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ABSTRACT: This paper describes the results of a preliminary study that aims to derive the characteristics of
the TBM as source of possible vibrations. The dynamic force delivered by the TBM and the spectral
description of the source are studied. Further, the relationship between characteristics of the TBM and
measured vibrations is also taken into consideration. The objective of the study is to derive an approximated
and relatively _inexpensive TBM model. The results of this research show that it is possible to estimate the
force exerted by the machine in terms of power. The relationship between power of the TBM and diameter, if
validated, would be a powerful tool to model the boring process in Dutch soil conditions. In fact, given the
diameter of the TBM and comparable boundary conditions (soil, excavation depth, etc.), the correspondent
spectrum might be derived and used as input for prediction of vibrations.

l INTRODUCTION

At the beginning of the nineties, the Dutch govemment
decided to improve the national transportation system by
planning new infrastructures. Seven new tunnels were
included in the plan, and six of them would have to be
bored tunnels. The choice of building bored tunnels
instead of immersed or open excavation tunnels was
taken to minimize the impact of the building operations
on existing infrastructures. Building bored tunnels in The
Netherlands was, however, a challenging decision due to
the intense urbanization of the country and the particular
soil conditions. Among others, one of questions arising
from the design of the new tunnels was what the
interaction between the tunnel boring machine (TBM)
and the surrounding environment would be.

Several models (numerical, analytical, empirical,
mixed, etc.) are available in literature to describe the
tunnel-soil interaction and the dynamic effects of moving
loads in the tunnel. Relatively little attention is, instead,
given to the interaction between a TBM (including the
tunnel already built) and surrounding soil. In The
Netherlands, Holscher tried to model the TBM as a
wavelet source. Petronio et al. and Sattel et al. studied
the possibility of using the TBM as seismic source to
explore the soil ahead the excavation front. The effect of
tunneling on the surface and on the shallow subsurface
seems, however, not yet studied. In reality, the
transmission of the energy generated by the TBM is of
concem where other constructions are contiguous to the
tunnel. This may be, for instance, the case of tunnelling
in urbanized area where historical buildings are present.
Further, the TBM acts as a non continuous source and
may cause nuisance and low frequency noise. Any
prediction of the surface and subsurface response to
tunnelling needs as input a realistic and reliable
description of the TBM.

\

This paper describes the results of a preliminary study
that aims to derive the characteristics of the TBM as
source of possible vibrations. The dynamic force
delivered by the TBM and the spectral description of the
source are studied. Further, the relationship between
characteristics of the TBM and measured vibrations is
also taken into consideration. The results of this research

were obtained from several dynamic tests performed at
the Heinenoord Tunnel and at the Botlek Tunnel. The

final objective is to develop a inexpensive TBM spectral
model that, combined to a dynamic ground model, might
fully describe the tunnel - soil _dynamic interaction
during construction. This paper describes the definition
of the TBM spectrum. In a parallel project, TNO
Building and Construction Research is developing an
efficient and flexible dynamic ground model based on
Spectral Finite Elements (SFE) to calculate the Green"s
function for a number of different load geometries. The
first results of this' study are herein shortly presented.

TNO Building and ConstructionlResearch elaborated
for HSL South a Finite Element (FE) model to describe
the interaction tunnel - ground (Courage, 1999). In the
last year, the first author developed a SFE model to
calculate the Green’s function of layered systems for
different load geometries, including underground sources.
The FE model was used in combination with the train

model TRINT (Courage, 1999) to obtain the response of
the ground surface to a train passage. TNO Building and
Construction Research also derived the transfer function

between the Heinenoord Tunnel and the ground surface
(Oosterhout van, 1998). The ground model developed
with FE (Courage, 1999) or SFE (Esposito, 2001) might
be combined to the spectrum of the TBM (derived in this
study) to obtain the surface response to boring. Thus, the
outcomes of this study may be a useful tool for upcoming
researches of Delft Cluster included in the framework
“Dynamics”. The spectrum of the TBM derived in this
study is based on certain assumptions which largely



simplify the problem of the TBM-ground dynamic
interaction. On the otherihand, such simplifications make
the analysis not rigorous. Thus, the significance of the
results has_to be seen in the possibility of modelling the
TBM in Dutch soil conditions in a relatively inexpensive
manner.

2 DESCRIPTION OF A DYNAMIC SYSTEM

The vibrations on_ the surface or into the shallow
subsurface due to the activity of the TBM can be
considered as the -output of a series of filters that
represent different processes such as propagation and
attenuation. Each filter distorts an input signal based on
prescribed rules, which can be thought of as a transfer
function. The mathematical link between an input signal,
the transfer function, and the output signal is known as a
convolution. Mathematically the convolution is written
as

8(¢)=S(f)*H(t)= jfS<1>H<r-f=>d1 <1>

where,

- S(t) is the input signal;
- H(t) is the transfer function;
- g(t) is the output signal;
- * is the convolution integral.

The integral is simply to express S(t) as a collection of a
single time point amplitudes that are passed ,through the
transfer function. For the ith element in S(t), the entire
signal H(t) is multiplied by the amplitude of the ith point.
The (i+1)th point in S(t) also serves as multiplier of H(t).
This new 'series is shifted by dt, the spacing between the
ith and (i+1)th point in S(t). The two series are summed,
and the resultant signal is the convolution. In the case of
tunnelling, the TBM activity is the input signal or source,
the soil is the filteiing system described by the transfer
function, and the vibrations on the surface or into the
subsurface are the output signal.

From the definition of Fourier transform, it tums out that
the convolution in the time domain is just multiplication
in the frequency domain

t=§><F1<<»> <2>
where,

- g(c0) is the Fourier transform of the output signal;

- S(co) is the Fourier transform of the input signal;

- IfI(c0) is the Fourier transform of the transfer function.

From (2), it follows that once the transfer function and
the output signal are known, the input signal (i.e., the
source of the vibration) can be calculated as:

~ Z 2011),SUD) mm) (3)
Equation (3) is used in this study to describe the
TBM as source of vibrations.

3 DYNAMIC MEASUREMENTS AT THE
BOTLEK TUNN EL

The Botlek Tunnel is one of the pilot projects carried out

to explore the capabilities of the shield-driven technique
An extensive test program has been carried out so far,

The measurement of the ground surface vibrations during
a TBM passage and the measurement of the transfer
function between tunnel and ground surface are two of

the expqriments considered in this study.

I

I

I

-FI 4.5111 -4
I

I 0 Vertical component
'} Horizontal component

I

® TV1 ® TI/2 G TV3
360 < Sm :g<Th18m $Th28m xmRing'

V I

Tunne1|
I

I

| Direction of advancement
I of the TBM
I

Figure 1 - Plan view of the testing site - TBM passage

TNO Building and Construction Research executed
the measurement of the ground surface vibrations during
a TBM passage in August 1999. The ground roll
generated by the TBM was measured during the
installation of 7 rings. The installation of ring 360 was
chosen for this study. Figure 1 shows the location of the
sensors during the measurement. The measurements
were carried out at three points. At each point, two
accelerometers were placed, one measuring the vertical
component and one the horizontal (normal to the tunnel
axis) component. A detailed description of the
measurement and the analysis of the measured signals are
in Esposito and Oosterhout (2000). The identification of
the sensors and the measuring direction is given in Table
1. In April 2000, measurements of the transfer function
between tunnel and ground surface was jointly executed
by TNO Building and Construction Research and by



GeoDelft as part of the research project F320 (Esposito
and Oosterhout, 2000).

The experiment was conducted after the completion of
the tunnel and consisted of loading the tunnel by means
of an electrical shaker delivering a maximal force of 4000
N with frequency up to 15_0 Hz.

Table 1. The' sensors used for the measurement of the TBM

passage.
Sensor Horizontal distance to Direction respect the
[#] the tunnel axis [m] tunnel axis
Tvl 12.75 VerticalThl 12.75 HorizontalTv2 20.75 Vertical
Th2 20.75 , HorizontalTV3 28.75 VerticalTh3 28.75 Horizontal
The shaker was located on ring 367, 10.5 m apart from
ring 360 used for the TBM passage measurement. An

-array of three sensors was placed on the ground surface
to measure the vibrations generated by the shaker. The
experimental setup corresponded to that used for the
TBM passage.

4 DERIVATION OF THE FORCE EXERTED BY
THE TBM - BOTLEK TUNNEL

From the results of the measurements briefly described in
the previous section, it was possible to derive the
spectrum of the force exerted by _the TBM. _In 1999,
_g(uJ) was calculated from the response of the ground

surface to the TBM passage. In 2000, the transfer
fimction H((o) was obtained from the measurement of the

response of the ground surface to the action of the shaker.
From equation (3), the spectrum of the force exerted by

the TBM. §(oJ) is simply the ratio of the output signal
(ground surface response) and the transfer function
(filtering-of the system).

It has to be noted that the quantities of equation (3)
(transfer function, input signal, and output signal) are
mutually dependent. That is, an output signal is the
unique result of the convolution of a given input signal
and a given transfer function. The transfer function

H(c0) depends upon the properties_ of the materials which

filter the input signal and upon the geometry of the
system. It was previously said that the locations of the
measurement of TBM passage and of shaker test were
10.5 meters apart. However, it can be assumed that the
soil properties did not change in such a short distance and
that the geometry of the systems is similar.

The dynamic source of the two experiments was
different. The TBM can be considered as circular source

having approximately the same diameter of the tunnel
lining. The dimensions of the TBM are, thus, in the same
order of magnitude of the distance between measuring

point and TBM (Figure 2). The shaker is, instead, a point
dynamic source located at the base of a circular rigid
body (Figure 2).
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Figure 2 - Fashions of vibrating of lining and TBM

In this respect, the output signals (response at ground
surface) generated by the TBM and those generated by
the shaker refer to two different dynamic systems.
However, the inspection of the ground surface velocity
measured during boring at the Heinenoord Tunnel
indicates that the TBM has a dynamic behaviour similar
to that of a segmented lining plus the shaker (Nuijten and
Hoefsloot, 1998). Velocities observed at a distance of 10
m from the tunnel axis are larger than those measured on
the tunnel axis. This revealsthat the dynamic load of the
TBM is concentrated in-the lower part of the machine.
The previous observation is not surprising since the
heavy vibratory device is located in the lower part of the
TBM.

With the assumptions made so far and by modelling the
tunnel/TBM-ground as a linear system, the spectrum of
the TBM can be derived from equation (3). Due to the
simplifications used to model the tunne1fI`BM-ground
system, the results of equation (3) have to be considered
as an- estimation of the spectrum of the TBM. The
significance of such estimation is that, given similar
boundary conditions, the TBM spectrum can be easily
derived and used for a preliminary estimation of the
vibrations at the ground surface. The results of equation
(3) to calculate the TBM spectrum are illu_strated in
Figure 3.
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5 DYNAMIC MEASUREMENTS AT THE
HEINENOORD TUNNEL AND DERTVATION OF
THE FORCE EXERTED BY THE TBM

Between 1997 and 1998, the dynamic behaviour of the
Heinenoord' Tunnel was extensively studied. Among
others, an impact test (van Oosterhout, 1998) and a
measurement of the_ TBM passage (van Oosterhout,
1998) were .carried out. In 1997, Fugro executed the
measurement of the ground surface vibrations during a
TBM passage. The ground surface vibrations generated
by the TBM were measured during the installation of 20
rings at the South side of the tunnel (South shore of the
river Maas). In April 1998, TNO Building and
Construction Resezfrch executed an impact test in the
tunnel. The location of the impact test was at the North
side of the tunnel (North shore of the river Maas). The
results of these tests were combined with an analytical
model which expresses the energy delivered by TBM in
terms of dimensionless wavelet_s. This led to an
approximate spectrum of the TBM which is shown in
Figure 4.
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Figure 4 - Spectrum of the TBM of the HeinenoordTunnel
6 RELATIONSHIP BETWEEN TBM DLAMETER
AND DELIVERED FORCE

From the spectra of the TBM used for the Botlek Tunnel
and for the Heinenoord, the relationship between TBM
and energy associated to vibrations might be
extrapolated. This relationship might be significant
provided that the machines are similar in terms of boring
process and mechanics. Next, the geotechnical
conditions should be comparable since the soil conditions
affects the power of the TBM required to advance the
boring of the tunnel. The total delivered force is derived
from the spectra of the TBM. The spectra are integrated
and the total force transmitted by the machine to the
subsurface is calculated as

A 2 '

O'=\l ii?-¥g-df ()4
where,

- 6 is the force transmitted by the TBM [N];

- XF - are the Fourier coefficients of the spectrum [N];

- f is the frequency [HZ]; g
- a, b are the limits of integration, 0 Hz and 85 Hz

respectively.

Figure 5 compares the spectra of the two TBM. Figure 6
shows the total delivered force of the TBMs plotted
against the diameter of the TBM. The ratio of the
estimated delivered force (Botlek/Heinenoord about 1.3)
is in the same order of magnitude of the ratio of the
observed static delivered force (Botlek/Heinenoord about
1.5). kN 1.40 0 F
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Figure 5 - Spectra of the TBMs

Figure 6 also shows an attempt of prediction of the total
delivered force of the TBM for the Green Heart Tunnel, a
15 m diameter bored tunnel to be built in 2001. The
prediction is based on function fitting the experimental
points (Botlek and Heinenoord). The experimental points
were fitted by a parabolic function passing by zero

F=c><d2 (5)
where,
- F is the force transmitted by the TBM [N];
- d is the diameter of the TBM [m];
- c is a constant [N/m].

The choice of a second-degree power function to fit the
experimental points comes from dimensional
considerations. The relationship between force of the
TBM and other variables playing a role in the problem
(such as, for example, earth’s pressure, depth, length of
the TBM, and area of the cutting face) may be expressed
in a dimensionless form by applying the Buckingham’s
Pi theorem (Bender, 1978). Given a set of n variables in
m dimension (length, time, and mass), every relationship
can be written as a set of n - m dimensionless parameters.
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From geometrical and mechanic considerations, five
variables were identified as affecting the relationship
between delivered force and size of the TBM. The
relationshipbetween force delivered by the TBM and the
four variables can then be written as

f(F,A,1,z,P0) =0 (6)
where,_ I
- F is the force transmitted by the TBM [M] [L] [T]`2;
- A is the area of the cutting face [L]2;
- l is the length of the TBM [L];
- z is the depth of the TBM [L];
- P0 is the earth’s pressure at rest at the depth z

[M][L]" [T]`2r

Buckingham's Pi theorem shows that the function of 5
dimensioned variables in_ equation .(6) can now be
rewritten in terms of only- 5-3 = 2 dimensionless
products. For our rriodel, out of the possible sets of
dimensionless products that the dimensional analysis
could generate, we arbitrarily (since other combinations
are possible) chose `° F A= __ d :__ 7nl lzP0 an E2 lz ( )
We can rewrite equation (6) using the new variables as

TC, = (11¢2) (3)
mb() being an unknown function to be determined by
regression or from other considerations. By substituting
for the ns, equation (8) is equivalent to the nonlinear
equation

F AE -  (9)

We could start our fitting by assuming a simple model for
¢() such as a constant (dimensionless), for example, so
that (9) becomes

F= kP,,A (io)
where,
- k is a constant.

By assuming P0 constant at constant depth for
homogeneous soil, the constants can be grouped to give

F=c><d_2 (11)
which is equation (5). A larger number of points can
improve the choice of the variables to be used in the
dimensional analysis and, therefore improve the
confidence of a prediction (see 7 for the GHT). In the
near future, similar measurements will be executed for
two new bored tunnels, namely the Sophia~Tunnel and
the Green Heart Tunnel. It is expected that the new
information will refine the model developed in this study.
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Figure 7 - Weighted average of the TBM spectrum of the
Botlek Tunnel

As already discussed before, the relationship between
delivered force and diameter of the TBM can bé used to

predict the spectrum of the TBM of the Green Heart
Tunnel. The measured spectrum of the TBM at the
Botlek Tunnel (Figure 6) is used as model. A weighted
average is calculated to identify the fundamental
frequencies and to eliminate the noise (Figure 7). The
averaged TBM spectrum of the Botlek Tunnel is, than,
scaled up to obtain the prediction of the TBM spectrum
of the _Green Heart Tunnel (Figure 8). Figure 8 shows
also the scaled TBM spectrum of the Heinenoord tunnel.
The TBM spectrum obtained from the measured
spectrum of the TBM at the Botlek Tunnel represents the
TBM behaviour better than the wavelet model used in

section 5. The first significant frequency of 17 Hz
corresponds to the first frequency of many mechanical
devices. Further, higher order effects are included.



7 ESTIMATION OF THE VIBRATION LEVEL
BY MEANS OF BOUNDARY ELEMENTS

The simple model presented in the previous sections
generated the spectral representation of the TBM. The
ultimate goal of the dynamic characterization of the
boring process is to determine the vibration level at
certain locations of interest, such as ground surface, at the
foundation level of construction, etc.. When the response
of the soil is modeled in terms of Green’s functions, it is

particular convenient to model the dynamic source in
tenns of its spectral'representation. In this case, the
response at a particular location is simply the product of
the force spectrum and the Green’s function. TNO
Building and Construction Research implemented a fast
and compact Boundary Elements (Esposito, 2001) tool to
calculate the Green’s function of layered media for
different loading geometries. The combination of SFE
with the estimated TBM spectrum might be a promising
and flexible tool to estimate the vibration level induced
by tunneling operations. "

8 CONCLUSIONS

The conclusions of this study are the following:

0 The spectra of the forces exerted by the TBM during
boring were estimated for the Botlek tunnel, and for
the Heinenoord tunnel.

0 The total dynamic force delivered by the TBM during
boring was derived.

0 From the results of point,2, a parabolic function was
used to fit the relationship, between total force of the
TBM a.nd diameter of the machine.

0 Despite the different boring techniques and the soil
conditions, the ratio of the estimated dynamic
delivered force(Botlek/Heinenoord about 1.3) is in
the same order, of magnitude of the ratio of the
observed static ldelivered force (Botlek/Heinenoord
about 1.5). `

The relationship between total force of the TBM and
diameter, if validated, would be a powerful tool to model
the boring process in Dutch soil conditions. In fact,
given the diameter of the TBM, the total force might be
derived from the fitting line and this value might be used
to calibrate a new TBM model. The`TBM might, in tum,
be used as input for prediction of vibrations.
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Figure 8 - TBM spectra
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