Challenging station crossing by a 13.08 m diameter EPB TBM
in Lodz, Poland, with partial soil excavation
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The Lodz Railway Node project in Poland involves the excavation of an approximately 2.7
km tunnel in a densely urbanised area with an earth pressure balance (EPB) tunnel boring
machine (TBM) of 13.08 m in diameter. To optimise the project schedule, the TBM crossing
through Polesie station with only a partially excavated face was studied, reaching
approximately two-thirds of the tunnel section. Therefore, no face pressure will be applied
to the natural soil, with some corresponding difficulties in properly steering the machine.
The task is particularly challenging due to the diameter of the TBM, the uncertainty about
the characteristics of the in-situ soil (alternating layers of clay and sand) as well as other
constraints, including the slabs already in place, active dewatering operations and
complicated logistics due to the reduced accessibility from the surface. The aim of this
paper is to highlight the difficulties and the solutions studied for this “hybrid” crossing,
focusing on risk management aspects involving all the stakeholders (owner, designer, TBM
manufacturer, operation department etc.). Finally, the difficulties in steering the TBM
during the crossing and keeping the machine within the design alignment will be
highlighted.

INTRODUCTION

The tunnel boring machine (TBM) tunnel from Odolanowska chamber to Fabryczna Lodz railway
station is a section of the Lodz Railway Node (TEN-T) Stage II - Section Lodz Fabryczna - Lodz
Kaliska/Lodz Zabieniec which, when completed, will constitute a new modern junction between the
terminal station of Fabryczna and the existing railway line between Kaliska and Zabieniec (see Figure
1).

The tunnel is 2660 m long with an overburden ranging between 14 and 18 m.
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The tunnel excavation is ongoing, and to date, approximately 30% of the complete length of the 13.08 m
TBM tunnel has been bored. The 13.08 m diameter earth pressure balance (EPB) TBM completed the
first stretch of the tunnel for 885 m up to Polesie station at the end of June 2022, and is now on standby
to cross the station, the excavation of which has been delayed, as often happens in metro and urban
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Fiqure 1. General layout of Lodz railway node.

railway construction projects.

The main specifications of the TBM Herrenknecht 51222 (see Figure 2) are summarised below:
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Boring diameter 13.08 m

Cutter diameter 17"; no. 75 disk cutters in total

Max cutterhead thrust 92 649 kN at 260 bar

Max working pressure (EPB pressure): 2.7 bar
Cutterhead speed 0 - 3.1 rpm (CW-CCW)

Max cutterhead torque 32 000 kNm

Cutterhead drive power 4 900 kW (14 electrical motors)
Mucking out with screw conveyor

No active or passive articulation

No applicable tilting for steering of the cutterhead
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Figure 2. General overview of the Herrenknecht S1222 EPB TBM.

The tunnel lining is designed with 500 mm thick precast segments wide and 1.6 m long, with an 8+0
configuration (i.e., without a small key segment) and a 11.7 m internal diameter, as shown in Figure 3.

107



: %SCHEMAT PIERSCIENIA w0
[F |  RINGLAYOUT w.. < <5

Fiqure 3. Tunnel lining geon%etry (SYSTRA SWS design).

Due to logistic constraints, excavating the first 100 m of the TBM has been carried out with an umbilical
configuration, with the backup gantries preassembled at the top of the launching shaft and extracting
the muck by a temporary de-mucking system. The TBM, initially equipped with disc cutters to excavate
the shaft's permanent walls at the beginning of the tunnel, experienced severe steering difficulties in the
first metres of the alignment, following a narrow horizontal curve radius of 600 m. Considering the lack
of any articulation between the TBM shields or the possibility for the cutterhead to actively tilt, the
following modifications were carried out to improve the steering capability:
e Rearrangement of thrust cylinder groups (see Figure 4), in order to allow a more flexible
steerability with a lowered centre of thrust
e New cutting tool configuration: adopting a full ripper configuration instead of disk cutters,
better coping with the encountered soil characteristics and reducing the direct friction between
the excavation face and the cutterhead structure.

These changes allowed the TBM to be appropriately steered, thereby recovering the deviation.
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Figure 4. Rearrangement of thrust cylinder groups to improve the steerability of the TBM.

Further to the above, due to the shallow overburden (slightly more than one diameter), the variable soil
characteristics, and the urbanised area above, tighter control on the settlements was carried out as
follows:
e Anautomated alarm monitoring system, sending an SMS automatically to a control team within
a reasonable time of 10 min;
e Constant and continuous control of all the excavation parameters (with particular care to the
face pressure as well as the weight of the muck excavated) within a concept of fine-tuning.

Currently, the partial execution of the first station Polesie (see Figure 5) requires consideration of an
alternative crossing with a partially excavated section, as TBM excavation is on the critical path of the

overall project.

Hence, a new study for the station crossing has been conducted to advance through the station safely
and avoid jeopardising the project's construction schedule.
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Fiqure 5. Geotechnical section of Polesie station (161 m length) passing through stiff clays and medium to dense
sands (SYSTRA SWS design).

Past experiences

A list of similar partial face crossings carried out successfully in other projects is presented below (see
Table I), showing all relevant information available.

Table 1. Summary of previous station crossing carried out (Concilia et al, 2021; Goodboy, 2021; Maccan et al.,

2011)
. TBM Soil | TBM key features Segments
Project Contractor diam. level | related to crossing Geology assembled
EPB TBM with no
Athen.s Metro Seli 10 m 60% | displacement and no | Alluvial soil Base
(see Figure 6) ; . . segments
active articulation
EPB TBM  with
R . . 0 displacement and .
Paris Line 15 | Pizzarotti 10 m 50% cutter-head tilting for Sandy clay Half ring
steering
. Basalt,
Mumbai Metro o Cr(.)ssove? TBM with weathered Base
; L&T 6.65m |25% | active articulation
Line 3 shale and | segments
breccia
Soft soil of
debris material
. . with blocks of
Sochi tunnel DKRS-Sochi | 13.21m | 50% Single ~shield  hard metric Full ring
rock TBM .
diameter, after
treatment with
jet grouting
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Fiqure 6. Athens metro: station crossing with partial soil excavation.

Theoretical and practical considerations

The study of the proper procedures to safely advance with an EPB TBM into the station in open mode
while excavating two-thirds of the section required a theoretical analysis.

The following equations have been considered according to the schematic shown in Figure 7:

being:

T=Al+A2+C [1]
IM=Wxw+Cxc+Alxa+Gxg+A2xm+Sxs+Txt [2]

M, the resulting tilting moment out of the sum of all active forces multiplied by the
corresponding lever arms (excluding the soil reaction)

W, the weight of the TBM (the centre of gravity of the TBM is considered as point of application
of the force)

G, the weight portion of gantry no. 1, applied directly on TBM

S, the weight of the soil into the working chamber

A1, the horizontal friction between TBM and soil

A2, the horizontal friction due to the backup weight acting on the shield

C, the contact force in front of the cutter-head

T, the total force that moves the TBM forward (being a result of the main thrust cylinders
pressure against the lining)

W, g s, a1, az, ¢, and t the related lever arms of the forces with respect to the centre of TBM.
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Figure 7. Schematic of forces applied on TBM.

Moreover, to determine a maximum thrust force, what is usually treated elsewhere as a ‘“blow-out’
condition during full-face excavation, can be simulated as a passive failure of a soil block, equivalent to
classic retaining wall theory (Viggiani, 1999), ensuring at the same time that muck level in the chamber
is maintained approximately at the external ground level.
Thus, applying Equations 1 and 2, 15 000 kN is the minimum thrust force required to contrast the
forward tilting moment without considering the soil reaction.
Additionally, while the above considers a static condition for TBM excavation, some aspects related to
its advance must be taken into account to optimise the characteristics of the advance:

e Reduction of the penetration rate at the minimum to minimise soil disturbance

e Slow rotation of the cutterhead. If necessary, a value close to the over-torque value can be used

e During standby phases, applying a minimum thrust force to guarantee a more uniform

horizontal force acting on the ring
e It will be ensured that the muck level inside the chamber will be approximately at the same
level as the natural ground.

In addition, it must be highlighted that the passage along the station has to be performed in dry
conditions, as the TBM will not be applying face pressure to obstruct water inflow. Dewatering will be
active to ensure that the groundwater level is below the tunnel invert level, an operation that would be
necessary anyway for the station box excavation.
Naturally, this solution involves the future removal of installed rings along the station, which will be
complicated due to limited access and space constraints. It is also worth noting that this activity can be
carried out concurrently with other project tasks.
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Results of the analysis

As shown in the previous section, from a theoretical point of view it is straightforward for the TBM to
pass through the station with a partial soil excavation, applying the required thrust force as calculated.
Concurrently, some practical adjustments allow the TBM to perform this operation smoothly, also
taking into account the constraints related to the actual situation and peculiarities of Polesie station in
the Lodz railway node.
Thus, in summary the following challenges will be faced:

e  The first time such an excavation has been performed with an EPB diameter of 13.08 m

¢ No possibility of steering with active articulation or cutter-head tilting

e Soft soil is potentially difficult to control (alternate layers of sand and clay)

e Limited access from the station (slabs above already cast in situ with limited and not aligned

openings)

e Extremely low headroom between TBM crown and slab above.
Furthermore, to ensure that no damage will occur to the permanent structures of the stations, the
following trigger values have been established:

e Bottom: right and left: max misalignment allowed 200 mm

e Top: max misalignment allowed 100 mm (reduced due to the proximity of the slab).

According to the initial concept, the TBM had to excavate at half section, installing two/three segments
at the bottom of the shield. However, further considerations led instead to maintaining the soil level at
approximately two-thirds of the TBM face, mainly with the attempt to facilitate the steering, also
considering the lack of an active articulation system on the TBM. Additionally, to allow better
steerability, the full rings will be assembled.

The crossing of the station is planned in autumn 2022 and will be carried out with the following
measures:

1. Excavating along an 8 m high partial face (5 m missing on the top), similarly to a single shield
TBM advancing in open mode through soft material with a small cavity on top of the section.

2. Reducing the cutter-head revolution speed (to about 1 rpm) as well as penetration rate during
the advance, to achieve a continuous advance in a quasi-static process and equilibrium.

3. Limiting the pressures on thrust cylinders during ring assembly.

Installing the full ring to allow the steering of the TBM in all directions.

5. Reducing the TBM cutterhead boring diameter to limit the undercutting below the shield and
the tendency of the machine to dive.

6. Tight control of the TBM alignment and adherence to the threshold limits for stopping the
advance, according to the previously set limitations on advance, as specified in the previous
paragraph.

It is worth highlighting that in the unlikely case that any threshold is exceeded or unforeseen
complications arise, it would still be possible to proceed as per the initial design with the station
excavation, and by casting a concrete slab in front of the TBM, with negligible impacts on the original
non-optimised schedule.

b

CONCLUSIONS

The station crossing with partial face excavation substantially reduces the overall project schedule. The
calculations performed, and the recent similar experiences show that by implementing the appropriate
measures, a safe passage is possible with clear advantages to the project in terms of time for completion.
Thus, adopting properly experimented precautionary measures carried out before the station crossing
will reduce the operational risks connected to the activity, and therefore allow a successful station
crossing with partial soil excavation.

Conversely, the worst-case scenario (i.e., the need to excavate the station and build a concrete base slab

according to the original plan) will mean completing the project according to the current schedule
without additional risks.
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