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Tunnel Construction Risks

Key Question: Do tunnel constructions pose risks to people and
property on the surface ?

Figure: Surface Settlements (left) and ”Fontis” observed during tramway
construction in Nice (left)
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TBM Earth Pressure Balance (EPB)

Tunnel Boring Machines (TBMs) are commonly used in shallow urban
tunnel construction to minimize soil displacement and mitigate risks
effectively

Figure: Tunnel Boring Machine - Earth Pressure Balance Technology
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Factors Affecting Soil Displacement

Numerous factors influence soil displacement in shallow urban tunnel
construction with TBM EPB

Figure: Factors Affecting Soil Settlements [8] [11]
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Physical & Design Parameters

Case study: Segment of Metro Line 16 (approximately 5 km of track)

q 24 Geological Cross-Sections examined
q 2 Geometrical Parameters per Cross-Section
q 4 - 10 Geological Layers per Cross-Section
q 7 - 11 Mechanical Parameters per Geological Layer

Figure: Metro Line 16 Geology Profile
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Operational Factors

18 sensor values have been recorded from a sensor setup of 100
parameters on the TBM, with a 1 kHz frequency

Figure: The Connection Between the Simulator and Measured TBM Driving
Parameters
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Surface Monitoring Data

In the study case, 880 road prisms are monitored on average every 3
hours

Figure: Illustration of Surface Monitoring Data
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New Coordinate System

Figure: Process for Changing Map Coordinates
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Mapping Settlements

Regressor model
z = ζ(x′) + ϵζ (1)

Assumptions made

q ζ as Gaussian Process: GP(m(·), c(·, ·)) [10]
q Matern Kernel (ν = 3/2) for covariance function c(·, ·) (anisotropic)
q Constant mean function: m(·)
q Gaussian Noise: ϵ′ ∼ N(0, λ)
q Settlements z not time-dependent
q x′: Position and distance on the tunnel axis (two-column table)
q Hyperparameters include kernel (ρ1, ρ2, σ0) and noise (λ)
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Settlements Mapping

To conduct this regression, we employ different strategies:

q Choose the hyperparameters manually with ”expert knowledge”
q RELM algorithm to find the optimal set of hyperparameters

Figure: Regression Results (Python Library: gpmp [12])
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How to Estimate Settlements?

Figure: A Variety of Methods for Predicting Settlements [3][13]

To estimate tunnel settlements, a 3D parametric FEM for TBM
excavation has been developed in Abaqus [1]
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TBM Excavation Modelling

Various strategies can be employed to model interactions between
TBM and soil

Figure: Different Strategies to model TBM excavation [5]
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Geology Properties

Assumptions Regarding Geological Properties:
q Geological materials supposed elastic behaviour with the

Mohr-Coulomb yield criterion
q Undrained Conditions (Total Stress) or Drained Conditions

(Effective Stress)
q Water flow and water pressure in the soil are not taken into account
q K0 process for horizontal stress calcul, assuming horizontal layers

σv
eff(z) =

∫ z

0
γsoil(l)dl −

∫ z

0
γwater(l)dl (2)

σv
tot(z) =

∫ z

0
γsoil(l)dl (3)

σh
x(z) = K0,x(z).σv(z) (4)

σh
y(z) = K0,y(z).σv(z) (5)
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3D Finite Element Model of TBM Excavation

Figure: 3D Parametric Finite Element Model of EPB TBM Excavation[2][6][9]
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Calibration Process

The calibration aims to find optimal and acceptable values for θ and γ
that best fit the monitoring data

Figure: Objective of TBM Excavation Simulator Calibration [2]
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BlackBox Model

Figure: Modeling the TBM Excavation Simulator using a BlackBox approach
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Surrogate Model

Figure: Surrogate Model of the TBM Excavation Simulator [2]
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Before Calibration

Before initiating the calibration process:

q Verify simulation convergence for different input points
q Manually validate the model through comparisons with real data or

established literature models, [6], following guidelines from
organizations like CFMS [4]

The Calibration Problem can be formalized [2][7]

z = fµ,d(x, θ, γ) + ϵ (6)

z = fµ,d(x, θ, γ) + δ(x) + ϵ (7)
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Perspectives and Future Works

q Last Manual Validation of the TBM excavation model
q Complete Quantification of Input Uncertainties
q Implement Latin Hypercube Sampling (LHS) and run multiple

simulations using high-performance computing
q Perform Sensitivity Analysis to reduce Input Dimension
q Develop a Surrogate Model
q Test Bayesian Calibration Methods

B Kratz [L2S LMPS SMF] ETICS2023 - Talks PhD Students 13/10/2023



Context Surface Monitoring Data TBM Excavation with FEM Perspectives - Calibration References 20/20
[1] G Abaqus. Abaqus 6.11. Dassault Systemes Simulia Corporation,

Providence, RI, USA, page 3, 2011.
[2] Jean-Baptiste Blanchard, Rudy Chocat, Guillaume Damblin, Michaël

Baudin, Nicolas Bousquet, Vincent Chabridon, Bertrand Iooss,
Merlin Keller, Julien Pelamatti, and Roman Sueur. Fiches
pédagogiques sur le traitement des incertitudes dans les codes de
calcul. PhD thesis, EDF, 2023.

[3] Yang Cao, Xiaokang Zhou, and Ke Yan. Deep learning neural
network model for tunnel ground surface settlement prediction based
on sensor data. Mathematical Problems in Engineering, 2021:1–14,
2021.

[4] CFMS. Recommandations pour la modélisation numérique des
ouvrages géotechniques. Technical report, CFMS, 2023.

[5] Soukaïna El Jirari. Modélisation numérique du processus de
creusement pressurisé des tunnels. PhD thesis, Université de Lyon,
2021.

[6] Michael Kavvadas, Dimitris Litsas, Ioannis Vazaios, and Petros
Fortsakis. Development of a 3d finite element model for shield epb
tunnelling. Tunnelling and Underground Space Technology,
65:22–34, 2017.

B Kratz [L2S LMPS SMF] ETICS2023 - Talks PhD Students 13/10/2023



Context Surface Monitoring Data TBM Excavation with FEM Perspectives - Calibration References 20/20
[7] Marc C Kennedy and Anthony O’Hagan. Bayesian calibration of

computer models. Journal of the Royal Statistical Society: Series B
(Statistical Methodology), 63(3):425–464, 2001.

[8] A Lambrughi, L Medina Rodríguez, and R Castellanza. Development
and validation of a 3d numerical model for tbm–epb mechanised
excavations. Computers and Geotechnics, 40:97–113, 2012.

[9] M Ochmański, G Modoni, and J Bzówka. Automated numerical
modelling for the control of epb technology. Tunnelling and
Underground Space Technology, 75:117–128, 2018.

[10] C Rasmussen and C Williams. Gaussian processes for machine
learning.,(mit press: Cambridge, ma), 2006.

[11] Emilie Vanoudheusden. Impact de la construction de tunnels urbains
sur les mouvements de sol et le bâti existant. Incidence du mode de
pressurisation du front. PhD thesis, Insa Lyon, 2006.

[12] E. Vazquez. Gpmp: the gaussian process micro package. v0.9.5,
2023, https://github.com/gpmpdev/ gpmp.

[13] SM Yahya and RA Abdullah. A review on methods of predicting
tunneling induced ground settlements. Electronic Journal of
Geotechnical Engineering, 19:5813–5826, 2014.

B Kratz [L2S LMPS SMF] ETICS2023 - Talks PhD Students 13/10/2023


	Context
	Surface Monitoring Data
	TBM Excavation with FEM
	Perspectives - Calibration
	References

