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The existence of a layer of hard boulders up to 1 m in size within the soft sediments of the Holocene Llobregat
delta in the SW of Barcelona city caused the damage and stoppage of the EPB-type tunnel boring machine that
excavated the subway L10 line. This layer constitutes a detrital deposit of exceptionally large grain size developed
in the base of the delta. It originated as an alluvial fan in the northern margin of the delta during the last fall of the
Mediterranean Sea level, at the end of the Pleistocene period. The subsequent sea level rise (Holocene transgres-
sion) caused the flooding of this alluvial fan and the reworking of its materials by sea waves. Thereby a
retrogradant boulder beach developed, in which the largest rock fragments of the former alluvial fan remained
densely packed. The tunnel boring machine precisely collided with the main boulder concentration area of this
ancient beach. The cutter tools and the structure of the cutterhead were seriously affected. The repair tasks re-
quired the excavation of a mine in the tunnel face under atmospheric pressure and a sealing and stable environ-
ment. To get these conditions a jet grouting block from the surface was performed to consolidate the deltaic
sediments around the tunnel face. Additional TAM injections were carried out to improve some deficiencies in
the sealing of the block. Subsequently the shield of the tunnel boring machine was embedded into the block
and the water table was depressed by pumping wells. After 13 months of complicated works, the tunnel boring
machine resumed the excavation encountering further problems. Although the layer of boulders was early iden-
tified by the geological and geotechnical studies of the L10 constructive project, its precise geological character-
istics and potential adverse influence on tunnelling was then not valued in depth. A better knowledge of the
geology of this layer would have been helpful in order to foresee the incident and propose alternatives.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

During the excavation of the Barcelona subway L10 line through the
soft sediments of the Llobregat delta (Fig. 1), the tunnel boring machine
collided with a layer of hard boulders, up to 1 m in size. The EPB-type
tunnel boring machine (Maidl et al., 1996) used was designed to exca-
vate soft grounds and was not able to cross this layer, which caused its
damage and stoppage. The engineering tasks to repair and restart the
machine lasted for 13 months causing an important delay and over-
cost of the tunnel construction.

The geology, hydrogeology and geotechnical characteristics of the
L10 line, as well as those of the L9 line (both constructed at the same
time), were studied in detail in the constructive project (GISA, 2002).
Additional specific studies were carried out in certain areas in order to
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improve the knowledge on the subsoil materials to prevent problems
during the construction of the tunnel (Bono et al., 2008; Cabrera et al.,
2009; Filba, 2007; Font-Capé et al., 2011, 2015; Marti et al., 2008;
Mignini et al., 2008; Orfila et al., 2007). The layer of boulders was detect-
ed at the constructive project phase. However, it was underestimated as
a potential cause of problems and no specific studies were performed
for this case. It was assumed that boulders would probably be disperse
and would not be an insuperable obstacle for the tunnel boring
machine.

The onset of problems encountered by tunnel boring machines due
to adverse geology is a subject that has been treated in many studies
for quite a long time (Deere, 1981). The studies describe a wide variety
of geological conditions that can be an obstacle to the progress of this
type of machines. The most frequent cases being the jamming and stop-
pages of tunnel boring machines due to squeezing grounds (Bilgin and
Algan, 2012; Farrokh and Rostami, 2009; Ma and Wang, 2014; Ramoni
and Anagnostou, 2010), infillings of karstic cavities (Filipponi and
Ganguly, 2012; Kolic et al., 2009; Zarei et al., 2012), residual tectonic
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Fig. 1. Upper part: geological map of L9 and L10 lines through the Barcelona plain and the Llobegrat and Besos deltas. Lower part: geological cross-section of L10 line between the Barcelona

harbour and the Collserola chain (adapted from GISA, 2002).

stresses (Shang et al., 2004), and groundwater or gas inflows
(Babendererde, 2003; Day, 2004; Tseng et al., 2001; Shahriar et al.,
2009; Wenner and Wannenmacher, 2009). Frequently, some of these
geological adversities can occur at the same time during the excavation
of a same tunnel (Grandori et al., 1995; Shang et al., 2004). Such prob-
lems become especially complicated to resolve when they occur in
urban areas (Guglielmetti et al., 2008; Kovari and Ramoni, 2006;
Marchionni and Guglielmetti, 2007).

In order to provide new insights in the field of mechanized tunnel-
ling, the present paper describes the damages occurred in the
cutterhead of the tunnel boring machine because of the layer of boul-
ders and the adopted solutions to repair and restart it in a complicated
urban context. The paper also describes the geological characteristics
and origin of this layer of boulders, known in detail after the tunnel con-
struction, and how this knowledge might have been useful to prevent or
minimize the tunnelling problems.

2. General description of the L9-L10 subway project

The L9 and L10 lines are two branches of the same Barcelona subway
project, which was promoted by the Catalonian Government
(Generalitat de Catalunya) in the year 2001 with approval of the
2001-2010 Infrastructure Master Plan. They constitute two perimetral
lines designed to connect areas that still have no subway service in
the northern part of Barcelona city and the neighbouring populated
areas in the Besos and Llobregat deltas. Moreover, the lines maximize
the existing subway network with the construction of powerful inter-
modal transportation hubs. The construction of these lines started to de-
velop during the year 2002. Between the years 2009 and 2011 a total of
11 km and 12 stations of the northern part of the project were open to
the public service. At present, the works will complete the section of
the L9 line between the airport and the university campus of Barcelona,
with the opening of 20 additional kilometres and 15 new stations,
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which are expected to be ended in 2016. There is no specific date for the
completion of the project.

Both lines sum a total length of 50 km. Most of the lines (43.7 km)
run underground, while the rest runs in the surface by a viaduct. In its
central part, both lines run together following a single tunnel that
crosses the highest part of Barcelona, along the SE slope foot of the
Collserola chain (Fig. 1). To the south, the two lines end up separating.
L9 crosses the Llobregat delta plain and goes to the Barcelona airport,
while L10 follows the northern margin of the delta towards the Barcelo-
na harbour and the Zona Franca industrial park. To the north, both lines
also separate and finalize at different points of the Besos delta. As a hole,
both lines constitute the biggest Barcelona subway line constructed
until now. They connect 5 neighbouring cities of the metropolitan area
of Barcelona, the airport, the harbour and the high-speed train (AVE).

The lines cross dense urban areas below narrow streets and abun-
dant preexisting underground structures, as well as through heteroge-
neous soils with extremely variable geological and geotechnical
characteristics. Moreover, the underground water table normally re-
mains above the tunnel crown. These aspects led to consider the exca-
vation of the L9 and L10 lines using tunnel boring machines as the
best method to guarantee safety and optimize the planning work.

The so-called “L9 solution” consisted in the excavation of a tunnel of
large diameter (12 m in the main part of the route) with an intermedi-
ate slab that separates the tunnel in two halves where the to and fro
trains circulate on two different levels (Schwarz et al., 2006). This con-
figuration allows integrating the platforms of the station into the tunnel
limiting the excavation of complicated caverns or enclosures between
diaphragm walls where unfavourable soils, groundwater conditions
and limited available space are found.

87% of the tunnels length was excavated by tunnel boring machines
and the rest using diaphragm walls (12%) or by mining (1%). Five tunnel
boring machines were used simultaneously: two EPB machines 12.06 m
in diameter, one dual-mode TBM 11.95 m in diameter, and two EPB ma-
chines 9.4 m in diameter. The two machines of least diameter were used
to excavate the section of the L9 running through the Llobregat delta,
where the stations are built the shallowest between diaphragm walls
using the cut-and-cover method and where the two trains run in
parallel.

Both lines include a total of 52 stations: 30 are shaft-type stations, 17
are stations excavated between diaphragm walls, and 5 were construct-
ed on surface in viaduct sections. The shafts have diameters of 26 and
33 m, and depths of up to 70 m. They connect the surface with the sta-
tion hall, and that with the upper and lower platforms inside the tunnel.

3. Geological setting

The geological materials crossed by L9 and L10 lines can be grouped
into four main types: recent Quaternary, ancient Quaternary, Neogene
and Palaeozoic (Fig. 1).

The recent Quaternary unit forms the Besos and Llobregat deltas.
They are mainly composed of soft sediments of gravel-bearing sand
and silt, of grey to yellow colour. Its thickness increases from inland to
the coast line, where it reaches up to 50 m. These sediments correspond
to the Holocene period (Marqués, 1984; Gamez et al., 2009; Velasco
et al., 2012).

The ancient Quaternary unit forms the Barcelona plain and its exten-
sion beneath the younger sediments of the Besos and Llobregat deltas.
This is a very heterogeneous unit mainly composed of reddish clay
and silt, with frequent beds of metamorphic gravel and horizons of car-
bonate nodules of edaphic origin. These are colluvial and alluvial sedi-
ments coming from the erosion of the Collserola Palaeozoic chain
(Llopis-Lladé, 1942; Solé-Sabaris, 1963). The thickness of this formation
is highly variable because it fills a very irregular pre-Quaternary
palaeotopography. It ranges from a few metres to more than 30 m. A
late Pliocene to Pleistocene age is considered for this unit (Riba and
Colombo, 2009).

The Neogene is found beneath the Quaternary deposits of the Barce-
lona plain and the Besos and Llobregat deltas. It includes three main sed-
imentary units: Pliocene, Middle Miocene and Early Miocene. The
Pliocene unit is mostly composed of grey marl of deep marine origin.
Above this marl, layers of greenish siliceous sand of shallow marine ori-
gin are also present in the Barcelona plain area. As a whole, they form a
sequence of about 100 m in thickness, which covers an old erosive sur-
face excavated on the top of the Miocene deposits (Vicente, 1986). The
Middle Miocene unit forms a sequence of about 200 m in thickness char-
acterized by a cyclic succession of layers of quartz-feldspar sand, quartz-
ose gravel, silt and marl, of alluvial to deltaic origin (Gémez-Gras et al.,
2001; Salvany, 2013). The sand and gravel layers have been hardly lithi-
fied in part by siliceous cement becoming layers of sandstone and con-
glomerate (Parcerisa et al.,, 2001). These rocks are mainly located in the
Montjuic Mountain, while in the neighbouring planes of Barcelona and
the deltas they are dominated by unconsolidated sediments with
minor cemented layers. The Early Miocene unit forms a monotonous se-
quence of gravel-bearing clay of reddish colour up to 100 m in thickness,
of alluvial origin, which covers the Palaeozoic rocks.

The Palaeozoic unit forms the Collserola chain and its extension be-
neath the Barcelona plain. It includes a wide variety of metamorphic
rocks (hornfels, slates, schists, quartzites), as well as sedimentary (lime-
stones, sandstones, conglomerates) and granitic rocks, ranging from Or-
dovician to Carboniferous age (Julivert and Duran, 1990). These rocks
have been strongly folded and broken by Variscan and Alpine tectonics
(Santanach et al., 2011). The Miocene deposits have minor tilting and
faulting structures caused by the post-Alpine extensional tectonics
that affected the western Mediterranean region during the Neogene pe-
riod. The Pliocene and Quaternary units are generally undeformed
deposits.

In the study area, the geological information provided by the explor-
atory boreholes of L10 and L2 (still not constructed) lines is available
(Figs. 2 and 3). The two lines allow two complementary cross-sections
perpendicular to each other, which cut the recent and ancient Quaterna-
ry and Miocene units of the northern margin of the Llobregat delta, close
to the Montjuic Mountain.

The recent Quaternary unit forms a wedge-shaped sedimentary unit
that thickens towards the coast. It consists of six main sedimentary
layers: H1 represents a coarse-grained alluvial sediment directly depos-
ited on the pre-Holocene deposits. It corresponds to the layer of boul-
ders that caused the jamming of the tunnelling machine. H2 is a layer
consisting in coarse sand with small gravels representing beach sedi-
ment. H3 is a layer composed of silt of dark grey colour and distal
prodeltaic origin. H4 is a layer formed of silty fine sand of grey colour
and proximal prodeltaic origin. H5 is a layer composed of coarse sand
with gravel beds and delta front origin. On the top, H6 is a layer
consisting of brown silt of delta plain origin. The uppermost part of
this H6 layer forms an anthropic fill of up to several metres thick
(layer A) resulting from the construction works of the city.

For an engineering purpose, the stratigraphy of this Holocene delta
was simplified in three main layers: a basal layer of boulders (H1), a
middle layer of sand (H2 to H5), and an upper layer of silt (H6). Their
main geotechnical characteristics are summarized in Table 1.

Along the L10 cross-section (Fig. 2), the layer of boulders exhibits a
thickness between 1.5 and 6.8 m and is gently inclined towards the
SE. Its base is located 3.5 m below sea level in the northern part of the
section, while it is recorded 30 m below the sea level by the southern
boreholes that reach to cut it. This is a well-graded layer with gravel
and boulders of rounded shapes that range from a few centimetres to
more than 1 m (Figs. 4 and 5). The grains are mainly sandstone and con-
glomerate fragments coming from the Montjuic Mountain. The main
thickness of this layer is located close to the Foc-Cisell station. In bore-
holes around this station (for instance SZF-13, SZF-14, L2-40 or L2-
38), the lower part of this layer is mainly composed of gravel of grain-
sizes inferior to 10 cm, while the boulders concentrate in its upper
part. Towards the SE, the layer becomes thinner (between 1.5 and
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Fig. 2. Geological cross-section and representative boreholes of the L10 line into the study area.
2.5 m in thickness) and is only composed of boulders directly covering In L2 cross-section (Fig. 3), the layer of boulders has a more regular
the Miocene basement. Towards the NW, the layer also becomes thin- thickness of about 4 m and shows a gentle inclination towards the SW.

ner and the boulders are scarce although always located in its upper Delta inwards, shortly after the Foc-Cisell station the boulders of this
part. layer quickly disappear and the layer becomes only composed of gravel
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Fig. 3. Geological cross-section and representative boreholes of the L2 line into the study area.

The geology of the Llobregat delta has been studied in detail by
Gamez (2007) from cores of hydrogeological and geotechnical bore-
holes. According to this study, the Llobregat delta is the sum of four su-
perposed deltas developed through Quaternary glaciation-related
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Table 1

Geotechnical characteristics of the materials crossed by the tunnel boring machine in the study area (after GISA, 2002).

Apparent density Saturated density Submerged density Uniaxial compression Cohesion Friction angle Poisson's ratio Young's modulus

Yn Ysat Y qu C ¢’ v E

kN/m? kN/m? kN/m? MPa t/m? ° MPa
Anthropic fill 18 19 9 - 3 30 0.35 10
Upper layer of silt 17.2 20.1 10.1 0.647 2.5 29 0.35 15
Middle layer of sand 17.8 20.2 10 0.11 1 34 0.33 15
Basal layer of boulders 18 22 12 91.88° 1 45 0.3 20
Miocene basement, sand 18.4 21.2 11.2 0.158 1 33 0.33 60

2 Calculated for a single boulder.

eustatic cycles. The uppermost delta corresponds to the Holocene peri-
od, while others correspond to the Pleistocene. The above-referred an-
cient and recent Quaternary units of the study area correspond
respectively to the third (late Pleistocene) and fourth (Holocene) deltas
described in Gamez (2007). The two lowest deltas are inexistent in this
area.

Each delta forms a sedimentary sequence that expands from on-
shore to offshore, bounded by a main basal erosive surface (Gamez
et al,, 2009). This erosive surface removes the uppermost sediments of
the underlying deposits. It represents a low standing of the sea level
related to a glacial maximum period. During the subsequent sea
deglaciation-induced level rise, the erosive surface gradually became

Fig. 4. Excavation of the shaft-station of Foc-Cisell. (A) General view of the removed layer of boulders in the shaft; (B) detail of some boulders showing its characteristic well rounded
shapes; (C) detail of a single boulder showing small borings (arrows) made by lithofagous fauna.
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Fig. 5. Cores of the layer of boulders: The top and bottom are respectively in the upper-left and lower-right parts of each box, and have a length of 3 m. (A) Borehole L2-40 between 24 and
27 mof depth. Between 24.3 and 25.3 there are fragments (broken by the drilling machine) of a single boulder of sandstone. Above it there is coarse sand from the H2 layer. Below there are
the gravel and coarse sand of the lower part of the layer of boulders. (B) Borehole SZF-7 between 30 and 33 m of depth. Between 30.4 and 31 m there are fragments of a single boulder of
sandstone. Above it there are coarse sand and small gravels from the H2 layer. Below there is brown clay of the ancient Quaternary. (C) Borehole SZF-6 between 24 and 27 m of depth.
Between 25 and 30 m there are fragments of boulders and subrounded gravel. Above it there is the sand from the H2 layer. Below there is white fine sand from the Miocene basement.
(D) Borehole SZF-8 between 15 and 18 m of depth. The upper half of the core consists of sand with small gravels from the H2 layer. The lower half is subrounded gravel from the layer of
boulders. In this borehole, there are not any boulders. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

buried by new sediments, thus creating a new deltaic sequence. There-
fore, only the lower parts of the Pleistocene deltaic sequences are pre-
served while the Holocene delta is complete as it has not been
affected by any new sea level fall yet. Its layers form a complete deposi-
tional sequence of the delta with a basal erosive surface (low stand), a
lower part (H1 and H2) of retrogradant alluvial to beach sediment
(transgressive stand), and an upper part (H3 to H6) of progradant del-
taic sediment (high stand). This Holocene delta started to develop
after the last fall of the Mediterranean sea level about 20,000 years
ago (Last Glacial Maximum), and continued to grow until recent histor-
ical time (Marqués, 1984).

The main thickness of the layer of boulders in the L10 cross-section
coincides with the outlet of an ancient ravine inserted in the SW slope
of the Montjuic Mountain (Fig. 6). This ravine and its tributaries form
a drainage basin that covers the main part of the southern half of this
mountain. At present, this drainage basin is difficult to identify because
it has been intensively modified by the mining (open pits) and urban
constructions of the mountain, mainly developed during the last centu-
ry. However, it remains well-defined in the ancient topographic map by
Cerda (1859), which was drawn before the major transformation of the
mountain (Fig. 6).

The location, structure, grain size and grain composition allow
interpreting the layer of boulders as the sediment of a small alluvial
fan settled in the outlet of the above-referred ravine (Fig. 6). The alluvial
fan would have its origin in the speeding up of the Montjuic denudation
due to the increased topographic gradient that resulted from the last sea
level fall. This fall was of about 120 m below the current sea level
(Antonioli, 2012), thus nearly doubling the current height of the moun-
tain, going from 175 m at present to about 300 m at that time. The Foc-
Cisell area would be the apex of this alluvial fan, thus accumulating the
alluvial sediment of biggest grain size (boulders and biggest gravels).
Gravels of gradually minor size deposited inward the delta. In the
same direction the alluvial fan connected with coeval alluvial sediments
of Palaeozoic composition nourished from the Collserola source area.

The boundary between the two alluvial systems is difficult to draw
due to the paucity of available subsoil data and the gradual transition
between them.

The L10 cross-section shows a marked asymmetry in the boulders
arrangement. The boulders are mainly concentrated in the southern
half of the alluvial fan and are scarce or non-existent to the North.
This feature can be explained by the inclination to the SE of the erosive
surface that supported the fan, which favoured the deposition of the
largest alluvial grains in the same direction (Fig. 6). The proximal
parts of the fan would also have accumulated blocks fallen from the
SW slope of the mountain, thus explaining the presence of boulders in
the northern half of the fan.

According to this sedimentary interpretation, the expected shape of
the gravel and boulders would be between moderately rounded (short
alluvial transport) to angular (fallen rocks). However, as stated above,
their shapes are always well-rounded (Fig. 4). Besides, the surface of
the boulders shows frequent lithofagous borings and occasionally
biofoulings (Fig. 4C). Such features lead to interpret that a marine
reworking of the alluvial sediment occurred. This reworking would be
caused by sea wave action during the sea level rise and consequent allu-
vial fan flooding. Thus, it would have resulted in a recessive boulder
beach (Fig. 7).

Some current boulder beaches of the world have similar origins
(Carter and Orford, 1993; Haslett, 2000). They result from marine
reworking of ancient glacial tills or other boulder-bearing sediments
(Davidson-Arnott, 2010). The sea waves take away the finer grains
(silt, sand and small gravel) and concentrate the biggest thus forming
gravel or boulder beaches where the rock grains are characterized by
having well-rounded shapes. The abundant sandy matrix found in the
basal layer can be understood as sand percolated during sedimentation
of the H2 layer above.

The ancient Quaternary unit crossed by L10 line fills a palaeo-chan-
nel excavated on Miocene deposits. It reaches a thickness of 23 m below
the Foneria station. Gravels rarely exceed a grain size of 10 cm and are



38 M. Filba et al. / Engineering Geology 200 (2016) 31-46

LEGEND
o L10 borehole in Figure 2
O L2 borehole in Figure 3

Composition of the layer of boulders:

e Boulders and gravel composed of
Miocene rock fragments

o Gravel (without boulders) composed
of Miocene rock fragments

o Gravel composed of Paleozoic ¢
rock fragments ) |

|
Alluvial fan __.!

-
EPB collision ~ _ % o

Dominant
flow of boulders

Alluvial plain

NS \ %3 ‘
i
/

MEDITERRANEAN SEA

500 m

Fig. 6. Map of the Montjuic Mountain and the interpreted alluvial fan that formed the layer of boulders. The topography of Montjuic Mountain has been adapted from the ancient map of

Barcelona drawn by Cerda (1859).

mostly composed of metamorphic rock fragments from the Collserola
chain. Subordinate sandstone and conglomerate rock fragments coming
from the Montjuic Mountain are also found. Therefore, for this se-
quence, the Montjuic Mountain was also a source area, and a similar
lag deposit of boulders would be expected. However, boulders are lack-
ing, which has not a clear explanation.

4. Problems and solutions during the excavation of the L10 tunnel

The L10 line through the Llobregat delta was excavated with an EPB
S-221 tunnel boring machine of 12.06 m of diameter with a cutterhead
designed to dig soft and mixed grounds. It was manufactured in
Germany by Herrenknecht (Table 2). The excavation began in January
2009 near the Barcelona harbour. The EPB machine started in the launch
shaft of Can Tunis at kilometric point 3 + 100 (henceforth k.p.), digging
the sand of the middle layer of the delta. On March 25, after about three
months of excavation, at k.p. 3 + 716 begun the first excavation difficul-
ties with changes in the behaviour of the tunnelling machine parame-
ters. On that day some boulders appeared in the conveyor belt
pointing out the first contact of the tunnel boring machine with the
layer of boulders (Fig. 8A). Despite this situation, the excavation contin-
ued. On March 28, at k.p. 3 + 785 a significant decrease of the machine

performance was recorded. At this point a high elevation of the thrust
force, cutting wheel displacement and torque parameters occurred, to-
gether with a significant decrease of the machine penetration (Fig. 9).
Additionally to this low performance, a high fluctuation of the earth
pressure began in the tunnel face because of the difficulty of keeping
the gate of the screw conveyor closed due to the boulders jam. This jam-
ming was first observed at k.p. 3 + 774. On March 29 the tunnelling ma-
chine reached k.p. 3 + 789 with increasing difficulties. At this point the
EPB was stopped to check its cutter tools.

Traditionally, the maintenance operations of EPB cutterheads to re-
pair and replace the cutter tools are performed by means of hyperbaric
interventions (Lang, 2014). However, in this case the hyperbaric inter-
vention was not easy because the sandy and gravel nature of the exca-
vation face caused repeated pressure losses during the creation of the
air bubble. On March 29, several failed attempts of hyperbaric interven-
tions were made. In order to try new hyperbarics, on April 2 the ma-
chine was moved forward up to k.p. 3 + 793. During this new
advance the problems increased due to the fluidity of the materials ac-
quired from the bentonite additives used during the first hyperbaric in-
terventions. In order to find a stable face, on April 3 the machine moved
again to k.p. 3 4+ 797. On that day the conveyor belt took out disc frag-
ments of the cutterhead and bentonite and foam leakages were
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detected towards a big waste water collector of 12 m? of section located
above the tunnel. Moreover, a strong smell coming from this collector
reached the tunnel. Those aspects point out that a physical connection
between the tunnelling machine and the collector occurred. All these
reasons led to the final stoppage of the tunnelling machine (Fig. 8B).

Another cause of problems was the anomalous settlements triggered
since the first excavation difficulties on March 25 (Fig. 10). According to
the auscultation readings, the settlements were mainly originated by
the high fluctuations of pressure in the tunnel face resulting from the
jamming of the boulders in the gate of the screw conveyor. The main
settlements occurred during the excavation of the last metres before
the stoppage of the tunnelling machine on April 3. Close to this point
the settlement reached —80 mm (Fig. 10).

Hyperbaric intervention was finally possible at k.p. 3 + 798 with
the aid of foam injections from the surface. The preliminary review

Table 2

Technical characteristics of the tunnel boring machine used for the excavation of the

L10 line in the study area.

EPB S-221
General
Total length 92 m
Min. radius 300 m
Design radius 250 m
Max. water pressure 4.5 bar
Segment data ID 10.9 m
OD11.7m
W18 m
Shield
Type EPB
Min. curve radius 250 m
Nominal diameter 12,060 mm
Diameter, middle section 12,045 mm
Diameter, tail shield 12,030 mm
Length 10,995 mm
Tailskin seal system 3 rows of brushes
Mortar injection lines 10
Cutterhead
Type closed
Diameter 12,060 mm
Opening ratio 33%
Tools 264 scrapers
16 buckets

Cutterhead drive

42 pieces 17” disc cutters

Type Hydraulic
Number of motors 24

Nominal torque 38,022 kNm
Break even torque 45,626 KNm
Variable speed 0-2.6 rpm
Electrical power 4000 kW

Thrust cylinders

Quantity 38 pieces (2 x 19)

Thrust force
Exceptional thrust force
Stroke

Advance speed

120,759 kN at 350 bar
138,010 kN at 400 bar
2600 mm

0-80 mm/min

of the cutterhead allowed observing significant weathering and break-
ages of the cutter tools, as well as important damages on the structure,
Hardox plate and scraper supports (Fig. 11). The repair required
welding tasks under atmospheric pressure conditions in a stable and
sealed environment.

At the stoppage point, the excavation face intersected three layers
(Fig. 8B): the upper half consisted in the middle sandy layer of the
delta; practically in the tunnel axis the basal layer of boulders with a
thickness of 1.5 m; and the lower part contained the sand of the Mio-
cene basement. At this point, the tunnelling machine was 22 m below
the surface and 13 m below the water table.

The easiest and fastest technical solution to repair the cutterhead
would have been the excavation of an enclosure between diaphragm
walls at its front. However, the existence of the waste water collector
prevented this option and lead to the construction of a solid block by
jet grouting and further embedding of the tunnelling machine into the
block, and finally the digging of a mine inside the block allowing the
workers access to the excavation face to repair the cutterhead (Fig. 8C,
D and E).

The built block extended from some metres above the tunnel crown
to some metres below the tunnel axis, and had a parallelepiped shape of
9.54 m in length, 18.55 m in width and 20 m in height (Fig. 12). It in-
cluded a protection boundary of 3 m in its lower part and sides, and
5 m above the tunnel. The block was built from the surface with a
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triangular network of jet grouting columns (Fig. 13). The columns of the
inner part of the block were performed with a separation of 1.3 m from
its centre. For each column a theoretical diameter of 1.65 m was as-
sumed, thus allowing an overlap between columns of 0.35 m. The pe-
ripheral columns of the block were arranged in a narrower manner,
with a separation of 1.15 m. In addition, a line of 18 micro-columns of
jets of lesser pressure and 1 m in diameter, separated 0.8 m and with
an overlap of 20 cm, was also built in front of the cutterhead. This line
was devised to create a safety barrier to prevent potential damages to
the machine during the building of the block. As a whole, a total of
137 columns were performed, which represents the drilling of 5242 lin-
ear metres and the grouting of 2718 linear metres using the superjet-
grouting technique (Zuloaga, 2004).

After building the block, the geotechnical survey designed to verify
its uniformity detected sealing deficiencies in the layer of boulders
and the Miocene basement, due to deficiencies in the treatment of
these layers by jet grouting. To reduce its permeability, a reinforcement
treatment using new injections from the surface was performed. This
reinforcement was made with Tube-a-Manchette (TAM) injections
(Warner, 2004), which consisted in PVC pipes with 0.5 m-long rubber

sleeves in the deepest fifteen metres and blinds in the rest, which
allowed successive injection passes. The annular space between the
pipes and the ground was sealed with a mortar grout prepared with
one part of water to one and a half of cement and mixed with 2% of ben-
tonite. The TAMs reached depths of 2 m below the tunnel section, name-
ly 36 m from the surface.

The TAM injections started first in the layer of boulders and contin-
ued later in the Miocene sand. The layer of boulders was treated with
concrete grout and micro concrete grout of progressively finer size
(A32, A12 and A6 types). The criteria for ceasing injections were pres-
sure (maximum 5 or 8 bars, depending on the number of passes) or vol-
ume (1000 1 of concrete, 500 | of micro concrete). The silty sand of the
Miocene basement was treated only with silica gels, following similar
ceasing criteria (5 or 8 bars of pressure, 300 1 of volume).

The reinforcement work by TAM injections lasted a month. In sum,
73 TAM injections were performed, which represent the drilling of
2628 linear metres and the injection of 1018 linear metres through
1940 rubber sleeves. They consumed a total of 53,000 | of concrete
grout, 1650 I of micro-concrete grout A36, 1500 I of micro-concrete
grout A12, 10,200 | of micro-concrete A6, and 13,800 1 of silica gel grout.
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Fig. 10. Settlements recorded by several monitoring points along the tunnel, during the collision of the tunnel boring machine with the layer of boulders. Profile between kilometric points

3+ 700and 3 + 831.
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Fig. 11. Damages of the cutterhead tools. (A) Scraper supports missing, (B) scrapers strongly worn (bellow) and new line of scrapers to substitute the ones damaged (above), (Cand D) disc
cutters broken, (E) remaining support after the disappearance of a disc cutter, (F) disc cutter badly worn.

shield and the ground was closed with expanding foam (Geofoam) to
ensure sealing behind the block.

Before excavating the mine, several permeability tests in the block
and surrounding ground were made. Results made it necessary to de-
press the water table to enable the reparation works at atmospheric
pressure. This was a necessary condition to ensure the access into the
block and safety of the repairing workers. To depress the water table,
a total of 21 pumping wells were drilled with lengths between 21 and
37 m, 8 inside the block and 13 in the external unaltered materials
(Fig. 14). The wells were drilled with diameters of 273, 300 and
550 mm (the largest sections outside the block), and were coated
with PVC tubes of 200, 180 and 400 mm respectively. They were
equipped with pumps with a power between 5.5 and 30 kW. All the
pumps reached regular extractive volumes of water of some 650 m>/h.
To evacuate this large volume of water, a complex water drainage net-
work supported by a powerful electric system had to be performed.

To monitor the water table during pumping, a total of 10 piezome-
ters were installed inside and outside the block. These piezometers in-
corporate 27 pressure sensors monitoring the water table of the three
geological layers and water volume counters to measure the amount
of water extracted from each well.

In addition, an auscultation system was performed to monitor the
possible movements caused by water extractions. The measuring in-
struments of this system were installed in the ground, in the
neighbouring buildings and in the waste water collector. A 24-hour

monitoring protocol was drafted to follow any incidence related to
pumping actions or ground movements. The pumping of the 21 wells
to depress the water table lasted about five months. The water extrac-
tions started before the excavation of the mine and extended until the
end of the cutterhead repairs. During this time, a total of 1,400,000 m>
of water was pumped.

Groundwater pumping was the cause of new ground settlements
(Fig. 15). In this case there were small settlements of the order of 5 to
15 mm which in part were recovered after the pumping ended and
the water table subsequently rose. The sum of these settlements with
those initially occurred during the tunnelling machine collision reached
values of up to —120 mm.

As soon as the water pressure conditions inside the block were ade-
quate, the excavation chamber behind the cutterhead was gradually
emptied and its pressure lowered. Once the required atmospheric con-
ditions were obtained and the risks of instability of the excavation face
reduced, the excavation works began. The narrow mine was excavated
in two phases (Fig. 16): The first phase (I, in Fig. 16B) allowed repairing
the external zone of the cutterhead and the second (II, in Fig. 16B) its
central zone.

The repair works lasted for 2 months and mainly consisted in filling
the weathered zones by welding of steel plates and recharge cords;
welding of anti-wear Hardox plates; welding of ripper supports;
welding perimetral disc protection, and substitution of all rippers,
blades and rakes, as well as testing, cleaning and repairing the foam
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and water lances, and the installation of new high-pressure devices. The
stoppage was also used to make improvements in the cutterhead to bet-
ter excavate the remaining section of the tunnel that would still inter-
sect the basal layer of boulders. These improvements included the
installation of a metal detector in the conveyor belt, with acoustic and
bright alarms that would turn on in case potential tool fragments from
the cutterhead were detected; a powerful electromagnet in the heath
output of the belt to catch any metal fragment, and the change of the

width of the cutting discs from 1 in. to 1.5 in. to better break further
boulders and gravels.

Once the cutterhead was successfully repaired, the tunnelling
machine resumed the excavation. Three hundred metres later (at
k.p. 4 + 100) the machine reached the shaft of the Foc-Cisell station.
At this point, there was a new stoppage to monitor and make additional
repairs of the cutting tools. During the next 100 m, the tunnel even
crossed the layer of boulders although at progressively greater height.
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Fig. 16. (A) View of the mine and the cutterhead to their right. (B) Frontal shape and size of
the mine and its location with respect to the cutterhead. I is the first chamber excavated to
repair the external part of the cutterhead, and II is the smaller lower chamber excavated
later on to repair its inner part. The access to the mine was through the elongated-radial
slits of the cutterhead (white areas in the drawing).

This section of the tunnel was slowly excavated, changing the excava-
tion parameters and monitoring the cutterhead more frequently. Once
k.p. 4 + 200 was surpassed (Fig. 8F), the basal layer of boulders was fi-
nally out of the tunnel trace and the tunnelling machine was totally re-
leased and could proceed without further problems.

5. Conclusions

Commonly EPB-type tunnel boring machines are good tunnelling
devices under uniform soft grounds. The presence of lithological hetero-
geneities in these grounds need to be considered as potential tunnelling
problems and must be carefully analysed.

The study supports the conclusion that the geological conceptual
model can be a good tool to better know a given lithological heterogene-
ity. It allows pinpointing its geometry, structure and extension, as well
as its relationships with the surrounding materials. Unknowingly the
trace of L10 line along the northern part of the delta coincided precisely
with the area of main concentration of boulders of the basal layer: the

apex of the former alluvial fan. Should the present geological conceptual
model been available at the time, it would have helped in choosing a
more adequate path for the tunnel. Thus, a parallel trace some tens of
metres into the delta or above the current L10 line tunnel (for instance,
the height planned for L2 line in the junction point between both lines)
would have avoided this area of main concentration of boulders and
thus minimize the problems that occurred.

Under the geological and urban circumstances given, it can also be
concluded that the construction of the jet grouting block and its rein-
forcements, the lowering by pumping of the water table and the subse-
quent mine excavation to repair and restart the cutterhead were the
correct decisions. Previous similar cases were not found to provide a
procedure to follow so as to solve the problems, which forced the im-
provisation of the new engineering methodology presented here.
Therefore, this case brings new experience in the field of mechanized
tunnelling and becomes potentially useful for future similar situations.
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