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Abstract 
 

The correct definition and application of face confinement pressure is one of the main challenges for 
urban tunnels, where soil perturbation can affect the surrounding structures with undesirable, or even 
severe consequences. The choice of this important parameter needs to not only comply with minimal 
geotechnical performances, such as volume loss control, water pressure balance and front stability, but 
also with optimization criteria, to limit the impact on production rate and TBM components wear. It is 
evident that a fine, optimized and recurrently updated TBM face pressure analysis is required in difficult 
soft-soil contexts. 

The Grand Paris Line 14 South tunnel has emphasized this concept especially on the 1.5 km section 
below the Orly International Airport. The main constraint was not only the limitation of deformations 
on sensitive structures such as airport taxiways, passenger’s terminal, oil pipelines, but also to respect 
the tight schedule due to the Olympic Games of 2024. 

The 8.83m-diameter Earth Pressure Balance TBM called ‘Koumba’, successfully performed this 
excavation at 20m-depth into Sannosien’s swelling clays and Eocene’s soft marls layers. The design 
face pressure profile, varying between 0.8 and 2.6 bar, was studied to limit volume loss during the 
construction as well as excess pore pressure consolidation phenomena. A complex monitoring system 
was also provided to validate design expectations and to update the TBM-soil interaction prediction 
model. 

This paper focuses on the experience acquired on the EPB face confinement pressure management 
along this long highly sensitive section. The first part presents the comparison between reference values 
and thresholds given by the Designer and the real TBM drive oscillation. The second part is dedicated 
to the observed influence of the face pressure on the geotechnical aspect, machine mechanical 
parameters and production rates. 
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1. Introduction 

In many cases, the excavation of urban tunnels has to deal with low overburden, soft soils, productive 
groundwater tables and pre-existing or future constructions inside its geotechnical zone of influence. 
The envelop of these constrains result in the current adoption of close-mode TBM capable of managing 
external geotechnical condition by the application of a confinement pressure at the face (ITA, 2006. 
DAUB, 2016. AFTES, 2018). This important parameter may vary sensitively along the alignment 
according to external conditions. 

This paper presents the experience acquired on Grand Paris Line 14 South lot GC04 metro tunnel, in 
terms of design and execution of the confined EPB TBM excavation. This challenging project was 
implemented at the Orly International Airport area that was fully operative during works and needed to 
comply with very strict deformation limitations on long continuous sections. For this purpose, 
excavation parameters such as the face confinement pressure needed to be finely balanced between 
geotechnical constrains and optimization necessities for a fluid TBM drive. 

The comparison between design and real values of confinement pressure as well as the correlation 
between different measured excavation parameters are discussed. 
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2. Grand Paris Line 14S lot GC04 project 
The Line 14 South lot GC04 project, owned by RATP (Régie Autonome des Transports Parisiens), 

is part the Grand Paris Express. It was built between 2018 and 2021 by the joint venture between NGE-
GC and Webuild, and supported in the detailed design by the joint venture between EGIS and SWS. The 
project consists in a 4.2 km long tunnel inserted into the Orly International Airport area. The tunnel was 
excavated by the 8.83m-diameter EPB TBM called ‘Koumba’. 

The geological context (Fig. 1) is the Parisian Basin, in the sector of Tertiary plateau, at the 
Sannosien and Late Eocene levels, composed of sub-horizontal sequences of sedimentary formations. 
Descending from the surface level, the stratigraphy is composed of fillings (Remblai), silts (Limons de 
Plateau), limestones with an upper cemented and siliceous layer (Travertine de Brie), green plastic clays 
(Glaises Vertes), white calcareous (Marnes de Pantin) and blue clayey marls (Marnes d’Argenteuil). 

Two sections of the alignment of 1.4 km and 0.4 km long (about 44% of the total) are located inside 
the airport domain with strict regulated access and operation (named zone PCZSAR). Inside this area the 
monitoring system were conceived in automatic mode, where the signal was good, and in manual mode 
in correspondence of blind spots not covered by fixed theodolites or zones where fixed instrumentation 
was forbidden to install. To successfully complete these activities, the organization, coordination, and 
communication with airport authorities proved essential. 

Operations for the installation, maintenance and measurement of monitoring instruments were 
organized two weeks in advance and followed different schedules for different zones of the airport. Of 
high sensitivity was the intervention on airport runways and taxiways which could be performed only 
during 15-minutes spots of complete closure of the site and with the accompaniment of airport officers. 

This scrupulous monitoring systems combined by a good management of the excavation allowed the 
success of this delicate underpass and, with it, the collection of interesting data. Fig 1 shows the synoptic 
and geological profile of Line 14 South GC04 project. 
 

 
Fig. 1. Grand Paris Line 14 South lot 4 synoptic and geological profile. 

 
3. Comparing design face pressure with real applied values 

This section presents the procedure implemented to define the design confinement face pressure and 
its admissible range of variation. These elements are part of the Protocol for Advancing the Tunnel 
(PAT). To verify the ease of application of this guideline on field, the PAT specifications are compared 
with the real measured values. 
 
3.1 Design and back analysis process 

The design confinement face pressure was evaluated along the alignment in an iterative way (Maltese 
et al., 2019), as the minimum allowed pressure that guarantees: the tunnel face stability, the contrast to 
waterhead in the chamber and the limitation of induced effects on preexisting structures. Moreover, 
given the undrained behavior of the excavated soils, the confinement pressure also limits the insurgence 
of excess pore pressures and long-term subsidence induced by their consolidation. 

The design process started with the assessment of the admissible volume loss every 20 meters, by 
the application of analytical approaches (Loganathan, 2011). The confinement pressure was estimated 
according to this volume loss. The design pressure profile was then smoothened to obtain a constant 
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value stretching on less than 75 meters and a gradual pressure transition. For sections where the soil-
structure interaction played a relevant role, e.g. deep foundations and stiff sewers, the design pressure 
was verified through numerical 2D and 3D analysis. 

During the excavation on the learning curve, and progressively with the TBM advance, the greenfield 
monitored settlements were compared with calculus. The results of the back-analyses allowed the 
calibration of the relation between face pressure and volume loss as well as the optimization of the 
design pressure profile, in some sections. Conversely, in some area it was necessary to increase the 
design face pressure according to a complementary survey of sensitive underground utilities. Fig. 2 
presents the results of this process.  

 

 
Fig. 2. Design face pressure profile update following back analysis and real applied values. 

 
3.2 PAT face pressure range 

The reference calculated pressure is a fixed value, and it can hardly comply with the oscillation of 
EPB TBM. For this reason, a tolerance is considered, and the PAT specifies a range of admissible 
pressures. 

On the Line 14S project, the operative range of pressure was defined by the vigilance threshold 
(about 75% of calculus) and the alert threshold (about 100% of calculus). Considering that the current 
section of Line 14 South was almost entirely sensitive and since the calculated deformations were very 
low, the excavation was on a permanent vigilance. Table 1 presents only operative alert thresholds which 
had been differentiated, on the lower bound, for current sections and more sensitive sections. 
 

Table 1 Operative alert threshold on the TBM face pressure. 

Threshold 
Current section Sensitive section 

Lower Upper Lower Upper 
Alert PF – 0.2 bar PF + 0.3 bar PF – 0.1 bar PF + 0.3 bar 

Note: PF is the design confinement face pressure at the crown. 
 
3.3 Face pressure oscillation 

The previously defined alert threshold may be considered not excessively comfortable for an EPB 
machine, but the following graphs show how good the machine performed in this range. For the current 
section the exceedance of the lower alert threshold occurred in the 5% of cases (Fig. 3.a). Part of them 
had been agreed between the Designer and the Contractor to facilitate maintenance operations. The 
exceedance of the lower pressure for the sensitive section was about 2% of the cases (Fig. 3.b). 

Considering the upper alert thresholds, the exceedance probability was lower than 1% for both 
sections. Even if the most critical threshold from the geotechnical point of view was the lower bound, 
the imposition of an upper threshold appeared beneficial for both the regularity of the excavation and 
the human factor management. The TBM team was in fact sensitized to be vigilant on the entire section.  
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The presented values are the average face pressure measured at the crown on both mining and stop 
times. As evident, during the excavation there were oscillations and during stops there were pressure 
losses, but the ability of the TBM team combined with the low permeability of the soil allowed to limit 
the exceeding points to few instant peaks for most of the rings. 

 

 (a)  (b)  
 

Fig. 3. Probability Density Function (PDF) and Cumulative Density Function (CDF) of deviation 
between design face pressure (PF,design) at the crown and real applied face pressure(PF,real). 

 
 

4. Observed influence of the face pressure 
The relatively constant geology and overburden together with the variable face pressure profile form 

an interesting source of data. This section evaluates the influence that face confinement pressure had on 
other relevant parameters for the Line 14 South GC04 project. 
 
4.1 Correlation matrix for identifying the reference pressure 

The TBM is surrounded by a 3D field of earth confinement pressures and injection pressures, which 
are punctually monitored by sensors. It is interesting to find out which of the measured pressure is more 
related to other important parameters of the excavation. 

The Pearson correlation coefficient “R” is a statistical tool for assessing the correlation of two 
quantities. It can assume values from 1 (perfect correlation) to -1 (perfect negative correlation), ranging 
all intermediate values. The closer “R” is to zero, the more uncorrelated are the two quantities. The 
correlation matrix is a tool used in data preprocessing and dimensionality reduction. It is very helpful 
for discovering and extracting relevant quantities. 

 
Table 2 Correlation matrix between TBM pressures and other relevant parameters. 
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The Table 2 presents an extract of the correlation matrix for confinement face pressure measured at 
different levels in the chamber, backfilling injection pressure and other relevant excavation parameters. 
Even if this is not considered a conclusive analysis, some useful arguments can be derived: 

 Face pressure and apparent density increase slightly with the overburden, 
 Backfilling injection pressures increases slightly with the ring No., 
 Surface settlement decrease with higher face pressures and backfilling injection pressures, 

while volume loss seems less correlated to them, 
 TBM thrust is highly correlated with face pressure, while the cutterhead torque does not 

appear to be affected by the TBM pressure, 
 Penetration and advance speed do not show any significant trend with TBM pressures. 

 
As a first conclusion, only TBM Thrust, surface settlements and overburden show a relevant 

correlation with TBM pressures. No important discrepancies were detected in the results of face pressure 
at different level, so the value at the crown is chosen as the reference one, being the most familiar in the 
tunneling field. Concerning the backfilling injection pressure, if it is true that it is physically correlated 
with ground settlements, it should be noted that this value was not always homogeneous over the entire 
section. 

The following paragraphs present a focus on three main set of parameters which are discussed from 
both the statistical and engineering point of view. 

 
4.2 Influence on settlements and volume loss 

A basic aspect of measured settlements is that the data population of about 200 points is limited for 
performing a consistent analysis. This concept is even more evident on volume loss data coming from 
the 45 transversal monitoring sections. 

  The correlation between face pressure and settlements (Fig. 4.a.) shows the scattered nature of the 
sample. A linear fit is preferred to polynomials of higher orders which do not yield better results. The 
trend of the fit clearly shows the reduction of settlement with the increase of face pressure. An 
approximate description of the upper bound of settlement is drawn with a hyperbolic function. 

The correlation between face pressure and volume loss (Fig. 4.b.) also shows a scattered nature with 
a negative correlation trend. The fit is not to be considered reliable as a function but just indicative. 

From the engineering point of view: 
 The desired effect of reducing settlements through face pressure management is appreciable 

and was achieved during the excavation, 
 Since the induced deformations are small and sometimes close to the instrumentation 

tolerance, it is not easy to define a precise fit. By the way an interesting indication of the 
upper bound of settlements is shown with a hyperbolic function, 

 The volume loss is the result of data elaboration, so the scattered nature observed for 
settlements is amplified in the graph. The measured values are not higher than 0.4%. 

 

 (a)  (b)  
 

Fig. 4. Observed correlation between confinement face pressure at the crown and: (a) maximum 
settlement at the surface, (b) volume loss at the surface. 
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4.3 Influence on TBM mechanical parameters and production rates 
The relation between face pressure and thrust force is direct. To move forward the machine, the earth 

pressure component acting opposite to the advance direction must be overpassed by the total thrust at 
the jacks. Nevertheless, it is striking how good the linear fit describes the data (Fig.5.a.). 

On the other hand face pressure and torque are, for this specific project, scarcely correlated (Fig.5.b.) 
both locally (line fitting not very descriptive) and globally (correlation coefficient close to zero). 
Although, there is an observable (even though minor) growing trend that supports the result of Table 2. 

Concerning the production rates, no influence of the face pressure could be observed on penetration 
(Fig.6.a.) and advance speed (Fig.6.b.). However, it is noticeable that penetration data are very close to 
the fitting line, displaying no operational anomalies at working regime. 

From the engineering point of view: 
 The thrust force is directly related to the face pressures. This means that friction and adhesion 

contributions to the total thrust are insignificant. This looks reasonable given the short-term 
stability of the fine-grained excavated soils, 

 In this project, the cutterhead torque is moderately correlated with face pressure values. A 
higher dependency may be found with soil conditioning, that is not disserted in this paper, 

 Production rates did not suffer increase of face pressure within then 2.6 bar maximum value. 
 Net of previous points, the optimization of face pressure, where possible, contributed to limit 

the mechanical components wear and stress on sealing joints.  
 

(a)   (b) 
 

Fig. 5. Observed correlation between confinement face pressure at the crown and: (a) total thrust force, 
(b) cutterhead torque. 

 

 (a) (b) 
 

Fig. 6. Observed correlation between confinement face pressure at the crown and: (a) penetration, (c) 
advancement speed. 
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5. Conclusions 
The current study is based on a part of the big amount of data collected from the TBM and from the 

monitoring instrumentation during the construction of Line 14 South GC04 tunnel in Paris. Real data 
were analyzed in relation with design and construction processes, where the authors participated actively. 

Attention was focused on the TBM face confinement pressure. This is one of the most relevant 
parameters for an excavation in urban environment, and it is the source of frequent technical exchanges 
between constructors and designers. The selected project proves to be particularly relevant for the aim 
of this study because it is characterized by a relatively constant geology and overburden, while the face 
pressure (reference parameter) varies frequently. The reason for this variable pressure profile is the 
research of an optimum balance between geotechnical constrains and the limitation of mechanical 
stresses on the TBM components. 

The comparative analyses between real face pressure values and PAT requirement confirms that, 
even if relatively strict for an EPB machine, the defined operative thresholds could be achieved very 
well. This achievement can be attributed to both the attentive TBM drive and the low permeability of 
surrounding soil. 

The correlation analyses between face pressure and induced settlements highlight that the influence 
of the confinement pressure is beneficial. Given the limited population of data for settlements and their 
low values in absolute terms, data distribution is scattered and does not allow the definition of a reliable 
closed-form function between these two quantities. 

The correlation analyses between face pressure and TBM mechanical parameters shows the very 
clear dependency of total thrust from face pressure. Conversely, other excavation parameters such as 
the cutter head torque, penetration and advance speed do not show relevant correlation with the variation 
of the confinement face pressure. 

In general terms, these results and trends meet the expectations and can be considered satisfactory in 
the limited domain of this case study.  
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