflecteaves are presented, for the case under
analysis. The trend is slightly nonlinear, everit ifs difficult to understand from the
figure.

0.13f ---- calculated
—e—regression

20 25 36 35 40 45 56 55 66 65
Distance from source (m)
Figure 3.12. Time arrivals of the reflected waveduaction of the receiver positions,

for the simulation with the discontinuity indicatbyg Eg. (3.100)-(3.102).
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This is due to the fact that :

t:£:\/X§+y§+zg+\/(XO_XR)2+yg+zg (384)
\

\

Figure 3.13. Graphical representation of reflectiotin discontinuities with different
inclinations.

0.02 =

0
20 25 30 35 40 45 U
Distance from source (m)

Figure 3.14. Time arrivals of the waves, as funcbbthe receiver positions and for
different values of the angle .
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and, since the velocity is constant, then the tamévals has the same trend of the

distanceSP+ PR. The time arrivals are disposed on a line onthé anglea is equal
to zero, which corresponds to the case whgrand yy are equal to zero.

To better highlight this fact, another simulatiohete ¢ is varying from 0 to 90° is
created, with the distancd =216 84nd the angley =90°, as for the previous
simulation. The receiver positions varies withie tange(— 56, 20)m, with step equal
to 3.

If a is small (with the samd ), then more time is need to reach the receiveauss
the reflection point is farther from the source,cas be clearly seen in Figure 3.13,
wherea, <a,.

In Figure 3.14, the time arrivals of the waves, tfeg different positions of the receivers
and for the different inclinations are shown. Imtgalar, @ has been chosen within the
interval (0,90°), in order to treat all the possible configurations

The final caser =90° is unexpected because it has a different tendesspect to the
other cases. In order to understand the reasdmofdsult, a polynomial regression of
order 2 is applied on each time arrivals and threettcoefficientsp,, p, and p,

(related to order zero, one and two respectivelypioed are plotted against, as can

be seen in Figure 3.15. To build this figure, mamgrmediate cases between= 0°
anda =90° are considered.

From Figure 3.15a, it follows that the constantrtés monotonically decreasing until to
reach the zero value far =90°. In Figure 3.15b and 3.15c, the trend is monotanté
about 80°, then there is apparently an inexplicablersion. More deeply, this is not an
incongruence, because when the inclination of tlseodtinuity is very high, the
reflection points are close to the sensors andfélciscan cause some strange trends due
to the geometric relationships involving the diffiet variables.

Moreover, the coefficientp, is equal to zero ifa= Oand then it increases

monotonically: this means that only when= tl@e trend is a line, as already said
about Figure 3.12.

Conclusively, the time arrivals of the reflectedwas are always increasing with the
distance source-receivers and the trend is giveording to the inclination of the
discontinuity and the positions of the receivers.

The last parameter that can be shown is the rafleengled, visible in Figure 3.16. It
is equal to 0 wherna = ,0and equal to 90° ifa =90°, because in that cases the
reflection is in the same direction of the waveediion. In all the other case8<a .
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! i
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Figure 3.15. Trend of the three coefficierds, p, and p, in function of the angler .

90 T

80+
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o (°)
Figure 3.16. Reflection angle as functionaf
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Chapter 4

The ellipsoid method for the
estimation of discontinuities

The direct consequence of the studies presentdéteiprevious chapter is the definition
of a method which is able to identify the disconiiies by knowing the positions of
receivers and sources, and the traces recorddtelsensors.

Let us define in general what an inverse problemnid then let us present the forward
method, followed by some numerical examples.

4.1. The meaning

In general, an inverse problem is a problem whbaee gurpose is to identify some
unknown characteristics of the system under arsmlygiknowing only some quantities
that have been measured or recorded. This conaepte adopted in many engineering
and science fields and often it assumes a diffedemomination according to the
specific field of study.
The method presented in this chapter is callegsald method and it is basically a
“forward method”. This denomination means that ftdentification is conducted
starting from the knowledge of the basilar quaegitavailable and then the estimation is
done by using the relationships presented in Ch&otn this sense, “forward” means
that there are no iterations predictor-correctorapproaches inside the methodology,
therefore it can be interpreted as a direct estimahethod.
Our goal is to detect rock discontinuities aheadhef tunnel front, by knowing only
three sets of parameters:

 the positions of the source points

 the positions of the receivers
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» the time arrivals corresponding to the reflectedaesa
Clearly, both the positions of sources and recsieae measured manually, while the
first time arrivals must be extracted from the éscecorded by the sensors.

4.2. The ellipsoid method

The idea of the ellipsoid method begins with Fig8r@ and Figure 3.10, where many
ellipsoids created from each source-receiver pear depicted. The zone of larger
concentration of ellipsoids is the reflection zofidis is the base of the procedure
presented: the critical zone must be estimatednaatioally and then the discontinuity
can be reconstructed by calculating the tangemtepla

This modus operandi has been chosen in order tb dirsolution for the problem

expressed by Eq. (3.18) since the analytical agbreganot sufficient.

Let’s now analyse the different parts of the metiiogy.

4.2.1. Construction of the ellipsoids

This is the first part of the algorithm, where theta obtained from the analyses of the
recorded traces are collected and then used tdraohshe ellipsoid. Let's consider a

configuration withng sources anah, receivers.

First of all, an approximation of the medium vetgcvy must be given, by inspecting
the first time arrivals of the direct waves. Susbealy, the values of the first arrivals of
the reflected waves are collected. They are indec@y t,, (i =1,...,ng xng;) meaning

that they come from all the combinations sourcesivers.

Both the arrival times related to direct and reéelcwaves are extracted manually from
the seismogram including all the traces. This dpmrausually requires a certain

geophysical experience because it is not alwayplsito detect and distinguish the
different events.

The total amount of meters covered by the wavevisngoy

L =vt (4.1)

The ellipsoids can be now constructed, by usingi$teda’s formula:

2 2 2
X + Y L2221 (4.2)
L?-4x? LP-4x2 > 4
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where x; is the x-coordinate of the source, according with reference system of

Figure 3.4a.
If the ellipsoids are rewritten in the classicainfio
X2 y2 ZZ
ar @ o (43

Then, it is possible to highlighting that the ages defined respectively by:

L - 472 :
a?=———"2 b2 =—- (4.4)
4 4

4.2.2. Search of the reflection point

The most important part of the algorithm is thersleaf the reflection point for each

ellipsoid, and of the reflection zone because dftat the discontinuity is easily detected
by calculating the tangent plane in that point.

The basic idea on which the forward method propasebolilt is that the ellipsoids

intersect not in a zone but in a single point, \whi€ the reflection point. As already
studied in Subsection 3.6.2, this approximation &e&nconsidered valid when the
discontinuity is sufficiently away from the recerge

\Val
7 '\ -

Figure 4.1. Intersection of the lines with differamgles with the ellipsoids.
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Estimation

10

Figure 4.2. Representation of the procedure fostach ofP, , together with the
points P, and P, ;, which indicate the closest and the farther pbeibnging to the

ellipsoids, for the line with anglé .

The search of the reflection point is divided irotparts:
1. afirst indication of its position
2. estimation of the precise location

The first part takes the entire space into accoant tries to identify where the

reflection zone is.

Consider a set of angles included in the inter@at: , where the generic angle is called

J (see Figure 4.1). These angles form differenslitat intersect each ellipsoid in two
opposite points. Moreover, as represented in Figuzetwo points can be detected for

each slope:
* P,,:the point closest t€

* P,,: the point farthest fronC

The center poinC in which all the lines intersect is the centethad smallest ellipsoid.

The intersection between the lines and the ellgsas implemented in the software

Matlab® by means of the symbolic calculus, to easily deti @D and 3D problems.
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The best angleg is found as that who minimizes the distance betwg and P, .

After that, J is inserted in the analytical relationships of tHkipsoids, and the
coordinates of the point are obtained by averagimgng the values obtained:

P = (% Y01 %) (4.5)

The result obtained represents only an initialnegstion of the real location of the
reflection point, because of computational effanst should be spent in 3D if a high
definition of the region is desired. For this raasthe set of the angle$ is usually
chosen quite small, with few tenths of angles.

Successively, the second part of this step tri@spoove the initial approximation.

Here, a small neighbor o, is considered and this domain is finely discretizehe
zone is simply determined by two constaitsand n, representing the domain size

and the number of x, y and z points in which theezis discretized, respectively:
Xadm = [YO (1i K)] yadm = [yo (:I-i K)] Zadm = [zo (:l-i K)] (46)

For all points of the zone, the sum of the distanftem the closest point of every
ellipsoid to each point of the domain must be daked and successively the reflection
point P, is extracted as the point that minimizes this fiomc

4.2.3. Calculation of the tangent plane

To identify the discontinuity, the tangent plane sinbe calculated after having
considered the poir® =(x;,y;,z ) on each ellipsoid which is the closestRg

of; of, of.
a—)‘(la (X_Xi)+a_;/|P, (y-yi)+a—z'le (z-7)=0 (4.7)
where f; (X, y,z) = Oindicates the ellipsoid equation.

The equation of the plane, after having applied(B®) and Eq. (4.7)

Xi Yi 4 —
—(X_Xi)+m(y_yi)+?(z_zi)_O (4.8)

2 2
I-i - 4Xs i s i

This equation can be rewritten as:
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ax+ay+az+a, =0 (4.9

where the constant coefficients are expressed by:

a, = I_i2——I4x§ (4.10)

a, = ﬁ (4.11)

a, = Li? (4.12)

a, =-— E i(i4x52 X — E 2/‘4)(52 Y _L_:ZZi (4.13)

Now, by intersecting the tangent plane with theizwortal line representing the tunnel
axis, the distance, between the cutter head and the discontinuitgtisnated.

d =-2 (4.14)
&
The anglea, is calculated as
a, = tan’l(ﬁj (4.15)
a
while the angley; is computed as
7 =tan‘1(—ﬁj (4.16)
a2

4.2.4. Estimation of the discontinuity

In the last part, the results of the previous ste@ averaged to obtain the final
estimationdg, ag and ;.
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acquisition data sources/receivers positiong
Arrival times of Arrival times of
direct waves reflected waves
INPUT
|
|
|
\ 4

Velocity estimation

A\ 4
Construction of

ellipsoids
Intersection with
PART 1 different lines
Find the angle that minimizes th
Estimation of the distance among the ellipsoids

reflection point

Domain nearP,
PART 2
Find the minimum distance

among the ellipsoids

ds
Calculation of the »
> S
tangent plane
\\ Vs
\
\

<
OUTPUT: estimation of the discontinuity

Figure 4.3. Scheme of the ellipsoid method.
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These three parameters allow to completely idetitidydiscontinuity.
All the steps of the procedure are listed in thguFe 4.3.

4.3. Numerical simulations in Matlab®

The first examples created in order to test thialvgity of the method are developed by
means of the softwaiatlab®.

The first configuration analyzed is characterizgdlb receivers disposed on a straight
line and 3 aligned sources. The parameters cham@Antethe discontinuity are listed in
Table 4.1, together with the results of the ellidsaethod in presence of 0% and 3% of
white noise, added to the space travelled by thected wave.

In Figure 4.4 and 4.5, instead, the representadrise estimations, together with the
ellipsoids, is depicted.

Table 4.1. Real parameters of the simulation coetbaiith the result obtained with 0%
and 3% of noise.

Parameters Results for 0% of noise Results for BAibise
d =45m 46.33 m 44.36 m
a =-36° -37.07° 38.50°
501 — Real discontinuity

o L Estimated discontinuity

30+

20+

10+

_60 1 1
-60 -40 -20

0 Zb 4b 66
X (m)
Figure 4.4. Estimation of the discontinuity by meanthe ellipsoid method, for the
case under analysis, with no added noise.
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50 — Real discontinuity
----- Estimated discontinuity

40(

30t

20t

10F

Y (m)

20+

=30t

-40}

-50F

-60 : ‘
-60 -40 -20

0 20 40 60

X (m)

Figure 4.5. Estimation of the discontinuity by mean the ellipsoid method, for the
case under analysis, with 3% of added noise.

— Real discontinuity

07 Estimated discontinuity

40+

30t

20t

10F

Y (m)

20+

=30t

-40}

-50F

_60 1 I
-60 -40 -20

0 20 40 60

X (m)

Figure 4.6. Estimation of the discontinuity by meathe ellipsoid method, for the
case with the sensor and sources as in a real Uitiek survey, with 3% of added

noise.
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In absence of noise, the results are very goodnlqutesence of a realistic percentage of
noise (3%) the estimated angle is opposite to ¢ad¢ value, because in this case the
algorithm is no more able to understand where dfleation zone is, but anyway the
estimation of distancd is very accurate.

Successively, another simulation is proposed, witltonfiguration of sensors and
sources similar to a real TRT tunnel survey (sdes8ction 2.4.3). A 3% of white noise
is added to the space travelled by the reflectedewas in the first two examples. In this
case, the results are represented in Figure 4&.didpositions of sensors and sources
allow to construct different ellipsoids which arnese to each other only in a precise
region that correspond to the reflection zone. Hewgethe estimation is not so accurate,
since the angle estimatedas = -2723° anddg = 4090m.

This example is useful to understand that is thes@s and the sources are more
distributed in the domain, then the reflection zaniglentified with minor ambiguity.

4.4. A numerical simulation in Reflex

This section is dedicated to the analysis of thta danulated with the software named
Reflex The purpose is to distinguish the different watenomena in the seismogram
and to estimate the discontinuity inserted in tloeleh.

DISTANCE [m ]
0 10 20 30 40 50 60 70 80 90 100

/'S
» 4

* ®
10 Sl SZ 83

m]

20

prd

; /

40

DISTANCE [

50+
Figure 4.7. Geometric description of the numerssadulation created witReflex in

which the sources and the discontinuity are reptese
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o
Py

!

2 24.8

Figure 4.8. Disposition of the receivers alongttinenel.

4.4.1. Physical description
Four acquisitions have been simulated based ogebmetry represented in Figure 4.7,
where:

e The red line indicates the tunnel, from the begigr(ix = 0) to the end k= 32

» The blue rhombi represent the sources consideredah acquisition

* The black line indicates the discontinuity
The simulation reproduces a configuration of a taahel survey. Here, the tunnel is
five meters large and 58 sensors are placed orighewall, with an abscissa varying
from 2 m to 24.8 meters, in agreement with FiguB Zhe spatial interval between two
successive receivers is equaldg = 04 m.
The entire domain have been discretized with aiapa&solution ofAx = 0.4m, while
the sampling frequency is equal to 5000 Hz. Theiumeds characterized by

* P-wave velocity:v, = 2000 m/s

* S-wave velocity:vg = 1200n/s

« material densityd = 250&g/n?
The fracture is embedded by water and deh/is{1500 m/s, vg = 500m/s, d = 1000

kg/n).

Table 4.2. Characteristics of the different sintiolss.

Source Source position
S 5, =(15)
S, S, =(155)
S, s; =(305)
Sy S, =(320)
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The source was simulated using a Kuepper wavedetteoed at the frequency of 150
Hz. The source is able to generate both P-waveSamdves.
The characteristics of the four files generated lbarseen in Table 4.2. The analysis
procedure is composed by different parts:

» Identification of the wave phenomena

» Estimation of the velocity of the waves by lookiaithe direct waves

» Extraction of the first time arrivals of the refted waves

* Application of the ellipsoid method

* Interpretation of the results

4.4.2. ldentification of the wave phenomena

The first step is based on the interpretation & $seismogram. In particular, it is
necessary to distinguish:

o the wave nature (direct wave, reflected wave, ctégwave, diffracted wave).

o the type of wave (P-wave, S-wave, superficial wave)

5 5 10 15 20 25
2 ==
“33?}' :E‘E-.r - i (g..r;f
o0 G %;%""4‘3‘%511!4 e
g
2 100
£
=
120
140
160
180 Superficial
waves
200

Figure 4.9. Seismogram relative to the numericauation created witRReflex
considering sourc&, , and relative interpretation of the wave phenomena
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In Figure 4.9, the seismogram of the first filarsmlysed. As expected, the P-waves are
responsible for the first variation of the signatspreover, they have small amplitudes.
The S-waves, instead, are slower but more enerddte superficial waves, finally, are
the most energetic and their presence can be ehktiygted.

Below the zone dominated by the direct waves, sogflective phenomena can be
distinguished, but a more accurate analysis is etkdd order to select the real
reflections and to associate them to the correx bf waves.

The diffracted waves add lots of disturb to thes®igram.

4.4.3. Estimation of the velocity

The estimation of the velocity is based on theaetéd direct waves.
In Figure 4.10, the time arrivals of the direct wa\are represented for the soufke

The velocity obtained from the linear regressioedsial tov, ; =1858 .8m/s, with a
relative error of 7.06%.

For source S, and S, the estimated velocity is equal tg,, =1813 @&/s and
Vp 4 =18949 m/s, respectively. The case wil) has not be considered.

The estimation of the velocity of the P waves wat so satisfying as expected, since
the relative error calculated with the real valumies from 5% to 9%. A possible
explanation is the interaction with other typesvaive.
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Figure 4.10. Time arrivals of the direct P-waves,the sources;.
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Figure 4.11. Time arrivals of the superficial wavies the sourceS; and S, .

Let's analyze the S-waves of the casBs S; and S,. The combined velocity

estimated is equal to 1180.1 m/s, with a relativereof 1.16%. In this case, the results
are very accurate.

There is another type of waves which is very imgatrin this simulation as well as in
tunnel surveys: the superficial waves. They arentlost energetic waves and therefore
they are very simply identified. According to theebry, the velocity of the superficial
waves is about the 90% the velocity of the S-waassalready seen in Eq. (2.10). In
this case, the values expected will be therefovarad 1000 m/s.

In Figure 4.11 the time arrivals of the superfioigves for the sourc&, and S, are

shown. The velocities extracted are equal to 10@tsland 997.4 m/s, respectively.

4.4.4. Reflected waves

The analysis of reflected waves is much more diffithan respect of the analysis of the
direct waves. In particular, it is difficult to disguish the reflections among all the
peaks, especially because of the interferencesthafr avaves and the dissipation of
energy during the wave travel time. Moreover, thecige time instants in which the
wave crosses each receiver (not the positive acatiegpeak) are needed.
The procedure for the extraction of the reflecte@s is composed by four steps:
1. Identify a possible reflection.
2. Consider, for each receiver, the positive or thgatige peaks belonging to the
reflection event considered.
3. Subtract a fix value (chosen from the traces witfhér signal-to-noise ratio),
such that the final value corresponds to the nealad time of the wave.
4. |dentify the type of wave corresponding to theeefilon (P-wave or S-wave).
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First time '
arrival

........................................... POSItiVe
| peak
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Figure 4.12. Zoom of the seismogram with the pealaive to the reflected P-waves,
for the sources, .

A practical example of this procedure can be seeRigure 4.12, where the different
positive and negative peaks are detected, and ssicelyy the first time arrival is
determined.

4.4.5. Discontinuity estimation

Once completed this procedure, the temporal vadxdsacted can be inserted in the
ellipsoid method, which will provide an estimatiohthe discontinuity.

Offset [m]
5 10 15 20 25

Direct
P-waves

Reflected
P-waves

[«

50

Figure 4.13. Seismogram with peaks relative to Resafor the sourcs, .
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Let us concentrate on the case with the so@8ceecause it is the source farther from

the discontinuity and then it is the most suitdilethe its detection, since the arrival
times due to the reflection are easier to be detect

The seismogram is shown in Figure 4.13, with bothatl and reflected P-waves. The
amplitudes of the peaks are very similar in bot ¢hses and so this is a confirmation
of the fact that it is a reflection of the P-waves.

The result of the ellipsoid method is depicted iguFe 4.14. The discontinuity is
estimated as the tangent to the curves in thesmtéon point. When the receiver
considered is close to the source, then the caynespg ellipse is similar to a circle.

The results and the relative errors of the estongbrocess are represented in Table 4.3.
The results are satisfying for the angle, sinceitigénation is very similar to the real
one, but the distance has not well predicted. Tikisnainly due to the velocity
estimation that is not so accurate.

If the velocity is assumed to be equal to 2000 ras,the real value used for the
simulation, then the results are in Figure 4.15iantable 4.4.

s0- | memme Estimated discontinuity
—— Real discontinuity
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Y (m)
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N
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Figure 4.14. Ellipsoids and discontinuity estimatfor the sources, .
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Table 4.3. Parameters extracted for the analysistive sources, .

Parameter Real value Estimated value Relativeerror
Angle a a=27° a = 2886° 639 %
Distanced d=938 m d= 7844 m 1639 %
50- Estimated discontinuity

40

30

20

Y (m)

-10F %

-20

-30

-40

— Real discontinuity
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Figure 4.15. Ellipsoids and discontinuity estimatfor the sources,, with velocity

assumed equal to the real one.

Table 4.4, Parameters extracted for the analysistive sources, , with velocity

assumed equal to the real one.

Parameter Real value Estimated value Relativeerror
Angle a a=27° a = 2847° 567 %
Distanced d=938 m d = 8695 m 733 %

In this case, both the angle and the distance legttfee source and the discontinuity are

estimated with a sufficient accuracy.
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4 5. Simulations in 3D

In this section, a numerical example in three disnams is proposed, in order to
simulate a case closer to a real tunnel survey.
Let us consider the following characteristics fug tiscontinuity:

d=130m, a =49, y=90 (4.17)

Two receivers are chosen with an abscissa varyorg 50 m to -20 m, every 2 meters,
while the y-coordinate is always equal to -4 anel zkcoordinate is null. The source is
in the origin of the axes. The theoretical timeivals of the reflected waves are
calculated and then modified by adding random noise

In Figure 4.16, the discontinuity estimation, fdretcase with no added noise, is
represented, together with two ellipsoids: thet faisd the last one. The ellipsoids are
quite different but they have a common tangentglan

50 100 ) -150 50 100

-150 -100

-Eb 6 -100 -Eb 6
a) X (m) b) X (m)

Figure 4.16. Ellipsoids and estimation of the digguuity, without added noise: a) first
ellipsoid, b) last ellipsoid. The blue point is thgtimated reflection point.

Table 4.5. Results of the simulation, for the simtioh without added noise.

Data Estimation Error/differenge
P, =(47.23,0,7195) (average) P, =(47.45,0,71.73) --
d=130m dg =12973 m 0.21 %
a =49 ag = 4887 0.13°
y=90° Ve = 90° 0°
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The results of the estimation are given in Tabl&: 4ll the parameters are well
estimated, and in particular the reflection point.

The starting value for the search of the reflecpomt is quite far from the real value
(considered as unique), which can be taken asvbage of the theoretical reflection
points, since it is equal tB, = (3547 ,0,48.26)

-
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Figure 4.17. Relative errors on the distance sedi®eontinuity for 20 simulations,
with a 2% of added noise.
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Figure 4.18. Example of time arrivals of the refégtwaves, with 1% of noise and 5%
of shift.
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Now, let us add 2% of random noise to the timevalsi and collect the results of 20
simulations. The relative errors on the estimatdrihe distance source-discontinuity
are shown in Figure 4.17, together with the averadae.

The results are not very good because the averagei® about 7% and the maximum
is 17%, but actually these are not large errorgracttice, meaning only a difference of
few meters. Indeed, in tunnels, there is the pdgagilio acquire data at different
excavation fronts and then to reduce the error.

In Figure 4.18, in order to simulate a more realisequence of first arrival times, they
are corrupted with only 1% of random noise but vaitbhift of 5% of the real values.
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Figure 4.19. Relative errors on the distance sedsentinuity for 20 simulations,
with 1% of added noise and 5% of delay.

In Figure 4.19, the relative errors on the distarice 20 simulations, are shown. The
average error is smaller than in the previous easkthis is a good indication because
this is referred to a case more similar to realiagpons in tunnels.

4.6. Multiple ellipsoid method

The main idea of the multiple ellipsoid method @s gerform the estimation of the
discontinuity given by the ellipsoid method not ywne time, but different times, by
considering groups of ellipsoids per each invetibga
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In general, this method can be applied in diffexgays:
* Fixing one source, then use some or all the receieconstruct the ellipsoids;
successively, consider another source and repeaiptrations.
* Fixing one receiver, then use some or all the ssute construct the ellipsoids;
successively, consider another receiver and repeaiperations.

Figure 4.16. Idea of the multiple ellipsoid meth8dme groups of sensors, indicated
with green circles, are distributed along the tunvedls, and they generate many
ellipsoids that can intercept more than one refiect

Figure 4.17. Estimation of the discontinuity auasessive step, based on the idea of
the multiple ellipsoid method.
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To obtain good results, it is advisable to havenasy ellipsoids as possible. Moreover,
sources and receivers must be placed in such atevlpve a high coverage of the
domain.

In Figure 4.16, there are three groups of receigatsthree different discontinuities are
estimated. For this reason, the validity of thehmodtis only local, in the sense that the
estimation is valid only in a small region arouhd teflection point extracted.

During a successive investigation, new ellipsoids be built and new applications of
the method can be performed in order to confirm ghevious estimates (see Figure
4.17). In general, the discontinuities can be idiedt by different receiver sets respect
to the previous case.

4.7. Limitations of the forward methods

The ellipsoid method has been used for the estimatf discontinuities in 2D and 3D
examples. In many cases, the results are satisfyimgas can be noted from all the
examples proposed, the ellipsoid method has theWmlg disadvantages:

 The peaks related to the reflections must be dedegtanually, by an expert
geophysicist. This operation can be long and difficbecause the peaks
corresponding to reflections (if present) mustdmognized and selected.

« It is difficult to find the reflection point, becae the procedure can fail in
presence of a low signal-to-noise ratio and, comsetly, the discontinuity
(identified as the tangent plane) is not estimatedts real location. Even in
presence of a high signal-to-noise ratio, the plooe could extract a
discontinuity which is not coincident with the reale, because a small error in
the reflection point (or in the velocity) can le&m a significant error in the
estimation of the tangent plane, especially foséhocases in which the reflection
points are far from the tunnel axis.

* The method is deterministic, in the sense thabésdnot quantify the probability
of finding the discontinuity in a certain zone. Fexample, in Figure 4.5 it
would be better to indicate that it could be plaoadhe other side of the tunnel.

For all these reasons, a new method able to overdbmse problems is needed. A
possible solution is given in the next chapter wiee backward method is presented.
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Chapter 5

The backward method

The method proposed in this chapter is the mosbirtapt issue of the thesis. The
automatic procedure for the prediction of discamties ahead of the tunnel front is
described in all its parts, starting from the cqicand the pre-processing until to the
final representation.

5.1. The concept

The name of the method has been obviously chosecomrast with the forward
techniques presented in the previous chapter. Agtulis means that this procedure is
based on a fundamental idea that is completely sifpéom those already shown: the
time arrivals are not considered as known quastitied therefore they are additional
unknowns to the system, which needs a specialitigoto be solved.
In the following subsections, the idea of the mdthihe peculiarities of the algorithm
and the differences respect to the forward appemeahe proposed.
As already said in the Section 4.7, the forward hoé$s are not satisfying mainly
because of the difficulties in recognizing the tskie to reflections and in identifying
the reflector in presence of poor signal-to-noateor
For this reasons, the backward method is suggestedyay similar to TRT (Descour
et al, 2012; Yamamotet al, 2006), described in Subsection 2.4.3.
More in details, the proposed procedure has thewalg characteristics:

e itis completely automatic;

» it obtains a map of all the discontinuities preserd specified domain.
As a matter of fact, the method is able to getréseilts without any human intervention
except for inserting the positions of sources autivers (i.e. the general geometry of
the test); in particular the manual identificatioh the peaks corresponding to the
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reflections in the seismogram is avoided, sinds & long and difficult operation. The

peaks are identified automatically among all thakigeof the seismograms recorded by
the receivers.

b)

Figure 5.1. Representation of the basic idea ofwliemost important approaches:
a) forward method, where the estimations of the diSnaities are obtained by
means of the tangent planes in the intersectigheo€llipsoids; b) backward

method, where the estimations are highlighted bgured cells, identified as
reflection points.
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Firstly, a space domain of some tenths of metefsoimt and on the side of the tunnel is
considered. Usually, the prediction required istald®0-150 meters ahead of the tunnel
face, while only 30-40 meters around the tunnetlierother directions are sufficient.
Successively, the domain is divided in a fixed nembf cells, and each node is
considered as a reflection point. Then, the methwimatically checks if there are
some peaks on the seismograms compatible withlectef placed in that position; if
the response is positive, that node is highliglatedl a successive node is considered.
At the end of the process, only the reflection zoaee emphasized: this is the final
image of the lithological discontinuity around tio@nel.
The different ideas of the forward and backward hoétare shown graphically in
Figure 5.1a and in Figure 5.1b, respectively. Tstreation of the forward method is
done in four steps:

1. estimation of the wave velocity;

2. extraction of the travel times that can correspianithe reflections events;

3. construction of the ellipsoids;

4. estimation of the tangent plane.

INPUT: _v| Pre-processing
acquisition data -
and -
sources/receivery
positions v

Velocity estimation

Estimation Estimation v Estimation
source 1 source 2 source N
Common
/ . .
~ | estimation Optiona
/
/7
/7
/7 A 4
OUTPUT: common // Interpretation -
discontinuity |~ — —— . .
eShmation final visualization

Figure 5.2. Schematic representation of the baakwsethod.
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In Figure 5.1b, the backward method visualizatisnsketched, by evidencing the
coloured nodes correspond to the estimated reflecithe final result is obtained by
following these three major steps:

1. estimation of the wave velocity;

2. detection of the discontinuities for each source;

3. common discontinuity estimation.
The simplified scheme of the algorithm proposedepicted in Figure 5.2.
The steps of the backward methods are analyzedatepa in order to well understand
each operation of the whole procedure.

5.2. Pre-processing

In this section, the actions that must be donerbedpplying the method are illustrated.
When a disposition ofig sources ancth; sensors has been chosen for the investigation,
it is important to choose a reference system ardktermine the Cartesian coordinates
of the principal points.
The section of the tunnel is represented in Figu@ as a circle truncated by an
horizontal line, together with some parameters:

* h:tunnel height

A
A 4

Figure 5.3. Tunnel section with the main quantitissful for the placement of sensors
and sources.

e r:tunnel radius
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d : tunnel maximum width

| . tunnel width at the ground level

e s=h-r: length of the segment between the center of ttdecC and the
ground

* L,: length of the hole in which a sensor or a soisqdaced (it is equal to zero

if it is placed on the tunnel wall)
* ¢ angle of the hole respect to the ground.
When positioning a sensor (or a source) on theeluwall, its x- and z-coordinates are
simply measured. In order to obtain the y-coordireasimple operation must be done:

Yr = 1% = (25 )’ (5.1)

In the case that a sensor (or a source) is plaxsgdiel the rock, then the z-coordinag

taken at the beginning of the hole is not the mabordinate of the sensor (or the
source) but it is necessary to first obtain thegrdinate:

Vg = J_r( r?—(zy —-s) +L, cosaj (5.2)

2z =%(z, + L, sina) (5.3)

In Figure 5.4, the reference system for the Catesioordinates of sources and
receivers is visualized. The origin of the axeglaced on the tunnel front, in the middle
of the section width, at the ground level. The mia¢ion of the axes is the following:

e X-axis: positive in the sense of tunnel excavation

e y-axis: positive towards the right, if the tunnidrit is behind the back

e z-axis: positive in the opposite direction of thra\gty force.
The choice of the positive direction of the y-asé&ems to be strange, but it is connected
to the final visualization proposed by the meth&ekdtion 5.4 and 5.5). Indeed, if
representing a map view by means of a figure cdeatd/atlab, the positive values are
on the side indicated by the positive part of thexis.
Before starting the analysis of the data comingnfrine sensors, the first goal is to
measure all the positions of sources and receigecsrding to the reference system.
The other fundamental information that are needed a
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T ~a TUNNEL FRONT

Figure 5.4. Reference system adopted for the detation of the Cartesian
coordinates.

» the chainage, which indicates the number of metieas have been already
excavated in the tunnel under analysis

» the sampling frequency,
The data acquired are first truncated after a ifsacdtf a second, in order to consider
reflections up to maximum 150-200 meters aheatiefunnel face.
The final timety, should be correlated to the supposed wave velocignd to the

maximum distancel ., we want to inspect with the technique:

to, 52% (5.4)

The factor 2 indicates that the wave have to coark o the receivers and then the
travel time is roughly doubled.

5.3. Velocity estimation

In Section 4.3, the velocity has been estimatet thi¢ time arrivals related to the direct
waves identified directly on the seismogram. Tiperation can be very long if the total
number of signals (equal to the number of sensoedithe number of sources) is high,
consequently an automatic approach must be intextiuc
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5.3.1. Spectral analysis

Before starting the velocity estimation process #pectral analysis of the traces
recorded by the receivers must be performed. Bhuseful for:
» find the range of the most significant frequen@éthe signals, in order to filter
from f, to f,

» find the fundamental frequency

» check if there exist some anomalous frequencies.
The last operation can be done manually or avoidid. presence of strange peaks is
directly connected to problems in the acquisitionthat case, the signals must not be
considered.
Once performed the spectral analysis, the tracedilégred with a Chebyshev filter,
with minimum and maximum frequencies equalftoand f,, respectively.

5.3.2. The method of successive eliminations

Let’s consider a single source. The first stepisdlculate the distancd3 between the
receivers and the source. Then, for each tracehthsitbeen recorded, the maximum
peak is identified. This value is theoretically ma@vident for the receivers closer to the
source, because for the others the signal-to-mats®could be lower.

For this reason, the process start by collecting thaxima of the two traces
corresponding to the two receivers with minDr, while the successive eliminations
method is applied only to the other signals.

For each remaining signals, the two most relevaakp are collected. The two peaks
should not be too close because otherwise theyddmelong to the same event. Once
extracted the values for the third and the fourtitds, four combinations are built
together with the two already fixed values comiranf the first two traces (see Figure
5.5). A linear regression is performed for the faases and the combination which
minimizes the error from its regression line is £ as the right one. In Figure 5.5, the
case 1 minimizes the error and therefore the twdes near the red curve are inserted
in the final list of the times of the direct waves.

The process goes on up to the last trace by cansjdene trace at a time and by
choosing the value minimizing the error with itgmession line (including also the
values already calculated). This step is repredeinté-igure 5.6a, where it is clear the
distinction between the first part, with all thelwes already selected, and the second
part, where the procedure decides which elemenss$ beueliminated.

In Figure 5.6b, a critical case is proposed, whheeselected points are close but the
method is able to choose the right value.
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Figure 5.5. Representation of the first part oftiethod of successive eliminations.
The cyan points are the times corresponding tortemum peaks identified.
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Figure 5.6. Second part of the successive eliminatmethod: a) simple elimination b)
critical case because the selected points are dose each other.

In practical investigation in tunnels, for the gstion of the velocity, as well as for the

identification of the discontinuities, only the aterometers located on the same tunnel
side of the source are considered. This is donausecthe tunnel curvature is not

negligible and this cause a delay in the arrivaies of the wave, both direct and

reflected.
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5.3.3. Estimation of velocity and delay time

Once obtained all the times due to the direct waitess possible to calculate the
velocity by simply performing a linear regressidinis operation is repeated for all the
acquisitions and then at the end the values areag®d in order to obtain the final
estimate.

The estimation of the velocity is directly connektte the estimation of the delay time
ty, which represents the time of the maximum ampéitotithe wave generated at the

source, and it is actually the intercept of thereésgion line in the distance-time graph.
Analogously to the velocity, this value is obtaingdaveraging all the values obtained
at the different sources.

5.3.4. The admissible times

Another important step is to gather all the maxemd minima of the signals recorded
by the sensors, because these are all the possitde related to the reflected waves.
They are simply called “admissible times”.

Since the method does not include the manual ddraof the peaks referred to the
reflections, it selects automatically those valu&&thin this operation, only the peaks
successive to the direct wave travel-times areidersd. Actually, if the peaks of the
direct waves and those referred to its decay ansidered, then wrong estimations of
the discontinuity can be obtained, because thesticoasidered do not correspond to a
reflection but only to a decay. Therefore, it iwigdble to neglect these values and start
from the first peak that is no more smaller respethe previous one.

first peak that is nof
150 linked to the decay

Amplitude
Amplitude

o

i i . i -]
0.15 0.2 0.02 0.025 0.03 0.035 0.04 0.045 0.05

a) Time () b) Time (s)
Figure 5.7. Signal recorded by an accelerometenjrogp from a survey on a tunnel

under construction: a) the signal considered, @tedat 0.2 s; b) magnification in the
zone near the peak of the direct wave and choitieedfirst admissible time.
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Let‘'s present in Figure 5.7 a signal coming fromeal investigation on a tunnel under
construction. At first, the signal is limited to20s, which is given by a wave velocity

around 3000 m/s and by a maximum prediction of 80(Figure 5.7a). Successively,

the first admissible time is easily detected asfitst one that has a larger amplitude
respect to its previous one (Figure 5.7b).

5.3.5. Summary of the first part

The first part of the algorithm can be summarizgdhe scheme proposed in Figure 5.8.
Actually, the results of this part are the estimaitthe velocity and the delay time, and
moreover the admissible times, which are essemtiatmation for the following part
dedicated to the discontinuity estimation.

Spectral analysis

Find the frequency range
< Find the fundamental frequend

optional

<

Find possible acquisition faultg

Identification of the

peaks of direct waves :
Method of successive

Identification of the

maximum peas

eliminations

Identification of

Admissible maxima and minirn
times Choice of the first

Velocity, delay time

per each source

\ Linear regressic

Estimation of
the velocity

admissible time

Estimation of
the delay time

Figure 5.8. Summarizing scheme of the first pathefmethod.
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5.4. Single estimation of the discontinuities

Once estimated the wave velocity, the predictiodlis€ontinuities is explained, which
is the real core of the procedure. In this par, dlata are treated separately for each
source.

The main idea is to assume that each point prodagedlection, due to a contrast of
acoustic impedance. In this way, it is possiblevaluate all the points independently
and to analyze whatever part of the domain, somgtiihat is not possible with a
forward approach. Moreover, since the methodology fully automatic, many
discontinuities can be identified, even if the rethpeaks have a small amplitude and
could be at first associate to noise.

5.4.1. Choice of the domain

As said in the Section 5.1, the method is basedhenbackward estimation, and
therefore the first thing to do is to choose thendm of investigation. This step is more
important than the expected because a wrong clwaicdead to a large computational
time or to low-definition results.
In particular, there are two parameters that mastHosen per each axis:

* the limits

» the resolution
Each source is considered in the origin of the axesrefore the positions of the
receivers are changed according to the sourcedenesi, at every investigation.
Because of this choice, the minimum value of thexis of the domain must be zero, i.e.
the estimation is forward, from the source to aigdhat is chosen by the user. Usually,
in real applications, the requested forward préaficis about 100-150 meters, in order
to excavate some day before starting a new surveys{dering a excavation rate of
about 15-20 m/day in favourable conditions).
About the y- and z-axis, a fixed interval shouldchasidered, for example 30-40 meters
above and below the source, and the same for tiw@lairection.
The resolution is the other fundamental paramedter. significant predictions as
expected in real tests, it is advisable to conswmie meter of resolution in every
direction, in order to have a good accuracy anddaemg calculation times.
For simplicity, the results of the method are reprged in two dimensions:

* XY plane (plan view)

* XZ plane (cross-section view).
This means that the domain of investigation conediés only two-dimensional, but all
the calculations are done by considering the thpegial coordinates.
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Figure 5.9. Domain of investigation of the methajifor the analysis on the XY plane
(plan or map view); b) for the analysis on the Xane (cross-section view).

The two representations are depicted in Figure &r@h5.9b, showing that the area of
exploration is given by two planes which are repmative for the whole tunnel, since
the dimensions of the tunnel face are limited to faeters. This approach permits to
significantly reduce the computational time.

The map view consists in consideriag= , i@. it is the prediction at the ground level,
the cross-sectional view, instead, is for |, ti@at is for the centre of the tunnel section.

The combination of both the views allows to havquite accurate idea of the rock
discontinuity ahead of the tunnel face.

5.4.2. Calculation of the reflection points

Since the domain has been already defined, now d¢etsider only one source and the
relative sensors and admissible times.
The procedure is mainly divided in three parts:
» each point of the domain is considered a reflegbioint
« the theoretical times due to the reflection carebsily calculated because the
positions of sources and receivers are known
* these times are compared with the admissible titoesheck if there is a
correspondence; if yes, the point is defined aflaation point.



97

The backward method

As studied in Subsection 4.2.2, the reflected waeesrded by the accelerometers are
generated in a specific zone of the discontintiitgt in real cases can be often supposed
only a point. This approximation is valid mainly &hthe source and the receivers are
sufficiently far from the discontinuity, therefofer the points immediately after the
source the estimation could be not so accurate.

Once chosen the node to analyze, the theoretical time of arrival at $e@sorR is

_d(SP +dPR) ,,

t
P v

o (5.5)

where S is the source considered add ifidicates the distance between two points.
The value is shifted of the quantity because this is the theoretical time of the pdak o
the wave in the source signal.
The method, after the computation of the theorktioges t,, finds the sequencg, of
times, among all the admissible times, closertjo The timest, must satisfy the
following conditions:

1. they must be chosen one per receiver;

2. the corresponding amplitudes must have the sanagifydior all the values;

3. the vector formed by all the timeg, should be the closest vector to the

theoretical values, .

The statistical check of the solution is given bg standard deviatioror, between the

two times series, andt,:
o, = std(f, —t,) (5.6)

This step detects automatically the nodes vath close to 0, identified as reflection
points, from the others with a very large stand#ediation, labelled as non-reflection
points. It is not necessary to fix a threshold i&tidguish the low values from the high
values, because the algorithm is able to identily time seriest, and, when not,
random values are inserted &s such that the standard deviation is very lardes T
will be more clear in the numerical examples oftle&t chapter.

The selected nodes point out the identificatiothefdiscontinuities for the source under
analysis. We repeat the operatiog times to produceng different estimations of the

discontinuities. In the next subsection, the disionnties are gathered to form a unique
estimation.
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5.4.3. Summary of the second part
The second part of the method is summarized thréigire 5.10.

5.5. Common discontinuity estimation

The method is able to obtaing different estimations of the discontinuities, kaut

common map of reflectors should be given as a fiesult.

5.5.1. Change of coordinates

At first, since every source has been considerethénorigin of the axes for every
estimation of the discontinuity, the sources, thessrs and the single estimates are re-
collocated in order to reflect the real survey agunfation.

The single estimates of the discontinuities arevaoy indicative mainly because they
don’t have the right placement, then this steprgawizes the positions in order to have
a unique final visualization.

Source in the origin

Choice of the domair]

Meters of estimation

/

Y and Z limits

— Theoretical reflection times
Standard deviation for al <:
e

Comparison with
the nodes, for each sour¢ admissible times

Discontinuity Separation of the points basegd

; ; on the values just calculated
estimations for all
Plot of the selected points

the sources

Figure 5.10. Summarizing scheme of the secondgbadine method: discontinuity
estimation from a single acquisition (one source).



99

The backward method

5.5.2. Visualization of common points

Now, the visualization of the common points regsiigecriterion which defines when
the reflected points, coming from different sourcean be considered part of the
common estimation.

The idea is to consider each node of the domaint@edunt the reflection points close
or coincident with it. We didn’t apply any clusigorithm but define a square centered
in the node; as a good compromise we select tfeside R as a quarter of the
wavelength:

(5.7)

N
I
NS

v
f

NI

wherev is the wave velocity and the fundamental frequency.

However, in order to insert a certain tolerancethe process, a distancB is
introduced, with the meaning of neighbourhood @& foint P considered. In Figure
5.11, it is possible to see that actuaRydoes not represent a circle around the pBint
but a square because is less time-consuming dilmengutomatic calculation.

The number of sources with a reflection point ie tieighbourhood of a node is

called N, . The concept of superposition of the reflectiommcoming from different
acquisitions can be seen in Figure 5.12. The twierdnt estimations have a clear
common zone wher®&\, is equal to 2, while for the other coloured zomM¢s =1 and

in the white partdN, =0.

For this reason, the final representation showstimaber of source®\, for each node

of domain. In this way, by using a pseudo-coloualesdrom the light to the dark
colours, we emphasize the nodes where the numisempetfposed estimations is higher.

Figure 5.11. Explanation of the concept of the pei@rR.
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Figure 5.12. Overlaps of reflection points coming different acquisitions: a)
estimation coming from the first source; b) estioratoming from the second source;
c) common estimation with highlight on the commantp

Positions of sources

Change of the
coordinates

Positions of receivers

Positions of reflection pointg

Define the side of the square defining
the neighbourhood of each node

Visualization of Plot N, for each
common points point of the domai

Figure 5.13. Summarizing scheme of the third patih® method: common
discontinuity estimation.
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This result can be interpreted as a map of proiyald detect a discontinuity in a
certain node of the domain.

This approach is in some sense statistical argdiiit contrast with all the other methods
present in literature which give a deterministisule in terms of velocity field or
reflection coefficient.

5.5.3. Summary of the third part

In Figure 5.13 a scheme of the third part of thehm@ology is represented. This is the
last automatic step and gives the final resultsgpkfor the successive interpretation
done by an expert, which is very important in tkpegimental tests.

5.6. Interpretation and final visualization

The final part of the method is dedicated to therpretation done by the analyzer. This
step is neither easy nor standard, in the senseéhbaesults given in the previous step
cannot be always clear. In this case, an expertpcapose a personal analysis of the
results in order to provide a comprehensible fulslialization.

The interpretation is very important in real expeents, where the noise and others
technical imperfections (non-exact measuremenh@fsensor positions, unknown type
of discontinuities) affect significantly the qualiof the results.

However, by looking at common estimation figureg #ixpert can recognize which of
the critical zones can effectively be consideratisgontinuity and which is the degree
of criticality. The final visualization should bery simple and easy to understand, with
only inclined lines and/or brief comments.
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Chapter 6

Numerical simulations

The numerical simulations proposed in this chapterthe first test for the backward
method, which has been described in the previouasose They are created both in
Reflex a dedicated program for geophysical applicatiansl, inComsol Multiphysicy
one of the most used programs in the field of nodglbased on finite element method
(FEM).

6.1. A tutorial example

The first example proposed is a numerical simuhatissing the softwareReflex
(Sandmeier trademark)

6.1.1. The configuration

The configuration is two-dimensional, with six sceipoints (whose positions are listed
in Table 6.1) and an array of 30 receivers dispaseda straight line, with the x-
coordinate varying from 19 to 47.5, at a fixed nag of 1.5 m.

The excitation is simulated by means of a Rickev®let, with a main frequency equal
to 200 Hz, while the rock mass discontinuity is enersimulated by a triangular
inclusion (see Figure 6.1). The mechanical propsif the media involved are listed in
Table 6.2.

Table 6.1 Positions of the sources.

S S S S, S5 Ss
Coordinates (50,1) (50,5) (40,5 (30,5 (20,9) 30,




104 | Numerical simulations

Table 6.2 Characteristics of the media involved in the nugatisimulation.

Medium in the domain Medium in the discontinuity
P-wave velocity 2000 m/s 1000 m/s
S-wave velocity 1200 m/s 500 m/s
Density 2700 kg/rh 1500 kg/ni
o Sources
40f Receivers
30+
20t
10+
Eod . o
>_ 3 © o o
10+
-20+
-30+
-40+

20 30 40 50 60 70 80 90 100 110 120
X (m)

Figure 6.1. Configuration of the numerical exangmeposed. The black dashed line
indicates the triangular discontinuity.

PSD amplitude
PSD amplitude
o
(e

600 800 1000 0 - 600 500 1000
a) Frequency (Hz) b) Frequency (Hz)

Figure 6.2. Power Spectral Density of the recoitackes: a) for the first source; b) for
the second source.
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S-waves have been mainly generated, in order talatna real tunnel survey, where
usually the S-waves are preferred respect to theawes, because of their larger
amplitude. In Figure 6.2, the Power Spectral dgnsitthe recorded traces of the first
and the second source are depicted. The frequemtgrds is included from 80 to 500
Hz, approximately, while the fundamental frequercyabout 200 Hz, analogously to
the frequency of the wavelet chosen as seismiacsour

6.1.2. Velocity estimation

The seismogram relative to the first source is atediin Figure 6.3. The direct waves
are clearly identifiable, particularly the shearves which are more energetic. About
the reflection events, different peaks can be folmd a priori it is not always simple to
know exactly the wave types and to discriminate pleaks due to noise or to a
discontinuity. This observation is valid especialtyreal cases, where the signal-to-
noise ratio can be quite small.

The advantage of the backward method respect tdotleard approaches is then to
avoid both the manual extraction of the peaks edlab the reflected waves and every
kind of signal analysis except for the calculustioé spectra, for the check of the
frequency content. This is very convenient becausiow to save a lot of time and
avoid the presence of a geophysicist in the daabysis.

Offset [m]

5 10 15 20 25 30
direct
20+
S-wave:
30F
40t : ~ s
_. 501 : ; 2
£ : :
£ ' :
E _
70+ : : .
80+ ; :
100k b St b0 ) possible i
ol f reflections i
| [ ! —

Figure 6.3. Spectrogram related to the first squiagether with the interpretation of the
different wave phenomena.
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0.025+-
0.0251

0.02

0.015+

Time (s)
Time (s)

0.015
0.01

0.01
0.005+-

o , . . . . , . . ,
0 5 10 15 20 25 30 35 5 10 15 20 25 30 35
a) Distance source-receivers b) Distance source-receivers

0.005
0

Figure 6.4. Estimation of the velocity: a) for tivst source; b) for the second source.

Once analysed the seismogram, according to theeguoe explained in the previous
chapter, the estimation of the velocity is firstgne on each source separately (see
Figure 6.4) and successively the values obtaine@dwaeraged in order to obtain the final
result. In this case, the S-wave velocity is estatdaqual to 1197.3 m/s with a relative
error of 0.23%.

6.1.3. Single estimates of the discontinuities

After the velocity estimation, the method colleet$ the admissible times, for the
detection of the reflection points. In particulas written in Subsection 5.4.2, the
process searches a sequence of times that shoulas bdose as possible to the
theoretical times created by considering a poirthefdomain as a reflection point, and
with the same polarity for corresponding amplitudesis operation is shown in Figure
6.5, for the numerical model under analysis, ferfirst source.

In Figure 6.5a, the poinB, = (20-25) is taken into account. This is not referred to the
general domain (Figure 6.1) but to the domain aefirby the first source. The

theoretical timest$ associated, indicated with the red line, are velgse to the

sequencefél) identified as the peaks in the traces correspanttirthe reflection. If the

point P, = (O,—40) is considered, then the results are representédyure 6.5b: in this

case, the method understands that there is nadraissible sequence of times and then
it automatically generates a random successionuofbers that leads to a very high
value of the standard deviation. On the contrarygigure 6.5a, the sequence created is
close to the red line and then the standard dewias small. This is the explanation
why the method find the reflection points withonserting a threshold (that would be
arbitrary) on the values of standard deviation.
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reflector.
Once solved the identification of the time sequenge the method calculates the

012345678 91011121314151617 181920
Number of receiver

Figure 6.5. Comparison between the theoreticalditpe calculated by considering a
btained by the method: a) for a reflection pamtfor a point not belonging to a

fr O

point of the domain in the analysis conducted @nfitlst source, and the time sequence

depicted for one source, together with a magnificain order to highlight the zones

standard deviation for all the nodes of the domhurFigure 6.6a the quantity—o is
close to one. In these regions, the points aregrezed as reflection points.

b)
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The same thing can be noted in Figure 6.6b, whereptane X-Y is represented. The
brown zones corresponds to the peaks of Figure 6.6a
The six different estimations (each for source) gathered according to the data
processing described in Section 5.4, and they meetly derived from the previous
process.
In Figure 6.7, for example, the estimation comirant the third and the sixth source are
represented.
As can be seen in Figure 6.5b, the domain has &ieesen in this way:

» Xx-coordinate varying from 0 to 100 meters

» y-coordinate varying from -40 to 40 meters

0 10 20 30 40 50 60

-35 -

a Ym X (m)

40 g §

30 e

20 s

10

Y (m)

-10

-20

-40
0 20 40 60 80 100

b) X (m)

Figure 6.6. Representation, for the third souré¢h® quantityl—o , which is at the
base of the statistical check for the discontinidntification: a) in three-dimensional
way and with a magnification in the Xplane; b) in X-Y plane.
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Map, axes XY Map, axes XY
40 40
30} 0l °~,
s &
20 . 20
10 .. 10
£ £ .
s o .
10 L 10
20+ 3 -20
I/
30} d’ =30+ .&
40 -26 6 26 4‘0 éo 80 160 40 6 26 - 46 Gb Sb 160
a) X (m) b) X (m)
Figure 6.7. Estimations of the reflection zonedoa}he third source; b) for the sixth
source.

It is immediate to note that Figure 6.7a reflectaatly the brown regions of Figure
6.6b. Furthermore, in Figure 6.7a two reflectiogioas can be noted, but there is an
ambiguity because they are specular to the turxisl @his is due to the fact that the
receivers are disposed on a line, and moreovesdhece is also aligned with them. This
topic has been already studied in Subsection Jabdut the ellipsoids. Here it is
important to note that the basilar principles dre same, even the ellipsoids are not
explicitly created. On the contrary, in Figure 6.@8hly a reflector zone is identified and
it is not exactly specular, since the source isatighed with the sensors.

6.1.4. Final representation

For the final representation, the automatic prooedselectsR =2, since actually
R=A/4=v/4f 0O15.

The result given by the automatic procedure isesgmted in Figure 6.8, where the
number of estimation§\N, for each node is depicted. The colour scale has Iset

based onN;: since there are six sources, the colours arensdvem white (no

superposition) to black (total superposition).nifa node the colour is darker, then there
is a larger probability to cross a discontinuitythiat node.

In the figure there are many coloured zones, batrhvain regions can be identified. The
most highlighted zone corresponds to the inclinde sf the discontinuity, where all
the estimates coming from the different sourceegse (black colour). However, a
similar region is present in the superior parthef lomain, but in this case there is not a
total superposition (only blue colour). As alreasiid in the previous subsection, this
ambiguity happens because of the configuratioren§srs and source points.
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Figure 6.8 Final result obtained by the proposed method. Titierent colours indicate
the probability to find a reflector in a certainiqo The red squares point out the source
locations, while the green circles reveal the nemrepositions.

The example reflects a possible configuration taranel survey, which is very limited
spatially, and then it is difficult to well distingsh the estimates on both the tunnel
sides. For this reason, the probability map hekpsownderstand that the reflector can
be either on the right side or on the left sidel amthis case it is more probable to find
it on the right side.

The same annotation is valid for the second discoiy, corresponding to the vertical
side of the triangle, where the estimates are $pemspect to the tunnel axis.

All the other zones of the domain are charactertaetight colours, meaning that there
is a very small probability to find a reflector.

6.1.5. Observations

All the visible zones in Figure 6.8 have a circutaim. This is intrinsic to the problem:
the reflections can be identified only in circulames, with the radius increasing with
the distance from the source.
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non-identifiable

emmmTTITS / part

identifiable
parts

Figure 6.9.Scheme of the regions of the domain identifiabl@abypproach based on
seismic reflection, in a tunnel survey.

Actually, they are not circles but ellipses, acoogdwith the theory introduced in
Chapter 3. It is impossible to obtain other shapesause the wave would be reflected
in another part of the domain.

In Figure 6.9, this concept is explained by showangunnel with two discontinuities.
The first one is almost completely identifiable, il@hthe second one can be detected
only in a small part. This is due to the fact tthegt reflections cannot be recorded by the
receivers placed on the tunnel walls.

The computational time is very small, about 100 slitain the results of Figure 6.8, for
a computer Intel Core 2 Duo CPU, 2.76 GHz, 1.87 &8M. The velocity in the
computation is one of the most important aspe¢hefmethodology, and therefore it is
suitable for data processing of real investigati@specially for those tunnels in which
the excavation is very quick.

6.1.6. Interpretation of the results

Once obtained the visualization given by the autaamaethod, the expert analyzing the
data can add a personal interpretation of the tessuch that they become clearer.

In particular, the discontinuity slopes can be agpnated with a line crossing the most
highlighted zones of the darker regions: this cpoads to the final interpretation of
the survey and it is useful to understand where tthenel axis will reach the
discontinuity.

In Figure 6.10, two lines are drawn:
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Figure 6.10. Final interpretation of the resultsaoted automatically by the method
proposed. The thin black dashed line indicateseahkediscontinuity inserted in the
numerical simulation, while the thick brown dashieds indicate the interpretation.

1. The first line is designed over the identified eetion zone and prolonged in
order to understand where the tunnel axis will €ri@ discontinuity. This line,
compared with the inclined side of the reflectdnpws that the estimation
obtained is very good.

2. The second line is sketched over the two symmewites, meaning that the
discontinuity is vertical. The result little ovetiesates (2-3 meters) the real
location of the reflector because in the discorntynmone the velocity is much
smaller with respect to the estimated one.

The interpretation of the results is fundamentahireal survey where the estimations
are not so clear, and therefore the expert canestigige physical version of the results,
maybe in collaboration with a geologist.

6.2. Simulation in Comsol Multiphysics®

The second numerical simulation has been creat€minsol Multiphysic3 in order to
simulate a real tunnel configuration, i.e. with sens disposed on two parallel lines, and
with many different source points.
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6.2.1. The configuration

In Figure 6.11, the configuration of the simulatisrdepicted, showing the presence of
two materials: the granite and the brick. The fatte obviously impossible to find
during a tunnel survey, but it has been chosemtalate a rock softer than the granite.
In this case, the reflection caused by the diffeeenf impedance between the two
materials can be estimated by the automatic metfbd. characteristics of the two
media are listed in Table 6.3, where the velocitiglative to the S-waves are also
inserted, since the P-waves are not considerdteisimulation.

N R S R R N R R R R R R R R R R N

130 -

second material:|:

1o |-

a0 |-

?DEE .........................

- discontinuity
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Figure 6.11. Configuration of the second numerstaulation: a) general view; b)
magnification in correspondence of the zone inclgdiources and receivers.
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The positions of sources and receivers is listetable 6.4 and 6.5. In particular, there
are six sources, three per each side, with thraermbetween two of them. About the
receivers, they are disposed on two sides, spa@rmaéters each. This configuration
allows both to simulate a real tunnel investigatmal to have a sufficient misalignment
to reduce the uncertainties in the estimation efdiscontinuities.

Table 6.3 Characteristics of the media involved in the nugatisimulation.

First material: Granite

Second material: Brick

Young modulus 6x10'° N/m? 17x10° N/m?
Poisson ratio 0.25 0.3
Density 2700 kg/m 1500 kg/m
S-wave velocity 3038.2 m/s 1808.1 m/s
Table 6.4 Positions of the source points.
S S, S; S, S5 Ss

Coordinates (50,4)

(50,-4) (47,4

(47,-4) (44,4) 4,44

Table 6.5 Positions of the receivers.

Number of receiver Position
Ry (1.4)
R, (5,-4)
R, (9,4)
R, (13,-4)
Rs (17,4)
Rs (21,-4)
R, (25,4)
Rg (29,-4)
Ry (33,4)
Rio (37.-4)
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The source is a Ricker wavelet with frequency eqo@a&00 Hz. Let us suppose that the
receivers are geophones and therefore the vel@gitiie y-direction) is estimated.

5x10 5)(10
4 4-
3 3+
_ —_
£ EN
E E
2 1t 21
(53 [
k=) o
Q0 (]
> b{ > \\
Ak AL
2 2
0 002 004 006 008 01 012 014 0.16 0 002 004 006 008 01 012 014 0.6
a) Time (s) b) Time (s)

Figure 6.12. Representation of two signals extchbiethe numerical simulation about
the first source: a) signal relative to the fiesteiver, b) signal relative to the second
receiver.
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Figure 6.13. Seismogram relative to the first seutogether with the interpretation of
the different wave phenomena.
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6.2.2. The signals and the velocity estimation

Once generated the numerical simulation, it is sable to examine the signals
extracted from the program. Two examples are pmghas Figure 6.12, where the
signals coming from the first and the second remeirelative to the first sourcg,, are

represented. In both the images, the direct waeteely identifiable, while the second
part of the signal shows many peaks but a prias &most impossible to say which of
these will correspond to the discontinuity betwdentwo materials.

To have a more precise idea, in Figure 6.13 lenadyse the seismogram relative to the
first source. Analogously to Figure 6.12, the pealative to the direct waves are easily
detected, while the peaks connected to the refleatiue to the change of material
cannot be clearly distinguished, as happen inlesstegey.

The velocity estimated is equal to 3047.6 m/s, \aitelative error equal to 0.31%.

6.2.3. The estimation of discontinuities

After estimated the wave velocity, the automatidhod is applied to obtain the final
representation of Figure 6.14. The param&aes equal to 4.
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Figure 6.14. Representation of the discontinuittawied by the automatic method. The
red squares indicate the source points, while thergcircles indicate the receivers. The
violet line indicates the discontinuity.
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In the figure, only one critical zone is identifiedith black colour. This actually
corresponds to the reflection zone given by allsverces and receivers. It lies perfectly
on the real discontinuity and therefore the présiictan be considered very accurate.
Moreover, there is not a specular estimation, @ $e Figure 6.10, this because the
configuration is more spatially distributed and #®nsors are not aligned. Every other
zone cannot be considered as critical, except fmall region on the right side of the
tunnel.

This example, simulating an experimental casengahtunnel, is useful to demonstrate
the performance of the method even in presence skismogram which is not
particularly clear. Indeed, the method is able utbmatically select the peaks referred
to the reflection, in order to avoid the manuakimention of a geophysicist, which can
be both a long and not accurate operation. Findily,method produces very accurate
results, avoiding also ambiguities connected withdensor placement.
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Chapter 7

Experimental tests in the Brenner
Base Tunnel

All the experimental tests done for the verificatiof the algorithm have been
performed in the Mules site, within the Brenner @asinnel.

Let’s first explain the global project of the Braamo tunnel and the Mules site, then the
acquisitions with the TRT and TRUST schemes arsqmied and finally some tests are
analyzed by means of the backward method.

7.1. The Brenner Base Tunnel

7.1.1. The project

The Brenner Base Tunnel (in Italian: “Galleria dask del Brennero”, in German:
“Brennerbasistunnel”, but often abbreviated in BBIE) a railway tunnel connecting
Italy with Austria, exactly from Fortezza (Italyd tnnsbruck (Austria), through the base
of the Brenner massif. The tunnel will be 55 kmdphut if the final part is considered,
the total length will be 62.7 km, and then it vii# longest railway tunnel in the world.
The idea of the project is to improve the connectidong one of the most important
commerce ways between the south and the north afpEu In particular, the BBT
represents a central element of the AV/AC way (Bdvlunchen-Verona-Bologna-
Palermo) which is around 2.200 km long.
Since the existing railway reaches the maximum eslop 26%, it is not possible to
easily transport a big amount of wares. In ordealtow high-speed trains to quickly
transport wares from Italy to Austria, the new teiwill have two main advantages:
 the railway length from Fortezza to Innsbruck gngiicantly reduced
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Figure 7.1. General scheme of the BBT project (FGobgle Maps,
http://maps.google)it

» the maximum slope is equal to 5%
In Figure 7.1, the project of the tunnel is indezhttogether with the connections to the
most important cities interested by the project.
Analogously to the system adopted for the Gotthiarhel (Switzerland), the BBT is
constituted by two separated tunnels. The workgestan 2008 with the Aica tunnel, in
the Italian part. This tunnel is about 10 km long.

7.1.2. The Mules site

The objective of our work is to monitor one of theost problematic rock zones,
interested by the so-called Periadriatic seam, wisisupposed to be close to the Mules
site, which is situated at the end of the Aica &inm the Italian part, as can be seen in
Figure 7.2. The Periadriatic seam is a distinctlaggio fault in Southern Europe,
running S-shaped about 1000 km from the Canaves¢h@é north of Piemonte) to
Carnic Alps (in Friuli Venezia Giulia). It forms ¢hdivision between the Adriatic
plate and the European plate. Actually, this isa/\unteresting zone from a geological
point of view; therefore the main objective of therk is to estimate the lithological
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variations ahead of the tunnel face and to undmistahen the Periadriatic seam is
located. From some rough geological inspections #ituated some tenths of meters
ahead of the end of the Aica tunnel.

.
Periadriatic seam
g PE |

manger

alles

v IAtunnel
TS !
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Figure 7.2. Map of the first zone of the Italiantg&ont: Google Maps,

Tunnel face
Mules sitt ' - D AN RN Uk

) o N (| Fesamgpe I

Descent tunn | =

T R, N3 Fortezza

PHLILIYRR 4' end of Aica

SR tunnel
Sttt T

S5y N
Figure 7.3. Map of Mules site.
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In the Mules tunnel, like in Aica tunnel, the gri@nand the tonalite are the dominant
rocks. If an abrupt change in the rock characiesswill be identified, probably that
discontinuity will correspond to the Periadriateas. Due to this fact, once completed
the Aica tunnel, the excavation technique has lob@amged from TBM to the classical
drilling and blasting.

In Figure 7.3, the map of the Mules site is viszedi. It is characterized by a descent
tunnel that allows to reach the end of the AICAnIn

7.2. The experimental survey

The data acquired on the tunnel are based on twiigooations:
1. TRT scheme (Subsection 2.4.3)
2. TRUST scheme (Subsection 2.4.4).

7.2.1. TRT scheme

According to the TRT scheme (Descatiral, 2012; Aoki K.et al, 2007; Yamamoto et
al., 2006), the waves are generated in 12 pointedsgymer strokes, and ten receivers
are placed on the tunnel walls. The source poinéscm two sections, while the
accelerometers are disposed on four sectionspatteg two and three sensors per each
section, analogously to Figure 2.15.

In each source point, five hammer stroke are applend successively the tracks
recorded have been stacked to increase the sigimalite ratio. A sensor has been
placed on the hammer to have a representatiorecfdhrce signal and to automatically
get the initial acquisition time (see Figure 7.4).

Figure 7.4. Hammer used for the excitation agdhestunnel walls. A pilot sensor is
mounted on it and connected to the acquisitionesyst
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Figure 7.5. Examples of source locations: a) neagtound level; b) close to the top of
the tunnel. They are always highlighted by meare refd marker.

From a practical point of view, the excitations gwoed near the ground level, as in
Figure 7.5a, can be performed in a convenient ijpositontrarily to the case when the
sources are close to the top of the tunnel, agguré& 7.5b.

The accelerometers are mounted at the top of dimathlass bars (see Figure 7.6), after
having first mounted a small screw to fix the sesas8uccessively, they are inserted in
small holes inside the tunnel walls, as shown gufé 7.7. During this operation, first a
square hole of about 30 cm of side is excavatedfam once made the small holes, the
fiberglass bars are inserted in, together withabeelerometers. This process assures a
good rock-sensor coupling.

Figure 7.6. Fiberglass bars used for the coupling+sensors. The numbers indicate the
sequence for connecting the sensor to the bar.
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Figure 7.7. Placement of the sensor and the fiassgbar in the tunnel wall.

aANN—F st b

Figure 7.8. (a) Acquisition system and (b) seisrapgrfor the signal visualization.

The signals coming from the sensors are recordddtive acquisition system of Figure
7.9a, while they are visualized by means of themsegraph of Figure 7.9b.

The sampling frequency is chosen equal to 800(aHd the traces are truncated to 0.2 s
to consider reflections up to 250-300 meters alvddlde tunnel face. These settings are
valid also for the TRUST scheme.

7.2.2. The TRUST scheme

The TRUST scheme is completely different from thRTTscheme. It has been planned
by the German company DMT (Beneakteal,, 2008).
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The main difference is that the excitation is proetliby blasting. Moreover, the sources
are usually disposed on the same tunnel side fiatdistance of five meters one from
another, as already seen in Figure 2.16. Obvioursl{his case the excitations are not
repeated and then the stack procedure is not applie

The sensors are disposed on four sections, wige thensors per each section.

The process for the preparation of the acquisisdmased on different points, which are
shown in Figure 7.9:

a) The sensors are mounted at the end of special wopgorts, which have rigid
springs able to obtain a good coupling with thekr@dter that, they are inserted
in the holes previously excavated.

b) The blasting is prepared, by means of a collabmmatietween the people
devoted to the acquisition and the blasting experts

c) The explosives are inserted in holes previouslaeated, with the aid of a long
plastic bar.

Figure 7.9. Sequence of operations for the TRUS@&shgation: a) fixing the
accelerometer on the support; b) preparation oé#ptosive; c) insertion of the
explosive in the hole previously excavated in tihenel wall; d) connecting all the
cables to start the acquisition.
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d) All the cables coming from sensors and explosives @nnected with the
acquisition system.
The initial time of the acquisition is given by teadden change in voltage occurring
when the explosion is detonated, because it brisaksable connected to the acquisition
system.

7.2.3. Evaluation of the results

The unique way to evaluate the results of an arsly$o compare them with the results
coming from the excavation. This can obtained io ways:
» with a pilot probe, drilled into the rock to obtgwmnctual information for some
tenths of meters ahead of the tunnel face
» with a front survey (or evaluation), by inspectittte rock quality and the
presence of discontinuities.
The two approaches can be seen as complementaigudeethe first one is along the
tunnel axis, while the second is a survey alongttimmel face, i.e. on the y- and z-
coordinate.
About the pilot probe, the most important paramet#ained is the RQD (Rock Quality
Designation), which is one of the most importanasslification index for rocks,
introduced by D. U. Deere in 1964. It is based lo& percentage of rock fragments
whose lengths is larger than 10 cm, get back frdm drilling operation. The
mathematical definition is given by:

>
RQD:'% (7.1)

where | indicates the length of an extracted sample, andhe total length of the
drilling operation. IfRQD< 25 %then the rock mass quality is considered very pidor
RQD< 9% then it is considered excellent.
Every time a drilling and blasting technique is lggpfor the tunnel excavation, a front
survey is performed. It includes a photographyheftunnel face, information about the
presence of water and the visible fractures, elvirey are very small. For simplicity, in
the thesis, the information is summarized by asgimg simple colours to the rock
quality:

* no colour: absence of reflectors

» grey colour: weak or not much visible discontinuity

* Dblack colour: strong or evident discontinuity
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7.3. First test

The first test in the Brennero tunnel is basednentRT scheme (Figure 2.15), with the
12 sources and the 10 receivers placed in theiposilisted in Table 7.1.

Let us first analyze the signals and then the bactvwnethod is applied to obtain the
prediction of the lithological discontinuities.

Table 7.1 Positions of sources and receivers, for the fast

Source Position Receiver Position

S (-2.00, 2.34, 0.50) R, (-20.00, 2.78, 3.50)
S, (-2.00, 2.98, 2.70) R, (-20.00, -2.86, 3.30)
S, (-2.00, 2.31, 4.30) R, (-25.00, 2.66, 1.00)
S, (-2.00, -2.38, 4.20) R, (-25.00, 0.00, 5.38)
S (-2.00, -2.97, 2.80) Rs (-25.00, -2.66, 1.00)
Ss (-2.00, -2.34, 0.50) Re (-30.00, 2.78, 3.50)
S, (-6.00, 2.34, 0.50) R, (-30.00, -2.82, 3.40)
S (-5.50, 3.00, 2.30) Re (-35.00, 2.66, 1.00)
S (-5.50, 2.82, 3.40) Ry (-35.00, 0.00, 5.38)
Sio (-6.00, -2.53, 4.00) Rio (-35.00, -2.66, 1.00)
S, (-6.00, -3.00, 2.50)

S, (-6.00, -2.34, 0.50)

7.3.1. Signals and spectra

Before applying the backward method, it is advieatiol analyze the recorded signals
and their spectrum.

In Figure 7.10 the signal recorded by the sensarnteal on the hammer is visualized.
The peak due to the hammer stroke is clearly itlabke, while the remaining part is

only due to noise.

In Figure 7.11, instead, the signal recorded byftis¢ accelerometer, for the second
source, is considered. Its time history (shownigufe 7.11a), in the first part, is similar

to the corresponding signal source, but it contaomae reflective events in the second
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part, after the peak corresponding to the direstewin Figure 7.11b, the power spectral
density of the signal under analysis reveals that frequency content is included
mainly between 350 and 500 Hz. This will be usefldo for the extraction of the
parameterR.

Amplitude

0 0.05 0.1 0.15 02
Time (s)

Figure 7.10. Signal representing the source sigiagn by an hammer stroke, for the
second source.

Amplitude
Power/frequency (dB/Hz)

. i | i H |
0.15 0.2 0 05 1 2 2 3 35 4

a) Tin?é1 (s) b) F1rf-:-quency (kH;)
Figure 7.11. Signal recorded by the first accelextam for the source n°2: a) time
history; b) power spectral density.
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Figure 7.12. Seismogram relative to the sourceint)ding four traces recorded by
the accelerometers.
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Coming back to the reflective events, at a firghsithey are very difficult to be
estimated, even if collected with others coming same acquisitions, as shown in the
seismogram of Figure 7.12, where four traces alleated. No evident peaks indicating
a reflection can be seen.

For this reason, the method created is applieditonaatically identify the peaks related
to a discontinuity, without “manually” analyzingd #he traces.

7.3.2. Estimation of the discontinuities

The estimation of the reflectors begins with thinestion of the wave velocity. For this
purpose, as well as for the identification of drstouities, only the accelerometers
placed on the same tunnel side of the source arsid®red. This is done because the
tunnel curvature is not negligible and this cauaedelay in the arrival times of the
wave, both direct and reflected. This annotatiorvald in general for each type of
configuration in a tunnel.

In Figure 7.13, the values obtained for the différsources are depicted. A value is
calculated for each source and then the valuesdeutbe interval defined by the
standard deviation are eliminated. Finally, theoey is calculated as the average of
the remaining values, and the value obtained i4 26M/s.
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Figure 7.13. Estimation of the velocity for thesfitest under analysis.
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Figure 7.14. Estimations coming from the analysi@®ingle source (map view): a) for
the fifth source; b) for the eleventh source.

Successively, a domain of (-40,40) m has been chbs¢h for the Y and the Z
direction, while 250 meters of forward predictiae aonsidered for the X-axis.

In Figure 7.14a and 7.14Db, two estimations comiragnfthe fifth and the eleventh
source are shown, for the analysis on the XY plane.

As described in Subsection 5.4.1, the source, atelecby a red square, is in the origin
of the axes, while the accelerometers, defined rfegm circles, are behind the source
point. Moreover, the forward prediction has beeteeded up to 250 meters ahead of
the tunnel face. Apparently, the estimations dohaste a high degree of similarity but
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effectively they have many common points, which t@nseen in better way in the
common representation of Figure 7.15, by compactihghe partial results into a
unique final result.
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Figure 7.15. Final representation given by the @uatiic method for the first test,
depicting the number of common estimations for qawht of the domain: a) map
view; b) cross-sectional view. Source points adkcated with red squares, receivers

with green circles.
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To build the figure, the paramet& has been automatically chosen equal to 2, and the
domain has been slightly reduced. In Figure 7.1amap view is shown, while in
Figure 7.15b the cross-section view is depictedrigure 15.a, two evident reflection
zones are distinguishable, while other small réflesccan be seen at the beginning and
at the end of the domain. As already said, the atktioes not identify the entire region
of a certain rock or material but only the reflesta.e. the boundary zones between two
media having different impedances. That's the neashy in the final representation
only some curves are depicted, instead of coloamsees. In Figure 7.15b, the cross-
sectional view (X-Z plane) is depicted, showinguits similar to those of the X-Y
plane. In particular, the most evident discontiegitare close to the chainage 95 m and
120 m, but there is not any indication about thtcat zone close to the chainage 60 m
in Figure 7.15a.

7.3.3. Final interpretation and evaluation of the  results

Once obtained the final representations by meariseodutomatic method both for the
map and for the cross-sectional view, the analgass with the interpretation of the
results: an indication of the number and the iratlon of the discontinuities must be
given, such that the figures are more understaedfablthe people who just want to
know how to set the excavation in the tunnel.

In Figure 7.16, the interpretation of the resudtpresented, by superposing some blue
dashed lines to the results of the automatic pnaregoth for the map and the cross-
sectional view. Moreover, the results of the extiamaare expressed by grey and black
colours, as described in Subsection 7.2.3. In daise, these colours indicate the
presence of a zone with characteristics slightlysgnificantly different from the
tonalite (respectively), which is the rock taken raference within this part of the
Brennero tunnel. In this analysis, only this quaiite information about the lithology is
available, because no pilot probes are drilled fhéorock.

About the interpretation, the dashed lines are draver the zones with darker colours
and prolonged until to reach the tunnel axis. Tdperation allows to approximately
identify the anglese and y characterizing the discontinuity (see Subsecti@33for

more details). The lines must be compared with ¢cbured zone given by the
excavation results. There are some different alizones, especially at the beginning of
the domain of analysis. This is a reason why tHecity value (2611.9 m/s) is smaller
respect to the expected one (around 3000 m/s).

The automatic method identifies three major discaities, correspond to rock change.
In particular, the beginning of the critical zortaring close to the chainage 90 m has
been perfectly detected. Moreover, the previouk awange (close to chainage 80 m)
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has been underestimated by the X-Y analysis andestmmated by the X-Z analysis.
An average value of the two predictions is a gostih@tion of the discontinuity. The

last discontinuity predicted roughly estimateshikginning of the last critical zone.

The fact that the map and the cross-sectional aealgive very similar results, in terms
of intersection with the tunnel axis, is anotheti@ation of the reliability of the method.
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Figure 7.16. Results of the automatic method ferfitst test compared with the results
of the front survey (grey and black rectanglesy arth the personal interpretation
(blue dashed lines): a) map view; b) cross-sectioiesv.
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7.4. Second test

The second test, analogously to the first oneasetl on the TRT scheme. The location
of the source points and of the receivers aredisgteTable 7.2. Analogously to the
previous test, there are 12 sources and 10 reseiver

Table 7.2 Positions of sources and receivers, for the setestd

Source Position Receiver Position

S (-6.00, 4.74, 0.50) R (-20.00, 4.27, 5.80)
S, (-6.00, 5.10, 4.00) R, (-20.00, -4.27, 5.80)
S (-6.00, 3.96, 6.20) Ry (-25.00, 5.22, 2.20)
S, (-6.00, -4.34, 5.70) R, (-25.00, 0.00, 8.30)
S (-6.00, -5.10, 4.00) R (-25.00, -5.22, 2.20)
S (-6.00, -4.74, 0.50) Rs (-30.00, 4.12, 6.00)
S, (-10.00, 4.74, 0.50) R, (-30.00, -4.41, 5.60)
S (-10.00, 4.74, 4.20) Rg (-35.00, 5.22, 2.20)
S (-10.00, 3.57, 6.60) Ry (-35.00, 0.00, 8.30)
Sio (-10.00, -3.67, 6.50) Rio (-35.00, -5.22, 2.20)
Si (-10.00, -5.10, 4.00)

S, (-10.00, -4.74, 0.50)

The velocity is estimated equal to 3080 m/s, amlithconsistent with typical values of
the S-waves of sound granite.

In this caseR= Jecause the most evident frequency is around 250 Hz

In Figures 7.17a and 7.17b, different critical zbgan be identified, especially around
chainage 170 m. The interpretation is depictedgures 7.18a and 7.18b, together with
the results coming from the excavation, showingcsitical zones for the X-Y analysis
and four critical zones for the X-Z analysis. Th&sea good agreement between the
results of the automatic method and the geologesllts obtained with a front survey
after the excavation. In particular, the first, thed and the fourth boundary zones are
well detected, while the second and the fifth arepnecisely identified.
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Although the velocity is assumed to be constang #stimates obtained by the
automatic procedure are close to the real discoiits: this is probably due to the
presence of rather homogeneous rock mass with theabntinuities that slightly affect
the average wave velocity values.
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Figure 7.17. Final representation given by the @atiocc procedure for the second test,
depicting the number of common estimations for gawht of the domain: a) map
view; b) cross-sectional view.
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Figure 7.18. Final representation compared withirterpretation and the data coming
from the lithological analyses after the excavation the second test: a) for the map
view; b) for the cross-sectional view.

7.5. Third test

The third test is based on the TRUST scheme (Figur®). In the survey, 15 sources
are adopted, included from 50 to 155 meters away ftne tunnel face. The distance
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between two successive sources is not constantt lsuequal either to 5 or 10 meter.

The receivers are disposed based on the secongwation of Figure 2.16b, i.e. at 8-,

12- and 4-hours positions. The distance betweenctmsecutive sensor sections is 50
meters.

Since a pilot sensor cannot be placed too cloigetblasting, it is not possible to have a
graphical representation of the excitation sourtiee typical signal recorded is like that
depicted in Figure 7.19a for the first acceleromdta the first source. The frequency

content is mainly included between 100 and 800adz;an be seen from Figure 7.19b.

Amplitude
Power/frequency (dB/Hz)

L i i i
0.15 0.2 0 05 1 35 4

a) Time ) b) F1r§quen2cy (klj;)
Figure 7.19. Signal recorded by the first accelestam for the first source: a) time
history; b) power spectral density.
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Figure 7.20. Estimation of the velocity for therthiest under analysis.
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In Figure 7.20, the velocities estimated from esglirce are depicted, together with the
threshold within which the values can be considerdiible and the average value,
which corresponds to 2731.4 m/s.

In Figure 7.21, the prediction of discontinuitiesshown. The parameté is equal to 2
because the most evident frequency is around 430 Hz.
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Figure 7.21. Final representation given by the @atioc procedure for the third test,
depicting the number of common estimations for qawht of the domain: a) map
view; b) cross-sectional view.
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At the top of Figure 7.21a, the entire configurata sources and receivers is depicted,
since for space reason it is not represented ineftenations. Differently from the
previous results, both the map view and the crestiemal view show very light
colours, meaning that the probability to cross scaintinuity is very low, except in a
zone close to the centre of the domain of investga
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Figure 7.22. Final representation compared withrterpretation and the data coming
from the lithological analyses after the excavafamnthe third test: a) for the map view;
b) for the cross-sectional view.
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In Figure 7.22, the interpretation of the analysislepicted. The weak discontinuities
estimated by the automatic method actually cornedpio a real change of material
inside the Brennero tunnel. This confirms the aacyrand the reliability of the

methodology.
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Figure 7.23. Rock profile of the zone around thedeeiatic seam: a) general three-
dimensional view; b) two dimensional view (crosstsmal and map).
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7.6. ldentification of the Periadriatic seam

The identification of the Periadriatic seam is tbal objective of the thesis, because it is
actually the most important geologic fault affegtithe construction of the Brennero
tunnel.

7.6.1. Planning of the survey

In Figure 7.23, the rock profile of the zone arouhe Periadriatic seam, coming from
some geological studies, is depicted. Moreover, filai probes, starting respectively at
chainage 11505 m and 11732 m, are used to knovithloséogy for about 300 m ahead
of the tunnel face. These investigations can besidered only as an indication of the
exact location and spatial distribution of the distinuity, because the geological
surveys cannot be considered too accurate as wetha pilot probes cannot be
considered too representative of the rock commositAs highlighted in Figure 7.23,
the chainage is no more specified by numbers staftom 0 but they are expressed by
the distance from the beginning of the Aica tunmelthis case, the tunnel face is at
chainage 11744 m.

The objective of the seismic survey is to compheeresults obtained by the automatic
method to those given by the other techniques, lootterms of distance from the
current tunnel face and in terms of inclination.
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Figure 7.24. RQD obtained by one of the pilot prdlifled into the rock, from
chainage 11732 to 11950.
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Figure 7.25. Configuration of sources and receidering the analysis for the
prediction of the Periadriatic seam.

In Figure 7.24, the RQD extracted by means of de®isd pilot probe is depicted. The
most critical zones are around the chainage 118d0batween 11850 and 11900. No
discontinuities should appear before the chaindg&Qa m.

The work supervisors chose to adopt the TRUST gardition for the survey but |
suggested to modify the classical TRUST schemerderoto have more sources,
especially close to the tunnel face, and to plaemton both the tunnel sides, to have
more information. The acquisitions were therefoeegfgrmed with 45 source points and
fifteen receivers, disposed on five sections, vathdistance of 55 m between two
consecutive sections (see Figure 7.25). The tygotdgection is that expressed in the
second image of Figure 2.16b.

7.6.2. Results about the Periadriatic seam

In some cases, (see for example Figure 2.8), thmadson provided by the method
could be very different from the reality. This happ because the “hidden”
discontinuities cannot be identified, since a niytaticrease of the domain is needed to
reach their identifiable part. This is the startpmnt of this analysis: the domain must
be significantly increased (especially on the Xsaand on the Y-axis) to be sure to
estimate the exact location and inclination ofleeiadriatic seam.

The velocity has been estimated equal to 2903.2amdghe parameteR is equal to 3.
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Figure 7.26. Discontinuity map referred to the gsial of the Periadriatic seam, together
with the interpretation of the results, for the lgae with three receiver sections and 20

sources.

As will be described in details in the next sectiiris preferable to consider only the
sensors and the sources which are not too far fhentunnel face. For this reason, only
the three first sections of accelerometers are usede first analysis, represented in
Figure 7.26, while the 20 sources closest to thaeglface are taken into account. The

discontinuities, with a similar inclination, crosgithe tunnel axis around the chainages
11880 m and 11905 m, respectively.

analysis shows a critical zone very close to thenéll face and moreover two

In order to have another proof, only the two fgsttions of receivers and the first 12
sources are considered. In this case, only 4 seraer taken into account for each
source: the two lateral and the two placed at dipedf the tunnel. In Figure 7.27, the
map and the cross-sectional views are depictedir&@dy to the previous cases, the
probability to find a discontinuity is very highsgecially in the second part of the
domain. There are two main discontinuities:

1. the first is found at the first appearance of theelcolour, near the chainage

11840 m

2. the second crosses the tunnel axis around thead®itil890

both the reflectors.

These results appear to be in accord with thossepted in Figure 7.24. The two angles
a and y, defining the inclination of the discontinuitiegpear to be always positive for
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After the second discontinuity, a critical zone,ttwimany change of material, is
estimated, probably corresponding to the most exitgion of the Periadriatic seam.
This fact could demonstrate that the Periadriagians has been well detected but, in
order to be sure of that, it is necessary to vatgrogress of the excavation, which will
be set up accordingly with the results of all theveys (geological and geophysical).
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Figure 7.27. Final representation compared withriterpretation for the analysis on
the Periadriatic seam: a) for the map view; b)ther cross-sectional view.
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7.7. Final observations

In this section, some comments about the resultshefexperimental tests in the
Brennero tunnel are presented.

7.7.1. Computational time

One of the most important characteristics of thmmatic method is to obtain reliable
results in a small time interval. Considering thepeximental surveys, the procedure
takes between 10 and 15 minutes for a TRT anadysgisbetween 20 and 40 minutes for
a TRUST analysis, including both the map and tresssectional views. This time
must be added to the time due to the manual iesedf the positions of sensor and
sources. Conclusively, if no additional checks lo@ $ignals are needed, a result can be
obtained in less than one hour.

7.7.2. Differences between TRT and TRUST approach

The two main differences between the TRT and the#SRapproach are:

» the configuration of sources and sensors

» the type of excitation
In particular, the configuration is completely éifént: in the TRT scheme, the sensors
and the sources are quite close to the tunnel vaaée in the TRUST scheme they have
a large distribution along the tunnel axis. Thipexs is fundamental when applying the
backward method, which is based on the assumplianthe reflection point can be
considered unique for all the sensors.

late late OK early

Figure 7.28. Schematic representation of the ewormitted by considering a unique
reflection point. The red square indicates the sauhe green circles indicate the
receivers and the white circle indicates the réifb&cpoint.
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Actually, this is not true when dealing with a dgufation having sources and receivers
very far from the tunnel face, like the TRUST. Inglre 7.28, indeed, a simple
representation of this problem is sketched. Inigalgr, if a source and a node of the
domain (reflection point), corresponding to a migtcontinuity, are taken into account,
then there is certainly at least one receiver fdrictv this approximation can be
considered valid. For the other sensors, instdad,assumption cannot be applicable
and then some significant errors could be introduée the estimation. Two
consequences are obtained:

» the best configuration for the application of theckward method is the TRT
scheme or another similar configuration which hasirees and receivers
concentrated in 20-30 meters from the tunnel face;

e the results obtained on the experimental testsackenized by the TRUST
scheme cannot be too reliable.

In particular, the two tests presented with sucbraiguration are characterized by light
colours (see Figure 7.21, 7.22 and 7.26), meariagthe use of receivers far from the
tunnel face reduces the probability to detect aatisnuity. For this reason, the results
about the third test can be considered accuraes #\vhe probability is lower than the
reality. About the test on the Periadriatic sedm, results expressed in Figure 7.27 are
more reliable because only the first sensors &entanto account.
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Chapter 8

Rockburst monitoring

Parallel to the estimation of the rock discontirsitahead of the tunnel front, another
important phenomenon characterizing the tunnel \eat@an must be considered: the
rockburst. See Subsection 2.4.7 for other detalils.
The monitoring of the rockburst is fundamental toswe safety for workers and
machinery, analogously as the prediction of litigatal discontinuities.
The monitoring is based on three operations:

» estimate the position of the source, given a aedaiay of sensors

« calculate the magnitude of the seismic event

» check the frequency of the event
This means that it is not sufficient to estimate gosition of the rockburst source but
also to verify the intensity of the event and meezoits frequency, because it is
fundamental to identify the critical zones, whichllwe analysed more accurately by
geologists.

8.1. Estimation of the rockburst source

Let’s start with the estimation of the rockburstise, which is a problem similar to the
identification of the location of an acoustic saur@li et al, 2007). In this field,
however, some modifications to the classical athors are applied, in order to obtain
the best results as possible.

8.1.1. The idea

The basic idea is represented in Figure 8.1, whemeay receivers record the wave
(seismic, acoustic or whatever type) generatedhénsburce point. The objective is to
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estimate the location of the source from the knpasitions of the sensors and from the
signals recorded.

Since the rockburst is a seismic event, an ideddvioe to use the techniques adopted
for the earthquakes. In that case, since longriissgare covered by the seismic waves
before being recorded by a geophone, it is possibdéearly distinguish the P-wave and
the S-wave. Successively, the times elapsed frarefhicentre to the seismic stations
are identified and then, by means of the differebetveen the P and S arrivals, the
distance between the recording stations and theeefpe is calculated. By constructing
a circle and considering at least other two cirdlels possible to estimate the epicentre,
as done for the figure below.

The rockburst is a seismic phenomenon but therdistbetween the epicentre and the
tunnel axis is small (some tenths of meters, atimam), because it is an alteration of
the rock near the excavation zone. Consequentiy,difficult to identify the two types
of waves, in particular the P-waves (the energyois). For this reason, different
approaches are proposed in the prosecution ofrtictea

8.1.2. The problem

Let us suppose that the source is locatedsin(xy, yp,zg) and the receivers are in
R=(>q Y z,) i=12,...,N. The matrix collecting the positions of the acoeteeters is
calledQ:

Figure 8.1. Idea of the identification of the sautacation from a set of receivers. The
source is indicated by a red square, while theiveceare indicated by green circles.
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Xl yl Zl
X Z

Q=" P % (8.1)
XN yN ZN

The relationships expressing the distance betweesdurce and a generic receiver is:

dio :\/(Xo =%) 2+ (Yo - ¥i)% +(20 - 7)? =t —to) (8.2)

where v is the medium velocity (supposed to be constamg § is the time
corresponding to the first arrival of the directwsaThe constantg is called origin

time and it indicates the instant in which the waas been generated, which is not the
zero-time.

In this problem there are four unknowns and theesfour independent equations are
needed because, in addition to the source coosdipaiso the origin time must be
calculated to solve the problem.

Some methods for the identification of the rockbsmuirce position will be presented in
the following. For all the methods, the velocitySapposed to be known. In a real
survey, it is sufficient to give an hammer strokeaiknown point and to apply the first
part of the backward method to obtain the waveaisio

8.1.3. 4CM method

The first method presented is called 4CM, whicmdsafor 4-Columns Matrix method,
which is the most classical approach, involving tastruction of a matrix with four
columns, in order to solve a linear problem wité Ltieast-Square method.

Let us start from Eq. (8.2). By considering theasgu

(X0 = %)%+ (Yo = )% +(20 - 7)? =vAf - 2vttg +v214 (8.3)
Then, by using two generic receivers

(Xo _Xi)2 _(Xo _Xj)2 +(yo _Yi)2 _(yo _yi)2 +(ZO _Zi)2 _(ZO _21)2 =
VA2 -2 - 2v%t -t )

(8.4)
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X§ = 2%0% +XF = x§ +2x0X| = x5 + Y§ = 2yoy; + ¥ ~ Y6 +2Yoy| ~ i + 85

2(2) -2z +zi2 —2(2) +27z] _ij =v2(ti2 —tjz)—2v2t0(ti —tj)

and finally

Xo(Xj =%) +yo(yj = Vi) + 20(z; _Zi)+t0(V2(ti _tj)):

v2(ti2—tj2)+ sz—xi2 +y‘]-2 —yi2+z‘]-2—zi2 (8.6)
2
In particular, by considering two successive reeey
2(,2 _.2 2 2.2 2,2 2
b _Y (ti _ti+1)+ X~ tYin Y Y4 8.7)
' 2
and then it is possible to obtain a classical lirrablem of the form
Ag=b (8.8)
where
2
X2 =% Y2-%1 -7 V2 (to —t2)
A=| 37X Y3~ Y2 3-17 ve(ts - tp) (8.9)
; ) _. _
XN ~XN-L YN TYNa 2N ~2Zna Vot —tned)
blz
p=| P23 (8.10)
bn-1,N
X0
q=|"0 (8.11)
4]
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8.1.4. 3CM method

The second method proposed is called 3CM (3-Columtatsix) method, and it allows
to write a matrix with only three columns because arigin time is hidden in the linear
system, after some simple manipulations of the &ops

Starting again from Eq. (8.2), the information abaunew receiver can be added in the
term at the second member of the equation:

V00 =02+ (Yo~ ¥i)2 + (20 - 2)2 =i —t; +t; ~to) (8.12)
By squaring both the terms,
dip =df +2d;djo +d% (8.13)
The same process can be applied by using one giéveous receivers and a new one:
diy =di +2dygdjo +d5, (8.14)

Now, Eg. (8.13) is multiplied byjkj and Eqg. (8.14) is multiplied bydij and the

difference of this quantities is considered:

2 2 4. |42 2 2 2
digdij ~ diodi -(dij +2dijd10+dj0)dkj ‘(dkj +2dkid10+dj0)dij (8.15)
2 2 4. (42 242 2 42
d3dy; ~d2ydy = o *+djo My _(dkj +dj0)dij (8.16)
After some manipulations, it is possible to find
(dijz_xiz_yi2_2i2+xj2+yj2+zj2)dkj _(dk2j —xf—yf—zf+sz+yj2+zj2)dij =
= Z[dki (Xi =X )_dij (XJ' = X )]Xo + 2[dkj (yj —Yi )_dij (yj - yk) Yot (8-17)

+ Z[dki (Zi K )‘ d; (Zi ~ % )]Zo

In this way, the coordinates of the source canasdyefound. An estimate of the origin
time for each receiver can obtained by:
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1
tOi :;dio +ti (818)

8.1.5. 3CMM method

The procedure just presented can be slightly medliby introducing the 3CMM (3-
Columns Matrix Modified) method, which is a persbmavision of the previous
approach. The basic idea is to split the matkixexpressed by Eq. (8.9) in two parts
called A and A, respectively:

=% Yo~ L4

A= X3 =X, Y=Y 371 (8.19)
Xo ™ Xpr Yo =Yoo Z,7Zp4
Xng-prz ~ Xn-prn Yne-pr2 ~ Yre-pu Zne-prz T Zne-pn
A = Xig-pr3a " Xng-prz - Yro-pra ™ Yne-prz Zro-pra = Zng-pr2 (8.20)
ch - ch 1 ync - ync -1 ch - ch_l

where p is an arbitrary parameter usually chosen as halfdtal number of sensohs.

This parameter can be chosen from Nte 1.
Parallel, the vectob is splitinb, andb,

b, = v -t o, - X‘22+ Tl i=12...p  (8.21)
b, = A G 1 _)92; Yea W *Zu=Z N pio N1 (8.22)
The equations can be written as
A =b +k (8.23)
Arq=by, +ky (8.24)

where the vector&, andk, are expressed by:
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k,=tVi(t -t,,) i=12...p (8.25)
k, =t,V2(t, -t,,) i=N-p+2..,N-1 (8.26)

Then, new matrices and vectors are built;

N — Xi+1_xi.yi+1_yi.zi+1_zi :
- ’ ’ = 2,..., 8.27
Ai |:ti —t Gty oty } =t P ( )
N — Xi+1_Xi.yi+1_yi.Zi+l_Zi .
- ’ ’ :N_ +2,...,N _1 828
& {ti “ha Gty 6oty } | P ( )
by = by i=12,..,p (8.29)
i —tin
~ b, .
b, = i=N-p+2..N-1 (8.30)
i —tiyg
The equations obtained are:
AgX = by +tgv? (8.31)
/—5\2X = 62 + toV2 (8.32)

and then the term due to the origin timge can be cancelled by considering the new

linear system:

(A - Ao Jx = by -y (8.33)

8.1.6. lterative method

In the fourth method presented, the origin titgas determined by using the following
iterative algorithm:
* Impose some values ty, in the interval included from O to the maximum

values of the time arrivals
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» Consider the time§ +tg.

* Calculate the solution by using a simplified apploaespect to the 4CM
method, by considering the matrix

X2 =X YoV -4

a=| BTX Ys—¥2 B2 (8.34)

XN “XN-1 YN "YN-1 2N ~ZN-1
and the vector

b = V2 (ti2 —ti2+1)+ X1 =X+ Y -y + 2z - 77— 2t (Vz(ti ~li +1)) (8.35)

2

instead of that of Eq. (8.7), in order to take team with the velocity into
account.

» Calculate the distance,; = d(x,R Between the solution and the sensors.
« If the relative error betweed,, and v(t; +tg) is minor than respect to a fixed

threshold then that value ¢f is the real origin time.

8.2. Condition number and optimal sensor configurat ion

The methods proposed in the previous section trgstimate the coordinates of the
source, once known the velocity of the seismic waad the positions of the receivers.
For this reason, at least 5 sensors are necessiay ffockburst identification, since
differences among the coordinates are calculated.
The first two methods proposed in the previousigedias been taken directly from the
literature, while the latter two ones have beerettyed by me, in order to be as more
accurate as possible when dealing with real damairgp from a rockburst monitoring,
with a sensor configuration which is conditionedthg tunnel shape.
The most important aspects for the selection obtést method are:

» the condition number of the matrix present in thedr system (see Appendix B

for details)
 the configuration of sensors (number and dispayitio
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These two aspects are however strictly connectepaitticular, if considering Eq. (8.9),
it is clear that the differences among the cootémaf the same type are those who
determine the condition number @f.

If the x-coordinates of the sensors vary on a laeggye of values (since they can be
placed along the tunnel axis), then the matixhas a first column which is dominant
respect to the others. This situation usually ldads high condition number, which can
mean difficulties in finding the numerical solutiohthe linear equation.

In order to avoid this situation, pre-conditionemuild be used, but they are built only
for square matrices, and therefore the unique wag build the matrixA such that the
condition number is as small as possible. To dg tihie sensors must be chosen in the
most convenient position.

Another important observation is that if the colurmmdominant then the correspondent
coordinate of the source will be well estimateditcarily to the other coordinates. This
is the reason why the matrig& should have numbers as uniform as possible, ard th
must be obtained by placing the sensors in conméemesitions. The problem of an
optimal configuration for sensors is studied in tiext subsections.

8.2.1. Estimation of the x-coordinate

The positions of the sensors cannot be chosen artatrary way, or without particular
criteria, as happens for all the surveys studiea itunnel, therefore some additional
studies must be done about this topic.

Let us simulate a real case, being inspired be#perimental test that will be presented
at the end of the chapter. In particular, let's se&able 8.1 three different sets for the
x-coordinate of the sensors, while the other twordmates are fixed and simulating a
real case, and they are expressed in Table 8.2.

The three configurations have 4, 5 and 10 secti@spectively. For each case, a 3% of
Gaussian noise is added on the first time arrivaksated by considering the source in
S= (72-2115 and by imposing a velocity of 3000 m/s.

Table 8.1. List of the three cases considered, thighx-coordinates of the sensors and
the relative error on the estimation of the x-cawate x; of the rockburst source.

TYPE X-COORDINATE ERROR ONXxg
5 sections [0 0 30 30 60 60 90 90 120 120] 0.13%
4 sections [0 00404040 80 80 120 120] 0.40 %
10 sections [0 30 60 90 120 15 45 75 105 135] 925
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Table 8.2. Coordinates y and z used for the thoeéigurations under study.

TYPE X-COORDINATE
5 sections [(2225-221-2324-282-292
4 sections [2161.2080404081.21.62]

The estimation, performed with the classical 4CMhud, of the x-coordinate of the
source is slightly better for the first case, whislalso the configuration planned to use
for the rockburst monitoring in the Brennero tunrelt it is very satisfying also for the
other configurations.

This initial example is useful to understand thgbad estimation of the x-coordinate is
possible with different configurations, becausehé sensors cover a large range of
values of a coordinate, then the estimation ofsémme coordinate of the source will be
very accurate.

8.2.2. Estimation of the other coordinates

Contrarily to what has been just shown about tlteordinate, it is not possible to have
an equal disposition of the sensors in all the afimes, and moreover it is almost

impossible to obtain a small condition number wstnsors disposed as described in
Table 8.1.

For these reasons, let us create new simulatiorh, the source again in the point

S=[72 -2115] m and three following configurations listed in Tald.3, about the x-

coordinate. The three cases represent some poshititees for a real survey:
1. “concentrated” configuration: the sensors are velgse each other, in two
meters;
2. “intermediate” configuration: the receivers are tquclose each other, in 28
meters;
3. “distributed” configuration: the sensors are moistributed along the tunnel
axis, in 120 meters.
In Table 8.4, instead, the y- and z-coordinateshefsensors are presented. They are
equal for all the configurations. The y-coordinades calculated from the z-coordinates
supposing that the tunnel has the same dimensiotiee Brennero tunnel, in order to
have realistic cases, based on Eq. (5.1).
Now, let's inspect the relative errors between thect source position and the
estimations produced by the method, for the thoedigurations.
In this regard, 30 simulations are created for eafckthe three cases, with a 2% of
Gaussian noise added to the first time arrivals.
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Table 8.3. List of the x-coordinates of the sen$orshe three configurations under
study.

Configurations x-coor dinates

CASE 1: concentrated

[021.60.41.80.7 1.4 04D14]

CASE 2: intermediate

[01028211913.537122]7 2

CASE 3: distributed

[0 0 30 30 60 60 90 90 120 120]

Table 8.4. Coordinates y and z of the sensors fasdte three configurations under
study.
[2.9976 -2.9758 2.8680 -2.6638 2.9976
-2.9758 2.8680 -2.6638 2.9976 -2.9758]
[252151252151252]

y-coor dinates

z-coordinates

Relative error on x-coordinate

Relative error on y-coordinate
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Figure 8.2. Relative error on the different cooadés for the three configurations: a) x-
coordinate; b) y-coordinate; c) z-coordinate; dgmfcation of the previous figure.
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Firstly, the errors on the estimation of the singberdinates of the source are depicted
in Figure 8.2.

About the x-coordinate of the source, the bestnedton is obtained by the third
configuration, and this confirms, analogously toblEa 8.1, that having a large
distribution of sensors in a direction allows ayvgood estimation of the corresponding
coordinate of the source.

However, when considering the y-coordinate, thersrare larger for the second and
third configurations, and this fact is significanthore evident for the z-coordinate. This
happens because if the matéxhas non-uniform values (i.e. higher in the firstuenn,
corresponding to the x-coordinate, respect to ttherocolumns), then the condition
number is higher, as can be seen in the TableEB&n if the second and the third
configurations seem to be very different, their dibon number is not so dissimilar,
meaning that only the first configuration can besidered a good choice.

In Figure 8.3, the total relative error is depigtembnfirming that only the first
configuration is suitable for a recognition of tteekburst source. Moreover, even if the
source is distant from the sensors, the resultsemegood.

Table 8.5. Condition number of the matux for the three cases analyzed.

Configurations Condition number
CASE 1: concentrated 9.77
CASE 2: intermediate 25.09

CASE 3: distributed 30.44

Total relative error
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Figure 8.3. Total relative error in the estimatadrthe source location, for the three
configurations.
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8.2.3. Minimization of the condition number

If exchanging two rows of a matrix, its conditionmber does not change. In this case,
however, it is possible to exchange two or moresroithe sensor matriQ) in order to
modify the condition number of the matri, because it is based on differences on the
values of the sensor coordinates. Consequenily mportant to set the matri® such

that the matrix A has the condition number as smaller as possibttuadly, this
operation can take a very long computational tireealnse the permutation of the rows
includes nl cases (forn=10 -> 3628800 cases). Therefore, a simpler thing can be
done: only the rows of the matri®Q containing a negative value for the y-coordinate

are permuted in order to find a case with a lovegrdition number.

N
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N
o

N
&

Condition number
Condition number

L L L L L L L
0 20 40 80 100 120 0 20 40 80 100 120

60 60
a) Combinations b) Combinations

130

Condition number

40+

30

0 20 40 60 80 100 120
Combinations
9)

Figure 8.4. Condition number of the matux in function of the permutations of the
rows of the matrixQ: a) for the first configuration; b) for the secorwhfiguration; c)
for the third configuration.
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In this case, since only half of the rows have tieggavalues, the number of
combinations is significantly reduced (for=5 - 120 cases). For each case, the
matrix A is built and its condition number is calculated.

Figure 8.4 represents the condition number fordifferent combinations, based on the
coordinates expressed in Table 8.2 and 8.3, abeuthtee configurations. For the first
one (Figure 8.4a), the minimum value of the condithumber is 8.07 against the
original value of 9.77, therefore the improvememot so evident.

In Figure 8.4b, it is shown that the second comfigan can have condition numbers
from 21 to 30, while in Figure 8.4c, for the thodse, they vary from 30 to 120.

To directly see the effect of selecting the minondition number, it is advisable to
check what happens to the total relative error lointyt numerical cases created
analogously to Figure 8.2 and 8.3. Looking at Feg@r5a, the improvement in the
estimation of the source location, for the firshfiguration, is very small. This is due to
the fact that the condition number is slightly cipeth and therefore the enhancement
cannot be too large.

Total relative error Total relative error

——No optimization ——No optimization
— With optimization r — With optimization
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Figure 8.5. Total relative error, before and affter minimization of the condition
number for the matrixA : a) for the first configuration; b) for the secormhfiguration;
c) for the third configuration.
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A higher improvement occurs in Figure 8.5b, for sseond configuration, because the
condition number decreases from 25.09 to 21.16tHelast case, represented in Figure
8.5¢, no improvements can be seen because the exghmessed in Table 8.5 (30.44) is

the minor condition number as possible, and theeetbe results cannot be better
respect to those depicted in Figure 8.3.

Except this lucky case, it has been shown the itapoe to reduce the condition matrix,

because a low value leads to obtain a more accswaigon of the problem.

8.2.4. Optimal configuration of sensors

Now, let us to study an optimal placement of thesses on the tunnel walls in order to
have a smaller condition number as possible. Latamsider 10 sensors and a simple
proposal is the configuration represented in Fidu6e Its characteristics are:

» X-coordinate: 5 sections with 2 sensor per eachisecdistributed in 10-15
meters. This choice is done to obtain small valoedhe differences between
different x-coordinates.

* Y-coordinate: 2 sensors for each section, one enldgft wall and one on the
right wall. The choice allows to have values simitathose of the X-coordinate.

» Z-coordinate: 4 different heights. They are calletf, H,, H; and H,

respectively, starting from the bottom up to thp.tbl, and H; are associated

to the left wall,H, and H, to the right wall.
With this configuration, it is possible to have Ibaa quite simple scheme for the
workers (no holes at the top of the tunnel) andarisn with a quite low condition
number.

8.3. Procedure of analysis

Now, let's summarize the procedure for the idecdifion of a rockburst source. The
procedure is mainly divided in two parts: the senptacement and the source
estimation. Then, additional information about tleekburst can be given with the
magnitude estimation and the monitoring of the ¢W@guency.

8.3.1. Sensor placement

The sensor placement is the most important tope iackburst monitoring, because it
is fundamental for the condition number of the mabf the linear system whose
solution is the source location.
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Tunnel front

b)
Figure 8.6. Proposal for an optimal configuratidrsensors for the rockburst
monitoring: a) map and frontal view; b) three-dira@mal view. The circles indicate the
receivers.
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What is really important is to build the matr@ of Eq. (8.1) in order to have a low

condition number of the matrix of the linear systdfor this reason, the configuration
presented in Figure 8.6 is advisable.

8.3.2. Estimation of the source location

The estimation of the source location is mainlyididd in four parts:

Estimate the wave velocity

Identify the first time arrivals of the direct wasfom the recorded signals
Reduce the condition number of the matrix of thedir problem

Estimate the source position by solving the lir@ablem

The estimation of the velocity is necessary in @ srvey, because otherwise any
method can be applied. The simplest way to solieploblem is to give an hammer
stroke against one of the tunnel walls, in a kngasition, and then to apply the first
part of the backward method (see Subsections &r&1%.3.3) to find the velocity.

After that, the first time arrivals of the direcwes are extracted by geophysists, or, if
the excitation is strong enough, by re-using thematic approach.

In Section 8.1, many methods have been presentethdoestimation of the rockburst
source. After some simple tests, in my opinion, tthied approach (3CMM method),
described in Subsection 8.1.5, has been demortstiatee the most reliable. For this
reason, it has been chosen to analyse the numandaxperimental data.

The method is divided in two parts: the first osededicated to a rough estimation of
the possible values for the source coordinateslewthe second part is dedicated to the
operations allowing to obtain the final result.

At first, different vectors are defined in orderttave all the combinations of =N -3

P owwbdPE

elements over the total numbiRr of sensors:

N!

“(N-no)ing! (8.36)

C

These process permits to build many cases, byirgedifferent combinations of the
rows of the matrixQ and to study the problem in a statistical sense @hoice of

ne. =N -3 is arbitrary but it has been proven to be satigfyiFor example, with 10

sensors, the combinations of 7 elements over delfiemt vectors are 120.
Now, the method requires the definition of two ntas in the same manner as in Eq.
(8.19) and (8.20).
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Each of the two matrice# and A, have p-1 rows. Successively, the procedure

explained in Subsection 8.1.5 is followed to obtaNp estimations of the source
location. For each estimatiork, the condition numberc) of the matrix

AR = AW — Al defined in Eq. (8.33), is collected. This is el of the first part of

the methodology.

The second part is focused on eliminating the exstlof the first estimation and then on
finding the final solution, by averaging the valugsgtained, but weighted by the inverse
of their condition number. In this way, the estimas coming from the cases with a
low condition number matrix are more incident oa fimal result, which represents the
estimation of the source position.

8.3.3. Estimation of the intensity

Analogously to the earthquakes, a magnitude candimed also for the rockburst,
which is a particular seismic event. For the ear#tkgs, as well known, there are two
scales defining the intensity:

 The Mercalli scale: it measures thiectsof the earthquake on structures,
humans and whatever natural element.

* The Richter scale: it is a base-10 logarithmicescahd the magnitude is defined
as the logarithm of the ratio of the wave amplitudeorded by a seismograph
respect to an arbitrary small amplitude (referced tistance of 100 km).

In the rockburst case, it is fundamental to findedinition similar to the Richter scale.
The procedure is:

1. Estimate the arrival times of the direct waves aoliect the relative amplitudes

A, fori=1..,N whereN is the number of receivers used in the survey;

2. Estimate the source location;
3. Estimate the amplitude relative to the source pofgt and the attenuation

coefficienta , from the relationship

_Ae” (8.37)
:

wherer, is the distance between the source p&rdand the i-th receiver;

4. Calculate the magnitude as
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Sensor placement
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> y-coordinate
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Source location
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Identify the first time
arrivals of the direct
waves

Create different caseg
with the combinations
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Apply the estimation
method
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A 4
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the event

Check if there are
critical zones

Figure 8.7. Scheme of the rockburst monitoring.
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_ As
M = Log—S (8.38)
og A

where A is called reference amplitude.

The choice of the reference amplitude could sedificdi but actually, in practical
investigations, it is straightforward, as will bepéained in Section 8.5.

8.3.4. Frequency of the event

The frequency of the event is simply determinedcbynting the events of a certain
intensity that have been localized in a certainezdm this way, it is possible to
distinguish the critical zones from those which i present many estimations in a
well-confined region.

Geologists will deeply study the critical zonesnaer to understand the causes and the
possible effects on the tunnel construction of easive rockbursts.

8.3.5. Scheme of the analysis

The summarizing scheme of the procedure is repredem Figure 8.7.

8.4. Numerical example

In this section, two numerical examples are created analysed with the procedure
presented in the previous section. At the endaatmal indication on the reliability of
the estimation is proposed.

8.4.1. First simulation

In this section, let’'s analyse the numerical simalawhose characteristics are listed in
Table 8.6. The disposition of the sensors is simita what has been presented in
Subsection 8.2.4, with a distribution on the turaees (x-coordinate) that ranges in 11.6
m. The source has been placedSr[15, -2,15], because in real cases the rockburst
events originate quite close to the tunnel. Theaig}, equal to 5000 m/s, is typical for
P-waves in hard rock as the granite.

The time arrivals are built with the parameterd psscribed, adding 2% of Gaussian
noise.

The methodology described in the previous secsaapplied to the numerical example
under analysis, by using=5.
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Table 8.6. Characteristics of the first numeriade under study.

Parameter Value
Source S=[15,-2,15]
X-coordinate of receivers Xz =[0,10,11.6,4.4,2.8,9.7,5.4,8.2,7.4,3.4]

Vg =[2.9976,-2.97582.8680; 2.66382.9976,
-2.97582.8680; 2.6638,2.9976; 2.9758]

Y-coordinate of receiverg

Z-coordinate of receivers z, =[2.5,21.512.5,21.51,2.5,2]
Velocity v =5000m/s
Percentage of added noise 2%
X-coordinate Y-coordinate
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Figure 8.8. First estimations of the coordinatethefsource, for the first numerical
case: a) x-coordinate; b) y-coordinate; c) z-cauath.

In Figure 8.8, the estimations of the three coatiia of the source, coming from the
first analysis, are depicted. In all the casesgdtenations is very precise, meaning that
almost all the values are close to the averagé, few outliers. In Figure 8.9, the same
values represented in Figure 8.8 are visualizetiwithout the outliers and then with
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new average values, which still do

weighted mean must be applied.
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outliers, for the first numerical case: a) x-cooate; b) y-coordinate; c) z-coordinate.

In Figure 8.10, the estimation of the three coatds is depicted in function of the
condition number of the matrid, in order to highlight where the more significant
estimations (corresponding to small condition nurapée. The figure shows that the
condition number is quite high, and the best zohews values from 5 to 50,

approximately.

The weighted average gives the the final estimatibthe rockburst source location,
which is S, =(15.38,2.09,15.09), with a relative error of 1.86%. It is represented
Figure 8.11, together with the sensors used foidietification.

If the sensor configuration would be chosen momapmact, then the condition number
would be smaller but the zone of identificationIvie reduced, because the sensors

have a minor spatial coverage.
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Table 8.7. Characteristics of the numerical caskeustudy.

Configurations Condition number
Source S=[72,-21,15]
X-coordinate of receivers X = [0,0,30,30,60,60,90,90,120,120]
Y-coordinate of receivers| y_=[-2.2,2.5,-2,2.1,-2.3,2.4,-2.8,2,-2.2,2.9]
Z-coordinate of receivers z,=[21.6,1.2,0.8,0.4,0.4,0.8,1.2,1.6,2]
Velocity v=5000m/s
Percentage of added noise 2%
X-coordinate Y-coordinate
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Figure 8.12. First estimations of the coordinatethe source, for the second numerical
case: a) x-coordinate; b) y-coordinate; c) z-cauath.

8.4.2. Second simulation

The second simulation is based on a configurationilay¥ to a real rockburst
investigation in a tunnel, where the sensor coméiion is often the same of the seismic
methods for the prediction of discontinuities. Inist case, there are ten sensors
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distributed over 5 sections, with 30 meters between consecutive of them. The
velocity is 5000 m/s, as in the previous casetifdse characteristics are listed in Table

8.7.

The first estimation is depicted in Figure 8.12spat to the previous numerical case,
the values have a significant larger dispersiopeeglly for the z-coordinate. This is
due to the fact that the sensor configuration iy @&ferent and leads to high condition
numbers, as can be seen in Figure 8.13, sincealess exceed even 2000 in some

cases.

The weighted mean leads to find the final estinmatd the rockburst source location,
which is S, =(72.77-13.54,- 22.85), with a relative error which is:

» small for the x-coordinate, since the sensors cavarge zone along the tunnel

axis;

» quite large for the y-coordinate

* very large for the z-coordinate
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Figure 8.13. Estimations of the source in functidthe condition number of the matrix
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In the last two cases, the disposition very comed¢ed respect to the x-coordinate
prevents the possibility to obtain an accurateresion.

8.4.3. Reliability of the estimation

The estimation of the source, for many reasons ti&ese, sensor configuration and
others, could not be very accurate, as just seethensecond numerical example.
Consequently, a reliability indicator is usefulunderstand how much the estimation is
reliable.

First of all, the reliability of the estimation nmtusot be considered in a general sense,
but singularly on the three spatial coordinatesthaf source. This signifies that, in
general, it is meaningless to compare the distieteeen the real and the identified
source, because it is more important to evaluaetior committed in each of the three
components.

As already said, in tunnel investigations, if thenfiguration is similar to a TRUST
scheme, probably the condition number will be laage an accurate estimate will be
obtained only on the x-coordinate of the sourceeWersa, for a TRT configuration,
the estimation will be more reliable but only ietBource is close to the zone in which
the sensors are placed.

A simple indicator of the reliability of the estithan is the standard deviation of the
second estimations (those obtained by the metltad, lmaving eliminated the outliers).
If it is inferior to 5, then the estimation can dmnsidered sufficiently reliable.

In Table 8.8, the reliability indicators for bothet numerical simulations are listed. For
the first one, the values are very small and cpoedingly the estimation is very
accurate. On the contrary, for the second simulatichile the reliability indicator is
small only for the x-coordinate (good estimatioib)s borderline for the y-coordinate
(estimation not so accurate), and it is very |dogeghe z-coordinate (bad estimation).

Table 8.8. Reliability indicators for the three odinates of the source, for both the
numerical simulations presented.

Coordinate First smulation Second simulation
X-coordinate 0.50 1.64
Y-coordinate 0.09 7.19
Z-coordinate 0.41 36.78




173 | Rockburst monitoring

8.5. Test in the Brennero tunnel

Up to now, no experimental tests have been conductéhe Brennero tunnel about the
rockburst monitoring, with the described method@eg The unique investigation

available is a test during an excavation with ghglland blasting technique, done in a
tunnel some meters away from the tunnel considdretbed, when constructing long

tunnels, many galleries are excavated both forssieg the principal tunnel and both
for the security of the train passengers, oncevibi is finished.

8.5.1. The acquisition

In a rockburst monitoring, the acquisition is difat from a seismic survey because it is
a passive monitoring, meaning that the sensorst seording only when the
accelerations overcome a fixed threshold. Otherwiseould be impossible to acquire
and process all the data available. Moreover, armger is always present, usually
equal to one second, while the acquisition lagesetlseconds.

The threshold for the recording is fixed arbitnarbased on the acceleration levels
recorded during preliminary analyses. The seleatiotinis parameter is very important
because if it is too large, some important eveatsiot be recorded, on the contrary too
much data must be examined.

Coming back to Subsection 8.3.3, the thresholdsis ased as the reference amplitude
in the magnitude estimation of the rockburst evémtthis way, it is possible to well
quantify the intensity of the seismic event, by paming the source amplitude with a
fixed value.

The configuration adopted for the survey underysislis based on the TRUST scheme
(Figure 2.16), since it was used also for a seismestigation ahead of the tunnel
front. The coordinates of the sensors are listeTaible 8.9, where it is possible to note
that nine sensors are available, on four sectiont) large distances between two
successive sections. About the z-coordinates, thereonly two values different from
zero.

Table 8.9. Sensor coordinates for the experimeéashlunder analysis.

Coordinate Value

X-coordinate Xg = [0,0,0,48,48, 4898,98,146]
Y-coordinate Yr =[3.2,-3.4,-3.2,3.2,0,-3.2,3.2,-3.2,-3.2]
Z-coordinate z; =[0.1.8,0,0,4.8,0,0,0,0]
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8.5.2. The data analysis

As suggested in Subsection 8.3.2, the velocitysisrated by performing a quick test
with an hammer stroke in a known point and by abersng the peaks referred to the
first time arrivals of the P-waves. In this cadee welocity estimated (average of the
values obtained for each trace) is 4854 m/s, llaehas been inserted in the algorithm
for the source localization.

The data relative to the acquisition are not adbkesstherefore only the first time
arrivals are available. They have been detecteahlgxpert geophysicist.

The real source is considered in the middle oftk@avation front since its area is about
20-30 nf. The value isS=(7,30,14.5).

The first estimations given by the methodology jmsgxl are depicted in Figure 8.14.
The figures shows that the uncertainty on the diffe coordinates is quite large and
moreover the average lines are not close to tHesog@ce coordinates.

In Figure 8.15, the source coordinates are showuareion of the condition number of
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Respect to the numerical simulations presentedhenprevious section, the condition
numbers involved are smaller, but the reliabiligctbrs do not foretell an accurate
estimation, since they are equal to 5.73 (x-coat)) 5.77 (y-coordinate) and 9.95 (z-
coordinate). This is exactly what happens, becthesestimation of the source location
is S, =(-13.01,67.3540.79, with non-negligible errors for every coordinaféis can

be seen graphically in Figure 8.16.

In a real survey, what is actually important isegiimate not the exact position of the
rockburst but the region in which it actually is.this way, it is possible to affirm that
the method has roughly identified the critical za®d this is fundamental for the
rockburst detection. Moreover, since many smalree& events can happen in a tunnel
under construction, many consecutive events ardtared and then finally a map with
the critical zones (and also the amplitudes) cadrba/n.

In the next months, the rockburst monitoring wil analyzed in the Brennero tunnel
and the algorithm proposed will be fundamentalitodetection.
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Chapter 9

Conclusions and future works

9.1. Final comments

The thesis presents two fundamental issues abeumtbnitoring of a tunnel under
construction, i.e. the estimation of rock discoutiies ahead of the tunnel front and the
rockburst monitoring.

About the first topic, the work starts by descriithe seismic methods present in
literature and by extracting the main relationshipgolving the physical parameters.
The major difference with the classical seismideafon methods is the configuration
of receivers and source points, which is stronglyditioned by the particular shape of
the tunnel. This fact obliges to locate those el@sen the tunnel walls or on the tunnel
face.

Referring to the discontinuity prediction, two medls are proposed to process the data
using a random array of receivers and sourcedirdteone is based on the intersection
of the ellipsoids, built from each source-receiymir; the second one is a fully
automated method, based on a sort of “cluster aigdlgf all the reflection events that
can be back-projected on the space domain clodeettunnel. With this approach, the
results are considered in terms of probability dinpout discontinuities of rock mass,
indicating lithological changes, faults or fractsuwdhis is one of the most innovative
characteristics of the methodology: the final illation is a probability map where the
critical zones are represented by dark coloursk&athe colour, larger the probability
to meet a reflector in that point. Another inteirggtaspect is the tuneable sensitivity of
the method, which can be settled on the basis adenmeasurements and data
acquisition quality.

Many tests have been performed on synthetic sigaradson real data coming from the
Brennero tunnel, pointing out the performanceshef proposed methodology in terms
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of accuracy in the identification of discontinugieln some experimental cases, no
information about the lithology is available anenhthe results cannot be completely
evaluated.

The computational time for the data processingery wmall: it lasts only few minutes
for the experimental tests presented. In other sjotdmeans that, after a simple re-
organization of the gathered data set, a prelinginaterpretation can be available
almost in real time, i.e. in few minutes after tfaa acquisition.

Referring to the rockburst phenomenon, an optimatfiguration for the sensor
placement and some techniques for the estimatiothefsource location have been
proposed. The procedure has been applied mainlywwonerical data showing the
reliability and the peculiarities of the algorithmhich is a modification of the classical
approaches used to find the position of an acossticce.

Both the seismic reflection techniques and the lbackt monitoring have been
developed not only from a theoretical and numermaint of view but also with a
constant attention to the experimental and prdcficablems. This means that the
experimental works done in the Brennero tunnel hagen very important to give
indications about the feasibility of the conducttddy and how to tune the parameters
during the different kinds of analyses.

9.2. Improvements of the automatic method

In the following, some ideas are proposed for thprovement of the automatic method
for the estimation of rock discontinuities.

9.2.1. Reflection not in a single node

The backward method, as demonstrated in Sectigns/nodt the best suitable technique
when sources and receivers are placed far frontutheel face, because the hypothesis
of common reflection point cannot be consideredidyalike for the TRUST
configuration. For this reason, the method sho@dlightly modified to be applied in
most of the real cases, without requiring a spedisposition of sources and receivers.
A weaker condition for the determination of thecdistinuities is to take into account
not only one node per time, but also those in @ifpd neighbourhood of that node,
such that the reflections can come also from nedes, as theoretically happens. In this
way, even considering sources and receivers veryda each other, the method could
obtain more reliable results.
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9.2.2. Velocity in the domain

Another critical point of the method is the velgcéstimation. When analysing cases
where there are different types of rocks, the barkvwnethod can fail, as demonstrated
in the numerical example presented in Section I8.1his case, the value of velocity
estimated in the first medium cannot be supposdid @tso for the second medium,
because its characteristics are very differentnBlvm real situations this event happens
only few times, the creation of a velocity fieldutd be a significant improvement.
Practically, there are some methods in literatuhéckv are based on a velocity model,
meaning that the starting point is to define a donaad to associate a velocity value to
each node instead of considering it as a reflectiomt. However, in the algorithm
proposed in the thesis, it is difficult to combitiee two aspects, therefore this topic
should be analysed more in details to find a goothpromise between the two
approaches.

An additional improvement about the velocity cobkl the method for its estimation:
the successive elimination technique could be gubsd by more common approaches
as the STA/LTA (Short Time Average over Long Timeefage).

9.2.3. Application in the case of excavation with TBM

The work presented in this thesis has been suatdlysapplied to the seismic sources
produced with the blasting and with the hammer.c8ssively, some tests will be done
with the magneto-strictive source, where the magblem will be to obtain a satisfying
cross-correlation among the pilot signal (charaotey the source) and the signals
recorded by the receivers.
However, since almost the tunnels under constmcie excavated with the TBM, the
automatic method must be adapted in order to bé isthis situation. In presence of
TBM, as already noted in the introduction and irctte® 2.4.5 and Section 2.4.6, the
monitoring of the discontinuities can be done eitheexploiting the noise produced by
the cutter head or by exciting the tunnel wallsnbgans of magneto-strictive sources
placed on the grippers.
The method presented in the thesis is able to wolkwith the second case, because in
presence of noise of the cutter head the followmegmpatibilities hold:

« the source is not a unique point

» the excitation is continuous
About this topic, a partial solution is given byrdating the signal coming from the
pilot accelerometer with those coming from the otecelerometers.
Actually, the unique way to apply the backward roeitlis to follow the procedure of
Luth et al. (2008), because in this case theresauece points on both the sides. The
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accelerometers should be placed in a convenientigrgsin the open spaces of the

TBM. Furthermore, they should be preferably wirsldsecause it is almost impossible
to use cables with such a machine. About this pdtinat wireless accelerometers are an
interesting solution for this kinds of applicatiomstunnels: they are connected to the
acquisition system via a wireless communication #reh the wiring operations are

avoided. This will be a significant improvement oy in presence of a Tunnel Boring

Machine, but in general for different environmeraad civil applications.

9.2.4. Characterization of the discontinuities

Further implementation of the proposed method wdhsider the analysis of the
reflection coefficient, to provide information alidhe properties of the materials after
the discontinuities estimated by the automatic weth

The reflection coefficient must be estimated afi@ving corrected the amplitudes of the
waves. Indeed, referring to Figure 9.1, where a&idtic representation of the seismic
reflection in tunnels is sketched, the amplitudethe reflected waves follow a simple
formula:

1
A=A ———e 7 9.1
Ay T (9.1)

where A, is the wave amplitude at the souree,is the attenuation coefficient, ang

andr, are the path travelled by the wave, accordinggare 9.1.
The correction of the amplitudes should be dorngmsteps:

Figure 9.1. Scheme of the reflection in a tunneéstigation.
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1. Correction of the geometric dispersion

2. Correction of the intrinsic attenuation
The geometric correction is dedicated to the fastt of EqQ. (9.1) while the correction
of the attenuation should be done iteratively, bpsidering many sensors to estimate
the coefficienta .
Once corrected the traces, and after having idedtihe peaks corresponding to the
discontinuities, the reflection coefficient is abted by dividing the amplitudes of the
reflected waves by those of the incident waves.
As expressed in Section 2.2, the reflection coeffic is directly connected to the
difference of impedance between two successive riate(or rocks), therefore an
indication of the rock types corresponding to teéneated discontinuities is provided.
This represents the final prediction of the litrgplahead of a tunnel face.

9.3. Backward method for the rockburst

Since the backward method for the estimation ofdiseontinuities ahead of the tunnel
face has been demonstrated to be reliable, quiak amomatic, the rockburst

monitoring can be improved by adopting the samedddn particular, the main

advantage would be the elimination of the manulgicten of the peaks due to the first
time arrivals.

\ critical

Z0one

1,
H

Figure 9.2. Representation of the idea of the baciwnethod for the rockburst
monitoring. The green circles indicate the recayaihile the squares indicate the
estimation produced by a first estimation (red) bpé second one (blue).
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Indeed, this long operation is necessary to runptieeedure presented in Section 8.3.
Moreover, another improvement is the possibilityaioalyze a big amount of data
recorded by the receivers placed on the tunnelswaliis fact allows to understand if
there are some repetitions in the results, meahiaiga critical zone has been detected.
The idea of the method is represented in Figurgvéh2re two estimations coming from
different analyses are shown. The value extractthat be unique, but it can be
compared with successive estimations to find recwes and critical zones.
Respect to the method introduced in Chapter Sptbst significant differences are:

» the domain must be three-dimensional,

» only the peaks related to the direct waves areiderex.
Consequently, even if the computational time caontatease due to the 3D domain, on
the other hand there are less operations respetitet@revious case and therefore
probably the results will be obtained in few miraute
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Appendix A

The ellipsoid

The ellipsoid is a closed quadric surface, reprisgrthe direct extension of the ellipse
in three dimensions (see Figure A.1). Indeed, & th@ same fundamental properties of
the ellipse, which has two special points on thgomaxis, called foci, which are
equidistant from the centre poi@ and such that the sum of the distances from any
point P on the ellipse to those two foci is constant.

FIGUFEIAY . Representation of a generic ellipsoid.
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The general equation of an ellipsoid is

X2 y2 22

(@]

where a, b and ¢ are positive constant parameters indicating thmi-sees of the
ellipsoid.

If the lengths of two axes of an ellipsoid are sagne, the figure is called a spheroid,
and if all three are the same, it is called a spher

In two dimensions, the equation if the ellipseimsy:

X2 2
¥+§ =1 (A.2)

The distance from the centf® to a focus is

f =va®-b? (A.3)

while the eccentricity is defined by
e=— (A.4)

wherea is the semi-major axis.
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Appendix B

The condition number

Let us consider a linear system of the type
Ax=Db (B.1)

where A is anxm matrix, x andb are m and n-dimensional vectors, respectively. It
can be demonstrated thhe relative error irx is k(A) times the relative error iA

and b, wherek(A) is the condition number of the matri.

From a practical point of view, the condition numlogiantifies the accuracy of the
solution. If it is very large, the matrix is samllbe ill-conditioned and consequently it is
impossible to expect a good solution from suchstesy. Even, for some extremely ill-
conditioned systems it is not possible to obtaiy swiution.
There is not a unique mathematical definition of #ondition number; here three
common definitions are listed:

1. ratio between the maximum and the minimum singuddue

K(A) = % (B.2)
MIN

2. ratio between the maximum and the minimum eigerevalu

k(A) = Avax (B.3)
MIN
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3. multiplication of the maximum sum of the rows fdretmatrix and the same
quantity for its inverse matrix

n n
k(A) =max} | a; |xmax}| aij_l | (B.4)
J—— J

i=1

Note that the permutation of the rows of the magirot a useful operation because the
change does not reduce the condition number.

In every kind of linear problem, it is advisableltave a small condition number, such
that the estimation of the vector of unknowrsis more accurate. If the condition
number is too high, it can be reduced by speafbhhiques of preconditioning.
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