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Monitoring results of a tunnel excavation in urban area

G. Russo & G. Modoni

University of Cassino, Cassino, Italy

ABSTRACT: The paper reports on the construction of a large diameter railway tunnel located near the city
of Florence. The tunnel was excavated in loose soils and at shallow depth under existing urban roads, pipelines
and old residential buildings. The results of the experimental measurements performed during construction are
presented. In particular, data sets obtained from high precision levelling are analysed in order to evaluate the
settlements induced by construction procedure at ground level.

1 INTRODUCTION

The execution of bored tunnels through loose soils
in urban environments represents one of the most
challenging tasks of the geotechnical engineering.
In order to prevent damages to the surrounding and
overlying structures and services, the influence of
tunnelling on ground surface settlements must be care-
fully assessed and in many case prevented. In the
recent past considerable experience has been gained on
measurement, prediction and prevention of ground set-
tlements induced by tunnelling operations and on the
consequent building response (Mair & Taylor 1999,
Burland et al. 2001).

However, as pointed out by Burland et al. (2004)
still some uncertainties exist on different aspects and,
among them, on the influence of the execution tech-
niques on the ground movements. In fact, the relation
between the underground activities and the ground
movements is a very delicate aspect and detrimental
effects, not always well known, are often associated to
each technique. The management of risks associated
with such uncertainties can be faced with appropri-
ate and careful control and observations accomplished
during the tunnelling operations (Peck 1984).

In the present paper the monitoring results of a large
diameter tunnel excavated in urban area are presented
and discussed in order to retrieve a lesson on the effects
of the adopted techniques.

The tunnel is excavated at shallow depth in a mixed
face condition, since it intercepts two different geo-
logical formations. Following a practice previously
adopted for other cases (e.g. Lunardi et al. 1986) the
temporary support of the underground openings has
been provided by jet grouting. The jet columns are
arranged in advance along sub-horizontal directions
in order to obtain a sort of canopy, covering the soil to
be subsequently excavated. The main purpose of this

technique is to reduce the volume loss induced by the
tunnel excavation and thus prevent large settlements at
the ground surface. Relying on this capability the exca-
vation of the tunnel section was performed adopting a
full face procedure (e.g. Bertoli et al. 1991).

The knowledge of jet grouting effects is being
progressively gained by means of a trial and error
procedure. The main uncertainties are related to the
geometrical and mechanical properties of columns,
whose role is fundamental to assess the stability and
the continuity of the canopy. In the present case, to
prevent these uncertainties the injection parameters
were calibrated with a trial field performed before the
execution of treatments.

2 CONSTRUCTION

The GNF2 tunnel is located close to the city of Flore-
nce, along the Italian “High Velocity” railway line. It
is excavated under a very low soil cover (5 ÷ 7 m) in
order to connect two cut and cover sections and to
underpass one of the main urban streets and its neigh-
bouring buildings. The total tunnel length is about
50 m, while the sub-circular cross section of the exca-
vated front is about 11 m high and 15 m wide. The
plan view and the longitudinal section, respectively
reported in Figures 1a, b, clearly highlight how relevant
is the reduction of the settlements at the ground level.

2.1 Subsoil conditions

The subsoil profile, detected by means of a 30 m deep
continuous rotary boring, can be broadly subdivided
into two main strata (Fig. 2). The upper layer, about
8 m thick, is formed by angular gravel with a con-
sistent fraction of sand (about 25%) and finer soils
(18 to 40%). The permeability coefficient of this soil,
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Figure 1. GNF2 Tunnel: (a) plan view, (b) longitudinal
section.
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Figure 2. Subsoil condition around the tunnel.

evaluated by means of constant head tests, is in the
range of 10−4

÷ 10−2 cm/s. The friction angle of the
gravel, evaluated by several SPT tests performed at
different depths, is in the range of 38◦

÷ 40◦.
The lower stratum is formed by alluvial and lacus-

trine deposits of high consistency (Ic
∼
= 1) clayey and

sandy silts, whose permeability has been evaluated
by means of variable head tests in the range of
10−7

÷ 10−6 cm/s.
The water level was evaluated before the construc-

tion at about 2.5 m from the ground level.

2.2 Construction sequence

The construction procedure was designed dividing the
whole tunnel length into seven excavation spans, each
of them being about six meters long, and by exca-
vating in a single step the whole tunnel front face.
For each span, before excavating the tunnel section,

(a)

(b)

Building
Jet grouting canopy

Reinforced
concrete

Ribs +
shotcrete

Fibreglass
tubes

Steel ribs + shotcrete

Fibreglass tubes

Jet grouting canopy

Concrete lining

Figure 3. Construction details: (a) cross section, (b) longi-
tudinal section.

two different ground improvement techniques were
adopted to support the front face and the contour of
the tunnel (Fig. 3).

In order to reduce the front extrusion, 99 fibreglass
tubes, each of them being 24 m long, were inserted
along six concentric circles on the tunnel face. The
whole tunnel length was thus covered by three dif-
ferent shots subsequently overlapped by 12 m. After
its insertion, each tube was tightly connected to the
surrounding soil by injecting an expansive grout at a
pressure of 0.5 MPa. By this system the soil imme-
diately behind the front face could be retained by its
background, while the fibreglass tubes could be rather
easily dug during tunnel excavation.

In order to provide a temporary support to the tun-
nel contour wall, a canopy consisting of 71 overlapped
columns was achieved for each excavation span. The
columns were made by adopting the single fluid jet
grouting technique, and their execution was divided
into two phases, the tunnel arch columns and the
side pillars columns. Each column, 13 m long, was
slightly inclined compared to the tunnel longitudinal
axis. Since the length of the canopies was about twice
the length of the excavation spans, each cross section
of the tunnel was covered by a double supporting lining
of jet columns (Fig. 3b).
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After excavation a temporary support of the tunnel
vault was provided by inserting a lining consisting of 2
IPN200 steel ribs, 0.75 m spanned, plus a 0.30 m thick
shotcrete layer reinforced by a steel net. Each rib was
located at a distance of nearly 1 m from the excavation
front.

Finally, a definitive cast in place reinforced concrete
lining was built at some meters distance from the exca-
vation front.A final uniform cross section was given to
the tunnel varying the thickness of the different lining
components (down arch, pillars and crown) between
55 to 110 cm, to follow the shape of the jet grouting
canopies.

In Figure 4 the construction sequence of the jet
grouting and the excavation is reported. This sequence
is the reference time scale to interpret the monitoring
results. The construction started on the end of Jan-
uary 2002 and finished on the end of June 2002. The
increasing rate of productivity is a consequence of the
improvement of the construction process.

2.3 Trial field

A specific trial field was performed at the design stage
to calibrate the injection parameters (injection pres-
sure, number and diameter of nozzles, lifting speed of
the monitor) of jet grouting. Nine horizontal columns
were injected in the gravely soils stratum at different
depth from the ground level, by varying the injec-
tion parameters. In all the cases, a pre-cutting of soil
with water was performed before injection of grout to
increase the cross sectional size of the columns.

The effectiveness of treatments was then investi-
gated by means of different experimental techniques,
including some geo-physical surveys (geo-electrical
test, down hole, sonic tomography). However, more
significantly, quantitative results could be gained by
excavating the soil surrounding the column and by
directly measuring the column dimensions. The soil-
crete strength was finally investigated by means of
laboratory tests.

The column diameters were observed to be scat-
tered among the different columns, depending on the
adopted injection parameters, and within each single
column, depending on the soil heterogeneity. Con-
cerning the first variability, once the injection fluid
properties (density and viscosity) and the soil proper-
ties (unit weight and strength) are fixed, the diameter
of jet columns can be shown to depend directly on the
velocity of injected fluid Vo and on the diameter of
the nozzle do, and inversely on the withdrawal speed of
the monitorVs (Croce et al. 2004).Therefore a relation
is attempted in Figure 5 between the average measured
diameter of each column and a parameter T grouping
the three aforementioned parameters (T =V∗

odo/Vs).
The plot shows a rather good correlation among

these quantities and that, under the parameters adopted
for performing the treatments, reported in Table 1, a
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Figure 5. Average column diameter versus injection
parameters.

Table 1. Jet-grouting parameters adopted in GNF2 tunnel.

Pgrout Pwater do Vs

W/C MPa MPa Nozzles mm cm/s

0.95:1 35 35 2 2.2 0.67

mean column diameter slightly lower than 50 cm must
be expected.

Concerning the variability of column diameters due
to the soil heterogeneity a coefficient of variability
equal to about 10% was estimated from the measures.

Since the boreholes of two adjacent columns were
designed at a distance of 40 cm at the beginning of
each jet grouting span, based on the results of the field
trial, a nominal overlapping of columns of about 10 cm
and a nominal minimum thickness of the canopy equal
to nearly 30 cm can be estimated.

Due to the prescribed divergence of the jet columns
the distance between two contiguous borehole at the
end of a consolidation span is equal to 45 cm and
thus the nominal overlapping between two adjacent
columns is about 5 cm and the nominal thickness of the
canopy is about 20 cm. However lower values must be
expected when considering the variability of the col-
umn dimensions and the possible divergence of the col-
umn axis form the prescribed one (Croce et al. 2004)
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3 MONITORING

3.1 Instrumentation

The whole area interested by the excavation of the
GNF2 Tunnel was monitored through a considerable
number of instruments, in order to observe the ground
performance during the excavation (Fig. 6).

Measurements of the elevation of ground level were
performed by precision optical levelling on a grid of 35
benchmarks. In particular, the location of the bench-
marks allow the analysis of settlements along three
longitudinal sections (corresponding to the tunnel axis
and the right and left side pillars), and three transver-
sal sections at different position respect to the tunnel
length.Two multipoint extensometers were also placed
along the instrumented section to measure the set-
tlements of the subsoil at different depth around the
opening. Two liquid level gages were installed along
transversal sections at little depth respect the ground
surface, but their performance was not reliable. Defor-
mation of ground was indirectly monitored through
inclinometers installed on neighbouring buildings, and
one inclinometer was placed along the instrumented
section. Measurement of pore water pressure dur-
ing construction were carried out by means of two
Casagrande piezometers, placed on the same verti-
cal along the instrumented section at different depth,
respectively of 4.5 m and 14.5 m from the ground level.

3.2 Time series

In the following analysis, the data considered are
mainly those collected through precision optical lev-
elling. This choice is principally due to the reliability
and the relatively high frequency of the data collected
(one measure for each day).
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Figure 6. Plan view with benchmarks and instrumented
section locations.

Time series of the settlements along longitudinal
and transversal section are referred to the construction
period, and represented in relation to the duration of
each working phase. This representation points out the
influence of the single working procedure on ground
response.

In Figure 7 the time series of settlements measured
above the tunnel axis (points KR33, KR56 and KR36)
are represented. Vertical dashed lines highlight the
duration of the tunnel arch jet grouting intervention.
During the execution of the first jet grouting span a
significant uplift of the ground level is observed. The
maximum uplift (approximately 80 mm) is located on
the KR33 benchmark. The uplift is reduced for points
at greater distance from the working section: for the
first span, the uplift of the point KR56 is approximately
30 mm, while the point KR36 seems not disturbed by
the jet grouting execution. The influence of this con-
struction phase is therefore negligible at a distance
equivalent to one jet grouting span (13 m). During the
execution of the second and the third span of arch
jet grouting, uplift of KR36 point is measured (max-
imum uplift approximately 60 mm), while the other
two points seem uninfluenced by the jetting execution,
probably due to the increased stiffness of the tunnel
arch under the two benchmarks.

When the arch jet grouting is executed far from
the measurement points location, a time-dependent
reduction of the uplift is observed, strictly connected
with the subsequent construction phases. In order to
investigate this behaviour, in Figure 8 are reported
the time series of ground settlements measured along
the left side longitudinal section (points KR32, KR57,
KR37). Along this section the absolute displacements
of the ground are directed downward. On the same
plot, the duration of the pillars jet grouting execution
is reported. It can be observed that since the com-
pletion of the first jet columns row, a time-dependent
settlement starts for all points considered, indepen-
dently on the distance of the point from the working
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Figure 7. Settlement along the axis longitudinal section
related to the tunnel arch jet grouting execution.
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section. The same behaviour is observed in correspon-
dence with the subsequent jet grouting executions;
in particular, the second span of pillars jet grouting
induces relatively large time-dependent settlements of
the point KR57. The influence of this construction
phase decreases increasing the distance between the
point locations and the working section.

In Figure 9 the time series of settlements measured
at the points lying on the left longitudinal section are
related to the excavation phases of the tunnel. It is
evident that the excavation phase modify the trend of
time-dependent settlement induced by the execution of
side wall jet grouting. This is particularly evident with
respect to the excavation of the first field. The rate of
time-dependent settlements seems to be enhanced dur-
ing the excavation of the second field, especially for
the points KR32 and KR37, while an instantaneous
increase of settlement measured at the point KR57
in correspondence with the second and third excava-
tion phase is mainly due to the passage of the working
section under the point.

3.3 Settlements along the cross section

In Figure 10 the overall settlements measured along
the cross section (points KR55, KR56 and KR57)
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Figure 8. Settlements along the left longitudinal section
related to pillars jet grouting execution.
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Figure 9. Settlements along the left longitudinal section
related to excavation.

corresponding with the road axis are represented. Each
line points out the displacement of the ground level at
given construction time. In particular, displacements
measured at the end of the construction of the first
three field of the tunnel are reported, representing the
passage of the working section under the measurement
section.

The uplift of the ground level at the end of the
first excavation is located along the longitudinal axis
section, while at the same time a relatively small set-
tlement on the longitudinal right and left sections is
measured. With the advance of the tunnel construction,
an increase of settlement interests the whole section,
with maximum corresponding with the KR57 point
(left side of the tunnel). It can be noted that at the
end of construction the overall displacement (equal
approximately to 30 mm) is a downward settlement
not symmetric with respect to the tunnel axis.

3.4 Discussion

The ground performance during the excavation of the
GNF2 Tunnel is characterised by two main features:
the uplift of the ground level, connected with the jet
grouting improvement of the soil surrounding the tun-
nel arch, and the time-dependent settlements, mainly
related to the execution of the jet grouting columns
along the tunnel side walls, with localised contribution
given by the excavation.

The execution of the jet grouting columns in the
upper subsoil layer improve the soil in terms of stiff-
ness, allowing the excavation technique to be applied.
Yet, undesired lifts occur at the ground level due to
the clogging of injection holes and to the consequent
build-up of grout pressure inside them. In this case
the jet grouting acts as an improper and uncontrolled
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Figure 10. Settlements along the cross section.
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Figure 11. Increase of piezometric head during the pillars
jet grouting execution.

compensation grouting. In order to reduce the vertical
uplift, some additional holes were bored next to the
injection ones in order to allow for a better return of
spoil and for a quicker release of the grout pressure
inside the soil.

Different mechanisms underlie the development
of time-dependent settlement. The realization of jet
grouting columns in the low permeability layer may
induce an excess of pore pressure that bring on consol-
idation in the soil, as pointed out by the characteristic
trend of settlements versus time. The consolidation
of the lower layer involves the whole area around
the opening, with greater absolute settlements local-
ized at the left longitudinal section. In some cases
the full face excavation increase the rate of consolida-
tion settlements. This interpretation is consistent with
the measurements of the piezometric head at the cell
placed at depth close to the pillars of the section. In
Figure 11 the relation between the instantaneous rise
of the piezometric head and the pillars jet grouting
execution is highlighted.

It is plausible that the injection of jet grouting in
the hole induces a mechanism similar to the expan-
sion of a cylindrical cavity in undrained conditions.
The amount of excess pore pressure depends on the
injection pressure localised at the interface between
the remoulded soil and the intact soil.

4 CONCLUSIONS

The GNF2 railway tunnel is excavated under a very
low soil cover (5 ÷ 7 m), in order to underpass a main
urban street and its neighbouring buildings.

The construction procedure adopted two differ-
ent ground improvement techniques to support the
front face and the contour of the tunnel. In order
to reduce the front extrusion, fibreglass tubes were
inserted on the tunnel face.The temporary support was
achieved improving the surrounding soil by means of

sub-horizontal overlapped columns, made by adopting
the single fluid jet grouting technique. A specific trial
field was performed at the design stage to calibrate
the injection parameters of jet grouting. The full face
excavation was finally performed.

The whole area interested by the excavation of the
GNF2 Tunnel was monitored through a considerable
number of instruments, in order to observe the ground
performance during the excavation. Precision optical
levelling data are analysed in order to point out the
influence of the single working procedure on ground
response.

Time series of the settlements along longitudinal
and transversal section highlight the uplift of the
ground level connected with the execution of the tunnel
arch jet grouting, and the time-dependent settlements
related to the execution of the jet grouting columns
along the tunnel pillars, with minor contribution given
by the full face excavation.

The adopted excavation techniques allowed tun-
nelling in very difficult conditions (loose soils, very
shallow depth), mainly due to the stiffness of the
temporary lining, as a result of effective ground
improvement. Nevertheless, the overall settlements
measured at end construction, due to the consolida-
tion of lower layer, indicate that the same ground
improvement technique, with respect to the reduction
of settlements in urban area, should be used carefully
in low permeability soils.
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