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ABSTRACT: Tunnels for the new Barcelona Metro Line 9 are being constructed in a densely built urban area,
close to sensitive structures. The paper presents a case history involving tunnelling in difficult mixed geological
conditions below an existing Metro Line (Line 4). Tunnelling was performed with a dual EPB boring machine and
the closed mode of operation was prescribed beneath all sensitive structures. Despite this original prescription,
an open mode excavation (with a partially filled pressure chamber) had to be adopted to avoid the interruption
of the boring process in the area below the existing Metro Line 4. The paper describes the geological conditions
of the site, presents some of the ground movement observations prior to the change of excavation mode and
discusses the rationale that allowed the change in the prescribed tunnelling mode as well as the results obtained.
Observations of displacements during the excavation in open mode confirmed that no soil inrush into the head
chamber occurred and that in addition, with the new excavation procedure, ground movements were reduced
significantly.
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INTRODUCTION

Tunnels for the new Barcelona Metro Line 9 are being
constructed in a densely built urban area, close to sensitive structures and beneath existing Metro Lines and
other services (Gens et al., 2006; Schwarz et al., 2006;
Di Mariano et al., 2007; Di Mariano et al., 2009; Gens
et al., 2009; Gens et al., 2011). Ground movement
control has therefore always been a primary concern
during both design and construction. The Line 9 (L9)
tunnels connect the North side of Barcelona to the
South and cross different geological formations. The
variability of ground conditions has strongly influenced the mechanized excavation process in the L9
project, making at times difficult the optimization of
machine design and operation parameters. In such
cases, compromises have been necessary in order to
achieve acceptable performances (Zhao et al., 2007).
The paper presents a case history involving tunnelling in difficult geological conditions below an
existing Metro Line (Line 4). Tunnelling was performed using a 12 m diameter Earth Pressure Balance
(EPB) boring machine capable of operating both in
open and closed mode, depending on local ground conditions. In the area of this case study, geological conditions proved to be more difficult than expected, with
the presence of very high-strength abrasive hard rocks
(schists, quartzites and hornfels intrusions) within
unstable loose formations below groundwater level.
In those conditions, the initially prescribed closed
mode of operation proved impossible to achieve in
a satisfactory manner. Consequently, an open mode
excavation (with a partially filled pressure chamber)
had to be adopted in order to avoid interrupting the

boring process especially in the area below the existing Metro Line 4. The paper describes the geological
conditions of the site, presents some of the ground
movement observations prior to the change of the excavation mode and discusses the rationale that allowed
the change in the prescribed tunnelling mode as well
as the results obtained.
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SITUATION AND GROUND CONDITIONS

The Guinardó area corresponds to the part of the L9
route in the vicinity of Guinardó Station, one of the
fifty-two stations of L9 whose position along the L9
route is indicated in Figure 1. It belongs to Section 3 of
L9 which runs through the high part of Barcelona city
(indicated as Part 3 in Fig. 1). In the Guinardó area,
the L9 excavation passes below an existing Metro Line,
Line 4 (L4), whose service was not to be interrupted
at any time (Figs. 2 and 3). The two subway tunnels
run parallel, at different depths, for about 150 m after

Figure 1. Full route of L9 and location of Guinardó Station.
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position along the route was hard to identify before
construction.
The water table roughly follows the topography of
the ground surface and is located within the Palaeozoic
layer at about 45 m above the tunnel crown.

3 TUNNELLING IN THE GUINARDÓ AREA

Figure 2. Position of the L4 with respect to the L9 tunnel
alignment. Plan view.

Figure 3. Geological longitudinal profile in the area of
Guinardó Station.

they cross Guinardó Station (Fig. 2). Then, the tunnels
start diverging. Due to the proximity of the two Metro
Lines, ground movement control in this area was an
absolute priority.
The excavation of L9 Part 3 started in January
2010 and it was directed towards the southern side of
Barcelona. In the Guinardó area, the excavation diameter is 12.06 m, the depth 60–65 m and, therefore, the
tunnel cover-diameter ratio (C/D) is of the order of 5.
The geological profile of the area (Fig. 3) comprises
a superficial layer of fill (R) overlying a thin layer of
clays with sands and gravels of Quaternary age (Qa),
which are underlain by a thick stratum of Palaeozoic
granodiorite having different degrees of alterations
(Gr1a, Gr1b, Gr2). Just after Guinardó Station – where
L9 and L4 cross- and for a little over 300 m, Palaeozoic
mottled hornfels (ORDcp) are encountered below the
Quaternary layer, with some presence of high-strength
calcosilicated rocks and quartzite (ORDc). These Paleozoic metasediments represent a hard fractured rock
mass with an average rock mass rating (RMR) index
value of 40. Fault breccias (Bf) appear all through the
Palaeozoic materials (Fig. 3). The intrusions of calcosilicated rocks and quartzite (ORDc) are randomly
located inside the Paleozoic meta sediments and their

EPB tunnelling during the first kilometre or so in the
Guinardó area was systematically carried out in closed
mode (pressurized front) due to the presence of sensitive structures above the tunnel. Excavation proved
to be more problematic than expected and had to be
interrupted several times. The boring machine suffered a number of mechanical and technical problems
such as rapid wear out of the cutting tools, damages to
the shield and high temperatures in lubricants as well
as in mechanical parts. Adequate ground conditioning inside the head chamber was difficult to achieve
in spite of the use of different types of conditioning
agents such as water, foams, polymers and bentonite
(Merritt, 2004; Boone et al., 2005; O’Carroll, 2005;
Borghi, 2006). The overall plasticity of the excavated
material inside the pressure chamber was often inadequate to maintain a stable chamber pressure. Clogging
of the spoil and the presence of boulders in the chamber did not allow an efficient excavation and made the
tunnel drive unreliable as well as difficult to control.
As a result, low advancing rates were obtained with an
average advance rate just a little over 5 m/day. In order
to improve the performance of the boring machine
and despite the original prescriptions, the contractor
proposed to continue tunnelling in the Guinardó area
with a partially filled pressure chamber (minimum 1/2,
maximum 2/3 of its total volume) and to use a positive
face pressure only in the areas of geological change
that could involve potentially unstable materials. In
this way, the boring process would be adapted to the
frequently changing ground conditions in a relatively
fast and flexible manner (Herrenknecht et al., 2004).
L9 excavation in the closed mode had produced
some appreciable surface ground settlements when
passing Guinardó Station. Their transverse distributions followed approximately inverted Gaussian
“bell-shaped” curves according to expression (1)
(Peck, 1969; Schmidt, 1969; Rankin, 1988; Mair &
Taylor, 1997; Mair, 2008).

In equation (1), s(x) represents the settlement at a distance x from the tunnel centreline, smax the maximum
settlement at the tunnel centreline and i the value of
x at the point of inflection of the transverse distribution. Even though the excavation in the Guinardó
area was not through soft ground, equation (1) still
fits the observed vertical movements in transverse
sections (Fig. 4).
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Table 1. Warning, alert and alarm values for differential
settlements at the depth of L4 railway track.
Warning value Alert value Alarm value
Track
2.5 mm/m
longitudinal
settlement
Track transverse 5.0 mm
relative
settlement

Figure 4. Evolution of the reference ground surface
settlement trough in the Guinardó area, when boring under
closed mode.

In most cases, the trough width parameter i can be
related to the depth of the tunnel axis, H0 , through
equation (2) (Mair et al., 1993).

The parameter K depends on the type of soil
and generally increases with depth (z) for subsurface
settlements (Mair et al., 1993).
In the Guinardó area, maximum observed surface
settlements in the range 11–14 mm were observed
when the boring machine was operating in closed
mode. Figure 4 shows the evolution of the transverse
settlement profile in the section where the highest
settlements were registered. The points in the figure
represent the precision levelling measurements and the
continuous curves their Gaussian interpolation. In Figure 4, vertical movements extend out to a distance of
about 70 m from the tunnel centreline (approximately
1 time the depth of the tunnel axis), the K parameter is
equal to 0.4 and the final volume loss (Vl , defined
as the volume of the settlement trough, per meter
length of tunnel, divided for the theoretically excavated
tunnel volume) is about 0.8 per cent. The settlement
trough corresponding to the 1st of November 2010 in
Figure 4 was considered as the reference settlement
trough for the Guinardó area, being the deepest
settlement trough when boring under closed mode.

3.5 mm/m

4.5 mm/m

7.5 mm

10.0 mm

tunnel would continue to be excavated in open mode
with the same volume loss as the one associated to the
reference settlement trough in Figure 4 (Case A) and
the case in which, during tunnelling with a partially
filled pressure chamber, the latter would get suddenly
and accidentally filled up to its total volume (Case B).
In this second case, it was considered that the TBM
would advance with its pressure chamber filled only
to half of its total volume, being this one the most
adverse case of the two proposed by the contractor.
In order to estimate the ground movement distributions, transverse settlement profiles were considered
to follow equation (1), while vertical movements in
the longitudinal direction (sy ) were calculated using
equations (3) and (4) (Attewell & Woodman, 1982).

In equation (3), yi is the longitudinal coordinate
of the tunnel initial point, yf the longitudinal coordinate of the excavation face, Vs the volume of the
surface settlement trough per unit length and the function G(α) (Eq. (4)) can be determined from standard
probability tables. Parameters related to equations (1)
and (3) were obtained from measurements taken on
previously excavated sections. The results of this estimate, in terms of longitudinal and transverse ground
settlements, were compared to the threshold values
shown in Table 1.
4.1 Case A

4

ESTIMATION OF SETTLEMENTS

To allow the change from closed to open mode of
operation, it was necessary to justify that, even in the
most unfavourable case, movements of the potentially
affected structures and services would be acceptable.
Of special concern was Metro Line 4 located above
the tunnel under excavation. The distortions considered admissible for the existing subway line are given
in Table 1. In order to estimate ground settlements,
two cases were considered: the case in which the L9

The objective of Case A was to predict the ground settlements produced by the excavation in open mode,
under the hypothesis that the volume loss produced
would be the same as the one associated to the reference settlement trough (Fig. 4). Even though the width
of the reference settlement trough in Figure 4 is consistent with a K parameter of 0.4, greater values of K (up
to values of 0.6) had been observed in other transverse
settlement troughs, within the Guinardó area.
The evaluation of settlements for Case A was
therefore based on K values in the range 0.4–0.6.
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4.2 Case B
According to the contractors’ proposal it was assumed
that the chamber was partially filled to half of its total
volume. Case B considers the possibility that the pressure chamber would suddenly and completely be filled
up by a soil inrush. Ground settlements were evaluated
at the depth of L4 platform assuming that the ground
movements associated with this soil filling completely
the excavation chamber would follow an axisymmetric geometry with a Gaussian transverse profile. Its
volume may then be computed using expression (5)
that corresponds to the revolution of a Gaussian curve
around its vertical axis.

Figure 5. Ground vertical movement distributions at the
depth of the L4 platform (Volume loss = 0.8%). Case A.

Figure 6. Longitudinal settlement distributions at the depth
of the L4 platform (Volume loss = 0.8%). Case A.

This also allowed considering the tendency of K to
increase with depth.
In the following 200 m or so to be excavated,
approximately between chain ages 9000 m and 8800 m
(Fig. 3), the L9 tunnel cover was about 65 m and the
phreatic level was always above the tunnel crown. The
L4 railway platform is located 50 m above the tunnel
crown. Equation (1) was used to determine the transverse settlement trough, considering a volume loss of
0.8% (equal to the final volume loss in the reference
section) and two different values for the K parameter, 0.4 and 0.6. The corresponding transverse ground
vertical movement distributions at the depth of L4
railway platform are shown in Figure 5. For K equal
to 0.4, the maximum settlement is about 20 mm while
for K equal to 0.6 it is a little less than 15 mm.
The longitudinal movement distributions evaluated
at the depth of the L4 platform, and corresponding to
the two K values considered, are shown in Figure 6.The
distance between L4 and L9 axes, in the sections to be
excavated, was approximately 30 m. At this distance,
the longitudinal distribution of settlements is almost
the same for both K values (Fig. 6).

In equation (5), s(r) is the settlement of a point on
the ground surface located at a distance r from the
rotation axis; ir is the distance from the same axis of
the point of inflexion of the surface s(r) and smax (r)
is the ground maximum settlement. Just like in equation (1), the distance ir depends on the K parameter
and the depth of tunnel axis. The maximum settlement
smax (r) can be obtained from equation (5), once the
volume of over-excavation V and the distance ir are
known. In Case B, the maximum volume of soil that
can enter the pressure chamber, V , is equal to 65 m3 .
Thus, taking into account the two K values considered
(0.4 and 0.6), it is possible to determine the maximum settlement smax related to the two new ground
vertical movement distributions associated to the overexcavation. Adding these ground vertical movement
distributions to the ones determined in Case A, two
new distributions of settlement are obtained, which
give rise to two new settlement troughs when intersected by a vertical plain perpendicular to the tunnel
axis, at the point of the over-excavation. The areas of
these new settlement troughs can then be expressed
in terms of volume losses. Therefore, in Case B, the
ground movement estimation was made using two
different values of volume loss: 1.6% (for K = 0.4)
and 1.4% (for K = 0.6).
For a K value of 0.4, the maximum calculated vertical movement – at the tunnel centreline and at the
depth of the L4 platform – was about 37 mm while it
was smaller and approximately equal to 20 mm for a
K value of 0.6 (Fig. 7).
Naturally, as for the transverse vertical movements,
the longitudinal settlements in case B were also
larger than in Case A (Fig. 8). Figure 8 shows the
most unfavourable distribution of longitudinal settlements (for the purposes of calculating the longitudinal
track slopes), at the depth of the L4 platform and at a
distance of about 30 m from the L9 longitudinal axis.
4.3 Total and differential settlement values
Total settlements calculated at the depth of the L4 railway platform, both in Case A and B, are summarized
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Table 2. Settlements at the depth of L4 railway platform
(Cases A and B).
Vl = 0.8% (Case A)

Vl =1.6%
(Case B)

Vl =1.4%
(Case B)

K=0.4

K=0.4

K=0.6

K=0.6

L4 railway platform
Distance to
L9 tunnel Settlement Settlement Settlement Settlement
axis (m)
(mm)
(mm)
(mm)
(mm)
26.0
27.5

Figure 7. Ground vertical movement distributions at the
depth of the L4 platform (K = 0.4 and Vl = 1.6%; K = 0.6
and Vl = 1.4%). Case B.

8.3
7.5

8.8
8.4

16.1
14.6

14.3
13.7

Table 3. Transverse differential settlements in L4 railway
platform (Cases A and B).
Vl = 0.8% (Case A)

Vl = 1.6% Vl = 1.4%
(Case B) (Case B)

K = 0.4

K = 0.4

K = 0.6

K = 0.6

Track transverse relative settlement
Distance to Differential Differential Differential Differential
L9 tunnel settlement settlement settlement settlement
axis (m)
(mm)
(mm)
(mm)
(mm)
26.0

0.8

0.4

1.5

0.6

Table 4. Maximum settlement values for meter of excavation in the longitudinal direction (Cases A and B).
L4 Invert Longitudinal section

Figure 8. Longitudinal settlement distributions at the depth
of the L4 platform and at a distance of about 30 m from the
L9 longitudinal axis. Case B.

Case A
K = 0.4

in Table 2, while Table 3 contains the values of the
calculated differential transverse settlements, at the
same depth. Maximum settlement values per meter
of excavation (slope) in the longitudinal direction of
L9 tunnel are listed in Table 4.
The calculated values of L4 track transverse and
longitudinal settlements (Tables 3 and 4) were all
small and well within the threshold values indicated in
Table 1. The open mode excavation of L9 was hence
considered acceptable as it did not endanger the
Metro L4 service.

4.4

Open mode tunnelling performance

With the partially filled pressure chamber, the
performance of the boring machine was significantly improved and the excavation proceeded more
smoothly. The average advance rate per day increased
by about 75% and the maximum observed ground surface settlements were of the order of 10 mm, about

K = 0.6

Case B

Case B

K = 0.4

K = 0.6

Track longitudinal settlement
L4 distance
from L9
tunnel axis
(m)

mm/m

mm/m

mm/m

mm/m

26.0

0.16

0.12

0.40

0.23

40% lower than the maximum settlement in the reference trough, obtained with the closed mode of
operation (Fig. 4). Moreover, the observed transverse
and longitudinal vertical movements at the depth of
the L4 railway platform were of the order of 5 mm
or less, again lower than those estimated in Case A.
Those observations clearly indicated that no soil inrush
occurred into the head chamber during the excavation
in open mode.
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CONCLUSIONS

In the vicinity of Guinardó Station, the L9 tunnel
passed beneath the existing L4 Metro Line, whose service was not to be interrupted during the L9 excavation
process. Tunnelling in this area was through mixed
geological formations involving abrasive hard rocks
within unstable loose layers below groundwater level.
Closed mode tunnelling proved to be more difficult
than expected. In spite of the fact that a closed mode
of operation had been prescribed for tunnelling in that
area, an open mode excavation (with a partially filled
pressure chamber) was necessary to avoid the interruption of the boring process in the area below the
existing Metro L4.
Maximum expected ground movements were estimated at the depth of the existing L4 platform in
response to the L9 open mode excavation, under
the hypothesis of a sudden soil inrush that would
completely fill up the pressure chamber. Estimated
differential transverse and longitudinal movements
at the depth of the L4 railway platform were small and
lower than prescribed threshold values, so that the open
mode excavation was considered feasible without
requiring the interruption of the L4 service.
With the partially filled pressure chamber the performance of the boring machine was improved and
the tunnelling process became faster as well as more
efficient. Observed settlements at the depth of the L4
platform were significantly lower than the estimated
ones under both the hypotheses of normal operation
and of a sudden soil inrush that would fill up the head
chamber. Those results indicated that the worst case
scenario did not take place.
This case study clearly shows that ground movements in TBM tunnelling depend strongly on the
quality and difficulties of tunnel driving operation and
that, in some cases, an open mode of operation not
only increases the rate of tunnel advance but it also
leads to a reduction of the ground movements caused
by excavation.
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