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Abstract: Identification of soil condition at the working face of a tunnel boring machine (TBM) is a
key factor for the efficiency and safety of TBM tunneling. The paper presents the first application of
the Horizontal-to-Vertical Spectral Ratio (HVSR) method on microtremors induced by a TBM during
tunnelling. The innovative application is based on the development of an easy-to-use and economical
early-warning system, which aims to confirm, or otherwise, the soil profile established in the design
phase of tunnels by comparing the soil natural frequencies obtained from the soil profile carried
out during the design phase and the soil natural frequencies coming from the HVSR analysis of the
microtremors induced by the TBM during tunnelling. Just one or two geophones are necessary to use
the proposed procedure. It can be applied to an area up to about 20 m ahead of the TBM excavation
front and constitutes a powerful early warning system. Due to the great heterogeneity of the subsoil,
dual-mode TBMs are often used, frequently changing from Open-Face (OF) mode for rock formations
to Earth Pressure Balance (EPB) mode for cohesive and incoherent soil. Any “additional” information
on the soil, which will be dug in the next days or hours is extremely useful for subsoil with great
heterogeneity. The new procedure offers a reasonable time interval in which to modify the excavation
method. This, in turn, can avoid damage to the TBM and existing structures and infrastructures.
It allows us also to have a valuable geotechnical database for future works on the infrastructural
networks. The proposed procedure has been successfully applied during the construction of the new
underground lines in Catania (Italy).

Keywords: dual-mode TBM; TBM microtremors; advance fast estimation of the soil profile; HVSR
analysis; soil frequency

1. Introduction

The need to maintain high levels of efficiency and environmental sustainability induces
researchers to look at new solutions, leading to a lowering of the environmental pollution
generated by road traffic, thus improving the quality of life and reducing costs for citizens.
To meet these goals, underground lines in urban areas are developing more and more.
Tunnels are very often dug using a Dual Mode TBM (tunnel boring machine), which can
dig in two ways: in Open Face (OF) mode for the lava rock formations; in Earth Pressure
Balance (EPB) mode for cohesive and incoherent soil. In OF mode the TBM excavates
rock using disc cutters mounted in the cutter head. In EPB mode the TBM balances the
soil/water pressure at the tunnel face. The pressure is maintained in the cutter head by
controlling the rate of spoil extraction through the Archimedes screw and the advance rate.
Additives such as bentonite, polymers, and foam are injected ahead of the face to increase
soil stability.

Geological and geotechnical information about rocks and soils at the digging front is
fundamental, firstly to define the appropriate digging mode and, consequently, to choose
the correct front pressure to guarantee stability at the digging front [1-4]. An error in
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estimating the front pressure can cause subsidence or uplift problems with disastrous
effects in urban areas [5-11].

Only a few numbers of researchers [12-15] have proposed approaches to solve the
problem of the uncertainty of geological formations to be dug. The traditional ground
prediction methods used in tunneling are drilling exploration at the ground surface and
the horizontal probe drilling method in the shield machine. More recently geophysical ex-
ploration techniques have emerged. The latter have advantages of continuity and reduced
impact on the normal working process and are electromagnetic- [16], soundwave- [17], and
seismology-based methods [18,19]. In particular, Dickmann [13] shows a TSP (Tunnel Seis-
mic Prediction) approach while excavating, allowing a continuous prediction of geological
uncertainties ahead or around a tunnel. By this, a prediction range of more than 100 m
ahead of the face is reachable. This approach is based on the reflection method observing
and evaluating elastic body waves: these waves are excited by artificial sources such as
detonation charges; they are reflected at interfaces with different mechanical properties
such as density or seismic-wave-velocity. It is possible to deduct information about the
mechanical properties of the ground from the travel times of reflected waves. In this way,
important engineering parameters such as elastic moduli can be predicted. Dickmann [13]
also describes a case study from a road tunnel project. Before the signal reading, 24 shots
holes had been drilled along the tunnel wall side with 1.5 m spacing, and four seismic
receivers had been installed in 2 m deep boreholes about 50 and 55 m apart from the tunnel
face. Small explosive charges were used as seismic source. This method is very useful for
a good prediction of geological formations during tunnelling. Still, it is costly because it
requires drilling several holes for seismic exploration.

The procedure proposed in this paper does not require any additional cost, using the
vibration induced by the TBM as the dynamic source and two geophones for recording the
microtremors due to TBM digging. The authors suggest using the geophones prescribed
by the DIN 4150-3 [20] for monitoring the safety of the buildings and infrastructures
during TBM digging. The prescribed geophones were placed at the soil surface next to the
buildings and infrastructures. So, they were exploited “for free” to give useful information
about the geological formations during tunnelling. In the last 30 years several researchers
have proposed investigating the nature of the ground crossed during tunnel digging by
analyzing TBM-induced microtremors [21-28]. Zhang et al. [29] established a dynamic
model for a TBM revolving system, considering the time-dependent mesh stiffness in a
MEC. Sun et al. [30] and Huo et al. [31,32] set multiple dynamic models for a TBM cutter
head system in hard rocks considering the external stochastic excitations, time-varying
meshing stiffness, transmission errors, and so forth. Liu et al. [33] developed a movable
microseismic monitoring system to characterize the rockburst type. Bilgin and Acun [34]
studied the effect of ground transition zones on EPB-TBM performance in complex geology.
Huanga et al. [35] developed a real-time monitoring system for the interaction between
the TBM and surrounding rocks, proving that the vibration of the TBM head is related to
the rock properties. Recently Liu et al. [36] conducted a very valuable field monitoring
programme wherein a EPB-TBM was fitted with one triaxial accelerometer and three
one-axial accelerometers.

This paper presents the first application of the well-known Horizontal-to-Vertical
Spectral Ratio (HVSR) method [37,38] on microtremors induced by TBM during tunnelling.
The innovative application is based on developing an easy-to-use and economic procedure,
which aims to confirm, or otherwise, the soil profile established in the design phase of the
tunnel by comparing the soil natural frequencies (f, = Vs/4H) obtained from soil profile
established in the design phase with the soil natural frequencies obtained using the HVSR
approach on the microtremors induced by the TBM. The HVSR method has been widely
used to establish the soil profile in the design phase of structures and infrastructures [39-43].
On the contrary, in this paper, the HVSR method has been used for the first time concerning
the microtremors produced by the TBM to develop an easy-to-use, economical procedure
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for advanced prediction of the soil profile for an area about 20 m ahead of the TBM
digging front.

As reported in the SESAME (Site EffectS assessment using AMbient Excitations)
Project [44-46] the H/V technique has been frequently adopted in seismic microzonation
investigations due to its low-cost both for the survey and the analysis. The H/V technique
alone is not sufficient to characterize the complexity of site effects, but it has proven to
be useful to estimate the fundamental period of soil deposits, even if measurements and
analyses should be performed with caution. The main recommended application of the H/V
technique in microzonation studies is to map the fundamental period of the site and help
constrain the geological and geotechnical models used for numerical computations. Despite
its limitations, many papers show that the H/V technique is most effective in estimating
the natural frequency of soft soil sites when there is a large impedance contrast with the
underlying bedrock while the effectiveness for other purposes, such as the quantitative
estimation of amplification phenomena, is not worldwide recognized [47-52].

The soil profile of the area involved in the tunneling process and the main soil proper-
ties of all the geological formations in this area are very often defined only in the design
phase through in-situ and laboratory tests. Very often, no advanced prediction procedures
are used for the large area ahead of the TBM excavation front during the tunneling. An
analysis of the spoil gives valuable information on the nature of the soil. When the TBM
works in earth-pressure balance mode, the measurement of the earth-pressure at the TBM
cutting face is also valuable information for evaluating the nature of the soil. Unfortunately,
both the spoil and the earth pressure at the TBM excavation front refer only to the soil at
that point.

The procedure proposed in this paper regards a large area of soil ahead of the cutting
face; thus, it constitutes a valuable early warning system, in contrast with the weak early
warning system provided by the analysis of the TBM spoil and the earth-pressure at the
TBM excavation front. The information provided by the TBM spoil and the earth-pressure
at the TBM excavation front does not furnish a large enough time interval to modify the
excavation methods, leading frequently to damage to the TBM and surrounding structures
and infrastructures.

In the procedure that has been developed, the first natural frequency of the soil deposit
computed by applying the well-known theoretical linear approach for ground response
analysis [53,54] is constantly compared with that deriving from the HVSR method used to
TBM microtremors. An agreement between the theoretically evaluated frequency (f) and
the experimentally evaluated frequency (f,*) confirms the previously defined soil profile; a
disagreement between the frequencies suggests a disagreement between the profile defined
in the previous design phase and the actual soil profile that the TBM will encounter next
20 m. Such disagreement sounds similar to an alarm and suggests taking a particular
care in the choice of the digging mode and estimating the earth-pressure at the TBM
front. Additional investigations could sometimes be required to evaluate the two critical
parameters h (bedrock depth) and Vs (shear wave velocity), from which the fundamental
frequency of the soil deposit depends, as will be discussed in Section 4. The TBM-induced
microtremors differed significantly in magnitude and frequency content and the proposed
procedure aims to exploit these differences to activate an early warning system to confirm
the soil profile established in the design phase (if f, = fn*) or to stress that probably the type
of ground crossed by the TBM-induced microtremors is not that supposed in the design
phase (if fn # fn*). The magnitude and frequency content of TBM-induced vibrations are
strictly related to the ground types through which the vibrations pass. This procedure is
proposed, and should be considered, only as an early warning system. To know exactly the
different ground types, we need additional in-situ and laboratory tests. However, the aim
of the paper is not to understand exactly the ground types crossed during tunnel digging,
but to develop an early-warning system to confirm, or not, the soil profile established in
the design phase.
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During the recording of TBM microtremors, the data collected give also a valuable
geotechnical database for possible future works on the infrastructural networks.

The proposed procedure has been successfully applied during the construction of the
new underground lines in Catania (Italy). Due to the great heterogeneity of the subsoil,
the dual-mode TBM frequently switches from the OF mode to the EPB mode. This great
heterogeneity is due to different lava flows from volcanic eruptions on Mount Etna near
Catania [55-61]. For this kind of subsoil, any “additional” information on the soil profile
is extremely useful. Data from an electric tomography and the TBM spoil confirmed the
validity of the procedure proposed.

2. The New Railway Network

The design of the new railway network in Catania is part of a program to upgrade the
current narrow-gauge single-track line. Two different railway lines (currently in operation)
were built in 1999: an underground double-track railway in the center of the city (1.8 km
long), and a surface single-track line (2.0 km long) in the suburbs. The aim is to extend the
existing railway line, at present confined exclusively to the urban area of Catania, towards
the sub-metropolitan area of Misterbianco and Paterno to the north-west, and towards
the “Vincenzo Bellini” airport to the south-east [62-65]. Figure 1 shows the whole of the
designed network. The present paper regards the line between the stations of Nesima and
Misterbianco, at present under construction (Figure 1; Figure 2).

=== Line built in 1999
~— Line under construction
= Line planned

Subwav station

Figure 1. The underground network in Catania (modified from https://catania.mobilita.org/opere/
metropolitana-di-catania-storia-e-sviluppi-futuri/, accessed on 1 September 2021).

Figure 2. The Nesima-Misterbianco segment under investigation.
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The Nesima-Misterbianco railway line is 3940 m long. The underground segment
covers a length of 1748 m. Due to the strong heterogeneity of the geological profile in this
area, digging has proceeded in both OF and EPB modes, with frequent switching from one
to the other.

The main technical characteristics of the TBM (Herrenknecht 5454.1) are: digging
diameter = 10.65 m; shield length ~ 9.35 m; shield thickness = 0.07 m; excavation chamber
length = 1.00 m; total force of jacks = 100,370 KN; maximum torque = 26,026 KNm; head
rotation speed = 0-3 rpm; tunneling speed = 10 m/day for rocks —20 m/day for soft
soils. The pressure applied by the TBM to the excavation face varies according to the
soil horizontal stress o1,9. TBM also has 6 back-up wagons covering a length of about
100 m. The average digging depth is equal to about 25.00 m (Figure 3). The final tunnel
lining consists of a precast reinforced concrete ring 0.32 m thick and 1.50 m deep. Each
ring consists of 7 segments installed by an erector inside the TBM. The outside ring has a
diameter of 10.24 m.

Figure 3. The TBM utilized along the Nesima-Misterbianco segment: (a) front view of the TBM;
(b) TBM across Fontana station; (c) precast concrete segments.

3. Geological and Geotechnical Characterization of the Investigated Segment

As will be discussed in Section 4, the advanced prediction procedure that has been
developed is based on a comparison between the natural frequency of the surface layers
evaluated using the HVSR method and the natural frequency of the surface layers computed
considering the soil profile established in the tunnel design phase, through the well-known
theoretical expression (1) shown in the following.

Two different geotechnical investigations were performed to define the soil profile
and the geotechnical parameters of the soils and rocks in the design phase of the Nesima-
Misterbianco segment: the first in 2004 during the preliminary design phase (see the
3 boreholes S2, S3 and S4 drawn in green in Figure 4); the second in 2015 for the executive
design phase (see the 15 boreholes Sil, Si2, Si3, Si4, Si4bis, Si5, Si6, Si7, Si8, 5i9, Si9bis, Sil0,
5i11, Sil12, Si13, drawn in red in Figure 4). Furthermore, the investigations carried out in
1996 for the construction of a parking area around the Monte Po station (see the 5 boreholes
51,52, S3, 54, S5 drawn in black in Figure 4) and those performed in 2000 as part of the “The
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Catania Project” [66] (see the 3 boreholes S140, 51068, 51242 drawn in violet in Figure 4)
were also considered.

e $140 $1242

14, Si4bis — s ; . i9bis 1Si si11 S1068 Si12|/Si13

30m

40 m

” 47.5m

o o o o o o o o o o o o o o o o o o ©
= S = S = = = = S = = = S = S = = o~
o o o o o o o o o o o o o o o o o o
o o o o o o o o o o o o o o o o o o ™
(52 < w © ~ [ee] o o ~ ~N ™ < w © ~ @ (] o o
+ + + + + + + + + + + + + + + + + + +
w w w w e} w w © ©o © © © © © © © © N~ N~
|:_| Rp: Anthropic layer - Bvlc- L1669: Volcanoclastic breccia of 1669 - Ls: Sand silts

- All: Alluvional soil m Bvlic(F)- L1669: Volcanoclastic breccia of 1669 (Fine size) - L1669: Lava of 1669

- Lqua: Lava of Quartalaro Sbv-L1669: Volcanic sand of 1669 _ Agml-Agm: Sandy sity clays
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Boreholes carried out during the Catania Project (2000) —— Boreholes carried out in 2004 —— Boreholes carried out in 2015

Figure 4. Soil profile and positions of the boreholes along the Nesima-Misterbianco segment from
the design phase.

Generally, an anthropic layer is found in the most superficial portion; then, lava rock
layers are observed at greater depths. The geological formations directly involved in the
digging process are: Volcanoclastic breccia and sand dating from 1669 from Sil to Si8; Lava
of Quartalaro from Si8 to Si10; Volcanoclastic breccia dating from 1669 from Sil0 to shortly
beyond Sill; finally, Lava of Quartalaro up to Sil3.

The following in-situ tests were also performed in 2015 (inside several boreholes shown
in Figure 4): 2 Dilatometric Tests; 15 Standard Penetration Tests; 7 Permeability Lefranc
Tests; 6 absorption Lugeon Tests; 2 Dac-Tests and 6 Pocket Penetrometer Tests. Furthermore,
15 Open Piezometer Tests were performed to evaluate the depth of the groundwater. Also,
Down-Hole, MASW, SPT tests and traditional Horizontal-to-Vertical Spectral Ratio (HVSR)
tests were performed to define the shear wave velocity Vs. Catania is characterized by a
medium-high seismic hazard, so many researchers have focused their activity on detecting
the shear wave velocities of the different geological formations [55,66-70]. Many samples
were collected during the survey, and the undisturbed samples were subjected to the
following laboratory tests: (a) classification tests; (b) tests to determine the resistance
and deformability characteristics of the soil: oedometric tests, direct shear tests, triaxial
tests; (c) tests to determine the resistance and deformability characteristics of the rock:
uniaxial compression tests, point load tests, triaxial compression strength tests, indirect
tensile strength tests and measurement of sonic waves. Table 1 shows all the geotechnical
parameters obtained for each geological formation reported in Figure 4, being: y the unit
weight; ¢’ the angle of shear strength and ¢’ the cohesion obtained by the direct shear test;
cu the undrained cohesion obtained by the U-U triaxial tests and by the SPT and PPT tests;
Ey the Young modulus at very small strains obtained by the Vg values; E, the undrained
modulus of elasticity obtained by the U-U triaxial tests; k the coefficient of permeability
obtained by the LE and LU tests and by the oedometric tests.
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Table 1. Geotechnical parameter for each geological formation.

Geological ¥ ¢ c Cu Vg Eg Ey k
Formation [kN/m3] [°] [kPa] [kPa] [m/s] [MPa] [MPa] [m/s]
Rp 18+19 30 =35 010 120 + 180 70 + 125
All 18 +21 20 +23 010 70 =150 200 + 350 20 =45
Sbv-L1669 18 +21 3240 020 200 =350 200 = 400 1073
Agm 20+21 18 =27 5+30 100 =+ 300 400 = 550 1000
Agml 20 18 +27 015 200 = 400 400 =550 55 +75
Ls 19 =20 30+ 35 0-+30 200 = 400 10-°
Bvlc-Bvle(F)-L1669 18 =21 38 ~45 0+20 200 = 350 250 = 750 1076 =10~°
Lqua-L1669 25 =27 50 - 65 100 -+ 1000 550 800 2000 -- 5000 1072 +103

4. A Simple Procedure to Refine the Soil Profile

As mentioned earlier, it is fundamental to have as much knowledge of the soil profile
as possible to choose the appropriate TBM digging method (OF mode or EPB mode) to
guarantee safety during tunnelling.

According to the DIN4150-3 Technical Regulation [20], microtremors induced by a TBM
must be continuously measured to guarantee the safety of the structures/infrastructures above
or adjacent to the tunnel excavation front. The authors propose using these mandatory
measurements also to confirm or refine the soil profile established in the design phase,
using the HVSR method.

HVSR technique, known as Nakamura's technique [37,38], is used for determining
HVSR peak frequencies or periods and HVSR peak amplitude values (amplification) based
on recording the ambient noise and microtremors. Microtremors are chiefly caused by
artificial disturbances such as traffic, industrial machines and so on. The study concerning
microtremors was started soon after seismology had been established as a branch of
science [71]. From the mid-1900s, thanks to systematic measurements of microtremors, it
was found that the properties of the ground as inferred from the characteristics of these
microtremors can be used to determine the seismic factor related to earthquake-proof
construction designs [72,73]. The HVSR technique for microtremor studies has gained
much popularity over the past years [37,74-76].

Soil surface layers are typically exposed to tremors by natural forces (storm, sea waves,
etc. ... ) and artificial forces (plant, cars, train, etc.). Sea waves induce tremors of a relatively
long period (2-3 s or more), the so-called microseisms; while storms and artificial forces
generate tremors of a short period, the so-called microtremors, which have a frequency
range of 0.5-20 Hz.

The HVSR method assumes that the ratio of the horizontal (H) and vertical (V) Fourier
spectra of surface microtremors is an approximate transfer function for the horizontal
motion of surface layers. The validity of this assumption was proved by Nakamura [38—41]
and many other researchers [39,77-82].

Microtremors can be measured using geophones instrumented by electrodynamic
velocimeters, two of which are horizontally oriented, and one is vertically oriented. In the
H/V vs. f diagram (being f the frequency), a peak indicates the amplification value of the
horizontal components of the soil motion for the vertical component relative to the natural
frequency of the surface layers, fn*. Thus, this non-invasive, rapid, low-cost procedure
allows f* to be estimated easily for the soil surface layers.

In the present paper, in line with the HVSR method, the H/V vs. f diagram deriving
from the microtremors caused by the TBM was drawn up day by day. So, it was used
to estimate the daily fn* for the Nesima-Misterbianco segment. Thus, the daily value of
fn* was compared with the value of the natural frequency f, obtained by the well-known
theoretical expression [53,54]:

f n = Vs/4h (1)
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being Vs and h, respectively, the shear wave velocity and the height of the deformable
geological formations over the bedrock, estimated in the design phase. Both Vg and / are
“critical” parameters in the evaluation of f,.

Two different conditions are possible (Figure 5): (i) fn* & fn, i.e., (fn* — fn)/fn* < 10%,
(which corresponds in the case history under investigation to a tolerance of +0.5 Hz), so
the soil profile established during the design phase can be confirmed; (ii) fn* # fn, i-e.,
(fn* — fn)/fn* > 10%, so the soil profile established during the design phase cannot be
confirmed and it will be necessary to carry out further geotechnical surveys to establish the
“real” profile. According to Equation (1), if (fn* — fn)/fn* > 10% the initially estimated Vg
and/or h should be wrong.

Recording of the TBM
microtremors at the two
geophones every 4s
in the R, T and V directions

>

Processing of the corresponding
three R, T and V Fourier spectra

¥

Processing of the daily R, Tand V
Fourier spectra

b

Computation of the H horizontal
Fourier spectrum per day,
by means of the
following expression:

H = (R+T2)°5

Processing of the H/V versus f
daily curve

-

Estimation of the daily soil natural
frequency f,* from the H/V versus
£ daily curve

b

Estimation of the daily soil natural
frequency f, by the
soil profile established in the
design phase, through the
theoretical expression:

f.=V./4h The soil profile
‘ established in the
design phase cannot
| Comparison of f,* with f, » (fo* - fo)/ f* > 10% ‘ be confirmed.
‘ Additional
investigations are

(f* - fol/ fa* < 10% necessary.

)

The soil profile established in
the design phase can be
confirmed.

Figure 5. Flow chart of the proposed procedure (fy, is the natural frequency obtained by the well-
known theoretical expression f,, = Vs/4h; f* is the natural frequency estimated by the H/V vs.

f curve).
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In the analyzed case history, two geophones were located at the soil surface at 20 m
from the tunnel face, while the tunnel was being dug. The location of the geophones
changed day after day. As an example, Figure 6 shows a plan view of the two geophones’
location and the TBM front on 23 May 2017. The location of the two geophones, labelled as
GSM4279 and GSM6140, is shown by the two yellow circles in Figure 6a. In Figure 6b, that
is a zoom of Figure 6a, it is also possible to see the R (radial) and T (transversal) recording
directions of geophone n. 1 (GSM 4279). Figure 6.b also shows the direction of the tunnel
cross-section at the TBM front represented by the blue dashed line and the distance (equal
to 10 m) of the geophone n. 1 from the longitudinal axis of the tunnel, represented by the
green dashed line. The geophone n. 2 (GSM 6140) was located at the same distance from
the longitudinal axis of the tunnel, on the other hand, in respect to the tunnel.

(a) 37.514f

TBM front Position
PK'6+832.24
On 23/05/2017

15.031

Geophones

= = = TBM front position
Tunnel longitudinal profile
= === Tunnel longitudinal axis

— TandR recoding directions

Figure 6. Layout of the geophones at the soil surface: (a) plan view; (b) zoom of the location of
geophone n. 1 and TBM front; (c) detail of the used geophones.

After being positioned, the single geophone is connected to the control unit using
aluminum pins. The registration of an event is carried out only when the measured values
exceed a predetermined threshold, keeping the measurement even for the 0.5 s or for
1.0 s before the instant of the threshold. In case of measurement beyond 84 h without
exceeding the alarm threshold, and therefore without registration, the control unit performs
a check automatically on the geophone to verify their correct operation and positioning
(self-calibration test). Calibration tests are stored in memory, confirming the measurement
without exceeding the threshold. A maximum of 340 waveforms are stored in memory
with date and time of events, instrument serial number and calibration data. As previously
discussed, the recording duration varies from 1 to 24 s, with pre-threshold storage of 0.5 or
1.0 s. The sample rate of the two geophones is equal to 1024/s.

To avoid the recording of the surrounding noises that could have distorted the vibra-
tions recordings, a threshold equal to 0.05 m/s has been set. According to this threshold,
the distance between the TBM front and the geophones in the range 0-30 m were changed.
Thanks to these several tests, the optimal distance between the geophones and the TBM
front was established equal to 20 m. For distances greater than 20 m, the recorded signals
were not significant. A distance minor than 20 m was not considered helpful for the aim of
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the proposed procedure. It does not allow us to have a reasonable time interval to confirm
(or otherwise) the soil profile established in the design phase of tunnels by comparing the
data obtained from the geotechnical survey carried out during the design phase and the
data coming from the HVSR analysis of the microtremors induced by the TBM during
tunnelling, in terms of soil natural frequency.

A reasonable time interval is necessary because the paper aims to propose an early-
warning system to alert if there are differences between the soil natural frequency related
to the soil profile hypothesized in the design phase (see Equation (1)) and the soil natural
frequency furnished by the HVSR analysis. If differences are found, there must be enough
time to choose the best tunnelling mode (OP mode or EPB mode) or, if necessary, to update
the soil profile using additional investigations.

So, the proposed method, which allows predicting the soil natural frequencies up to
20 m ahead of the TBM cutting face, offers a reasonable time interval, compared with the
TBM tunnelling speed, that changes from 10 m/day for rocks to 20 m/day for soft soils.

Every day, these geophones recorded a great quantity of velocity time histories in the
Radial (R), Transversal (T) and Vertical (V) directions. The time histories recorded between
March 2017 and November 2017 were analyzed. Figure 7 reports typically recorded velocity
time histories and shows one of the 101 sets of registrations recorded on 23 May 2017,
by the geophone labelled GSM4279 (see Figure 6). Using these data, it was possible to
compute the related acceleration time-histories (Figure 8) and the corresponding Fourier
spectra. The authors obtained the Fourier spectra using the MATLAB code, adopting the
FFT Discrete Fourier Transform as data processing method. The process described below
was repeated for all the data recorded on one day.

R velocity (23/05/2017) T velocity (23/05/2017) V velocity (23/05/2017)

1 : 1 : 1
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Figure 7. Radial (R), Transversal (T) and Vertical (V) velocity time-histories recorded by geophone
“GSM 4279” during TBM tunnelling at 00:39 (Italian time) on 23 May 2017 (see Figure 6).
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Figure 8. Radial (R), Transversal (T) and Vertical (V) average acceleration time histories derived from

the velocity time histories shown in Figure 7.

Firstly, the average R, T and V Fourier spectra per day were computed (Figure 9);
secondly, the horizontal Fourier spectra (H) were calculated considering the R and T Fourier
spectra, according to the following expression:

H=+VR2+T2 @)
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Figure 9. Fourier spectra derived by the acceleration time histories coming from all the recordings on
23 May 2017.

Finally, the H/V ratio between the horizontal H and vertical V Fourier spectra was
evaluated. Figure 10 shows the corresponding H/V vs. f diagram. The frequency at which
the H/V ratio reaches the peak represents the first natural frequency f,* of the subsoil
affected by the TBM microtremors.

10f y Y y —

H/V

Figure 10. H/V vs. f curve obtained by the Fourier spectra shown in Figure 9 (23 May 2017): f,* is
the natural frequency estimated by this curve.

The same procedure was repeated for all the days from March 2017 to November 2017.
Figure 11 shows the results achieved for 14 May 2017-12 July 2017. In particular, the black
curves represent the daily H/V vs. f curves, the red line represents the f,* values obtained
day by day. The latter red line is also reported in Figure 12a.
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Figure 11. Frequency-day-amplitude curves obtained by the new procedure in the period 14 May
2017-12 July 2017.

The authors performed numerous measurements in the same point with or with-
out TBM working status (on/off). When the TBM did not work, no valuable vibrations
were recorded.

Figure 12a shows not only the soil natural frequency f,* estimated day by day (red
line) but also the corresponding average values (dashed blue line). Considering the latter
dashed blue line, going from right to left, it is possible to detect five average values of f,,*,
equal to 6.5 Hz, 3.5 Hz, 7.9 Hz, 4 Hz, and 7.5 Hz. In contrast, Figure 12b reports the natural
frequencies’ values obtained using the well-known theoretical expression (1). Figure 12¢
shows the original soil profile estimated in the design phase (see Section 3 and Figure 4).
Figure 12d shows the soil profile updated during the tunnel excavation according to the
values of f,* as well as to other boreholes and to the TBM spoil.

It can be seen in Figure 12a,b that there is generally good agreement between f,* and f1,
ie., itisalways (fn* — fn)/fn* < 10%. Only in two segments between the progressive section
6 +150.00 and the progressive section 5 + 920.00, highlighted by the green box in Figure 12, is
it possible to notice a disagreement between f* and f,,, with (fn* — fn)/fn* > 10%. Between
the progressive section 6 + 150.00 and the progressive section 5 + 970.00 f,* is equal to 4 Hz
while f,, is equal to 7.5 Hz; this disagreement between f,* and f,, could have been due to
the suspected presence of sandy, silty clays (Agml-Agm) at lower depths (Figure 12d) than
that reported in the soil profile evaluated in the design phase (Figure 12c). Between the
progressive section 5 + 970.00 and the progressive section 5 + 920.00 f,, * is equal to 7.5 Hz,
while f, is equal to 4 Hz; this disagreement could have been due to suspected basalt (Lava
of Quartalaro) at a lower depth (Figure 12d) than that expected in the design phase.

The TBM spoil and the additional in-situ tests discussed in the next Section 5 confirmed
the updated soil profile of Figure 12d.

The values of f,* were also compared with the natural frequencies obtained by the
traditional HVSR tests performed during the design phase, which were about 4.5 Hz and
6 Hz, respectively, for boreholes Sill (progressive section 6 + 580.00) and Sil12 (progressive
section 6 + 950.00). These frequencies agree with the frequencies obtained by the proposed
advance prediction procedure, which were 4 Hz and 7 Hz around boreholes Sill and Sil2,
respectively. Unfortunately, the traditional HVSR tests performed in the design phase
did not cover all the segments used in the investigation, so other comparisons cannot
be performed.

The obtained H/V vs. f curves changed during the TBM construction (Figure 11).
Nevertheless, it allowed us to obtain a quite clear trend of the average value of f,* day by
day, as shown by the dashed blue line in Figure 12a. Of course, the proposed procedure is
a rough procedure for evaluating the soil natural frequency, and it must be only considered
as an easy-to use and not expensive early-warning system for confirming or not the soil
profile established in the design phase, comparing fn* with fp,.
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Figure 12. Updating of the soil profile thanks to the proposed procedure of advance prediction of soil
profile: (a) evaluation of the soil fundamental frequency f»* by means of the HVSR method: the red
line shows the peak values estimated day after day, the blue line shows the average values; (b) soil
fundamental frequency evaluated by the well-known theoretical expression f = Vs /4h; (c) soil profile
estimated in the design phase according to the previous in-situ and laboratory tests; (d) soil profile
updated during tunnelling thanks to the new proposed procedure, i.e., based on the values of f1*,
and by the additional in-situ tests.

The SESAME guidelines present criteria and recommendations to help in the result
interpretation, considered in the presented analyses: (i) fo > 10/l, where f is the H/V
peak frequency and I, is the window length; this condition is proposed so that, at the
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frequency of interest, there be at least 10 significant cycles in each window; (ii) A large
number of windows and of cycles is needed; the total number of significant cycles has to
be: ne-fo = lw nw fo > 200, being n,, the number of windows selected for the average H/V
curve. In the present analyses these conditions were always respected.

The analyzed soil profile is not characterized by strictly horizontal layers for which
the simplified formula (1) was developed. Nevertheless, the aim of the proposed procedure
is not to have a fine estimation of the soil natural frequency and so a fine estimation of the
soil profile, but to have a fast and low-coast evaluation of the soil natural frequency as an
early-warning system for increasing the efficiency and safety of TBM tunneling. Focusing
on this goal, the authors consider the proposed procedure very valuable.

5. Validation of the Proposed Procedure of Soil Profile Advance Prediction Using
Electric Tomographic Tests

Figure 13a shows the zoom of the soil profile established before the tunnel excavation
(see also Figure 4; Figure 12c), and Figure 13b shows the zoom of the soil profile up-
dated during the excavation (Figure 12d), approximately between the progressive section
5 + 800.00 and the progressive section 6 + 300.00. In this section, as previously said, the soil
profile established in the design phase appeared quite different from that found thanks to
the evaluation of f,*. Thus, the TBM digging was stopped and additional tests were carried
out in October 2017 to clarify the real nature of the soil in this area: an Electric Tomographic
Test (ETT) and new boreholes (S1T, S2T, S3T, S4T and S7T). The red box in Figure 13 shows
the segment of the soil profile in which these additional tests were carried out. Figure 14
shows the exact location of these tests. Figure 15 shows the results of the ETT. Figure 16
shows the typical resistivity ranges of rocks, soils and minerals according to Loke (2013).

-|-5 + 800.00

o
=
o
[=}
(=]
+
o]

1

g

.6+ 000.00
-6+ 100.00
-6+ 200.00

20m
30m
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47.5m

[ Bvic- L1669: Volcanoclastic breccia of 1669 All: Alluvional soil
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Sbv-L1669: Volcanic sand of 1669 [ Agmi-Agm: Sandy sity clays
[ Re: Anthropic layer BB Lqua: Lava of Quartalaro
T~ T} ELECTRIC TOMOGRAPHY TEST AREA

Figure 13. Zoom of the soil profile: (a) established during the design phase (see Figure 12c); (b) up-
dated during tunnelling (see Figure 12d).
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Figure 15. Results of the Electric Tomography Test performed in October 2017.

As shown in Figure 15, soil layers characterized by resistivity values greater than
7000 ohm.m were found from the tunnel almost up to the soil surface. According to
Figure 16, these resistivity values are typical of basalt, such as the Lava of Quartalaro,
which the newly developed procedure estimated to be present in this area (Figure 13b).
Instead, volcanoclastic breccia and volcanic sand, which were estimated to be present in
this area in the design phase, are characterized by values of resistivity generally lower than
1000 ohm.m (Figure 16). The Electric Tomographic Test does not show these low values
at the tunnel depth in this area (Figure 15). Thus, Figure 15; Figure 16 and the results of
the new boreholes, which are not reported in the text due to lack of space, confirm the
presence of basalt at a lower depth than that predicted in the design phase. Based on the
updated soil profile, a natural frequency f,, = 8 Hz was found according to the theoretical
expression (1). The latter is very close to the value f,* = 7.5 Hz found by the new procedure

(e, (fn* — fn)/fn* < 10%).
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Figure 16. The resistivity of rocks, soils and minerals (after [83]).

6. Conclusions

The present paper proposes an easy-to-use and economical procedure to be applied
during TBM digging to confirm, or otherwise, the soil profile established in the previous
design phase, by comparing the soil natural frequencies obtained from the soil profile
carried out during the design phase and the soil natural frequencies coming from the
HVSR analysis of the microtremors induced by the TBM during tunnelling. The proposed
procedure is based on an innovative application of the well-known HVSR method and was
successfully applied to the new underground lines in Catania (Italy).

A great heterogeneity characterizes the Catania subsoil; thus, the tunnel is being dug
using a TBM, frequently switching from the OF (Open Face) mode for rock formations to
EPB (Earth Pressure Balance) mode for cohesive and incoherent soil. The great heterogeneity
of the subsoil is due to the different lava flows from volcanic eruptions on Mount Etna.
For this kind of soil, it is fundamental to know the geological formations present during
the digging.

DIN 4150-3 Technical Regulation [12] requires that the microtremors induced by the
TBM must be measured to detect the behavior of existing buildings or infrastructures
during the TBM tunnelling using two geophones. The authors propose using these TBM
microtremor measurements also to confirm or not the soil profile established during the
tunnel design phase.

The two geophones were located at the soil surface during digging works at 20 m
from the tunnel face. This distance has been selected based on accurate evaluations of the
microtremors recordings. Moreover, the TBM tunnelling speed ranges from 10 m/day to
20 m/day; so, the proposed method offers a reasonable time interval for choosing the best
tunnelling mode (OP mode or EPB mode).
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Considering that the HVSR method is particularly suitable in the estimation of the soil
natural frequency, the proposed procedure is based on the comparison between the soil
natural frequency fn*obtained using the HVSR method on the microtremors recorded by
the two geophones and the soil natural frequency fn = Vs/4H obtained by the well-known
theoretical linear approach for soil response analysis. The value of f,, is computed according
to the soil profile established in the design phase.

So, the procedure can be summarized as follows. The H/V ratio, between the hori-
zontal H and vertical V Fourier spectra of the signals recorded, was daily evaluated. The
frequency at which the H/V ratio reaches the peak represents f*. This f,* was compared
with fn. If fn* is very close to fy, i.e., (fn* — fn)/fn* < 10%, the soil profile established in the
design phase can be confirmed; if f,* is quite different from fy, i.e., (fn* — fn)/fn* > 10%,
the soil profile found in the design phase cannot be confirmed, warning that particular
care in the choice of the digging mode and the estimation of the earth-pressure at the TBM
front must be taken. Moreover, supplementary investigations could sometimes be required
to carefully evaluate the two critical parameters h (bedrock depth) and Vs (shear wave
velocity), on which the fundamental frequency of the soil deposit depends.

This procedure was successfully applied to a long segment of the Catania underground,
at present under construction. The agreement between f* and f, confirmed the soil profile
established in the design phase for most of the segments under investigation; nevertheless,
for one large area, f,* was considerably different from f,. For this area, considering the
valuable difference between f,,* and f,, it was immediately decided to stop the digging
and to perform additional in-situ tests, consisting in an Electric Tomographic Test and
new boreholes. The additional in-situ tests did not confirm the soil profile established in
the design phase. So, an updated value of f, was computed according to new updated
soil profile achieved by the additional tests. The new value of f,, was very close to fn*,
confirming the validity of the innovative application of the HVSR method proposed in
this paper.

The proposed procedure is certainly a rough procedure for estimating the soil natural
frequency, but it can be considered a valuable, early warning system during tunnel digging
for confirming or not the soil profile established in the design phase. Moreover, the
proposed procedure allows us to investigate a large area ahead of the TBM excavation front,
by surely less expensive techniques than additional geotechnical investigations or other
advance prediction procedures. Finally, the TBM microtremors analysis results constitute
a geotechnical database of the investigated soil, useful for possible future works on the
infrastructural network.

The authors hope that the proposed procedure will be used in different other sites to
acquire a large amount of data that will be able to validate or improve it.
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