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FE Model for Mechanised Tunnelling

Subsystem I:

geology,
geotechnical model

Subsystem Il:
face support

Subsystem |V:
tunnel boring machine,
steering

Subsystem llI:
soil excavation

Subsystem VI: Subsystem V:
existing buildings lining
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FE Model for Mechanised Tunnelling

simplified models for buildings
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Embedded beam element for pile foundation

independent of the soil mesh

arbitrary number and orientation per element

skin friction, pile tip resistance

Yt o « .— 48m

J. Nini¢, J. Stascheit & G. Meschke, Int. J. Num. Anal. Meth. Geomechanics, 2013
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FE Model for Mechanised Tunnelling

Computational models

advanced finite element simulation
 a priori —tunnel design
 during construction — steering
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FE Model for Mechanised Tunnelling

Computational models

advanced finite element simulation
 a priori —tunnel design
 during construction — steering

Uncertainties

limited information

« geometry and heterogeneity of soil layers } uncertain
 construction process parameters
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Polymorphic Uncertainty Modelling
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Polymorphic Uncertainty Modelling

aleatory epistemic
e randomness / variability e lack of knowledge
e not reducible e reducible
e Objective assessment e subjective / objective assessment
stochastic numbers intervals, fuzzy numbers
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/\ Geotechnical parameter

Young's Modulus E; [MPa] 10-30
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- Friction angle o, [°] 25-35
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Polymorphic Uncertainty Modelling

Generalized uncertainty models

probability boxes fuzzy stochastic numbers
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Computing with Interval Data

Mapping of processes with interval parameters

* Type 1 Mapping

geotechnical parameters X g §(t) time variant interval
steering parameters P (t) settlement field
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Computing with Interval Data

Mapping of processes with interval parameters

* Type 1 Mapping

geotechnical parameters X g §(t) time variant interval
steering parameters P (t) settlement field

* Type 2 Mapping

() time variant interval

steering parameters P (t) > S settlement field
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Computing with Interval Data

deterministic steering parameter

T

geotechnical 1 2 n, t

interval parameters T Y :
1. optimisation

XA deterministic interval settlement

XoT mapping model S1(t)4 [n]
2. interval arithmetic Q

XoT 3. midpoint-radius split

\J
~+y

X1 Xy deterministic midpoint 1 )
mapping model
deterministic radius
mapping model

S. Freitag, B.T. Cao, J. Nini¢ & G. Meschke, Computers & Structures, submitted

Real-Time Prediction of Structural Processes with REC

Polymorphic Uncertain Data Bochum, 17.6.2016




STRUGCTURAL
S v RUHR UNIVERSITY BOCHUM
N MECHANICS

Computing with Interval Data
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Computing with Interval Data
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Computing with Interval Data

deterministic steering parameter

T

geotechnical 1 2 n, t

interval parameters T Y :
1. optimisation

XA deterministic interval settlement
KXo mapping model 51(1“)‘\ g
? 2. interval arithmetic \ : )
P> 151
XoT 3. midpoint-radius split
z>21 uIX1 ;1 deterministic midpoint 1 9 ' n ry

mapping model

deterministic radius
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Computing with Interval Data

deterministic steering parameter

T
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Hybrid RNN-GPOD Surrogate Model
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Hybrid RNN-GPOD Surrogate Model

OFFLINE ONLINE

Input parameters space Arbitrary interval input
FE parameters

simulation POD-RBF

Surfa(ée settller.ne.nt field Interval surface settlement field
eterministic (step: 1...n)

optimisation approach

Surface settlement field Interval settlements at selected

(interval) points (step: n+1) JpeiE

midpoint - radius
POD-RBE Interval surface settlement field
(step: n+1)

Network
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Recurrent Neural Network
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Recurrent Neural Network

 hidden neuron
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Recurrent Neural Network
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One snapshot U. Snapshot response matrix U POD matrix ®
Uy 1.. Uy .M 1..k<<m
ui RS ~ = ui
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GPOD and Non-Negative Matrix Factorization

GPOD NNME

Matrix approx. S=d-A S~W-H
Basis vectors o w
Min. problem "“”¢|ﬁs_i§'*A|i 1nhu”+5——m/-+H”i
Constraint unconstrained W, H >0
Solution M- A= R M- H= R

M = (BT, D) M= WT, W)

mR = (@7, °5) rR=WT,7S)

Linear least square Non-negative linear

least square
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Constrained GPOD
Unconstrained GPOD
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Verification Example

Training

Y

Load position

E =[30,36] GPa Analytical solutions:
|=0.01 m* ) P2 Gl
S(x) = —— (3l —x), or0<x<a
=10 m 6E1 /
11 nodes _ P2
N S(x) = —@Bx -1, fora<x<l
10 load positions 6E]
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Verification Example

1600 snapshots (8 E x 200 scenarios of P(t))

Mid-rad matrix Up-low matrix
[0,0] .. [00] .. [00] [00] .. [00] .. [00]
¢ — [[0.017,0.003] ..[0.066,0.015] ... [0.855,0.082] | o _ | [0.014,0.020]...[0.051,0.081] ... [0.773,0.937]
mrY — ulv —
[0.242,0.048] ...[2.926,0.671] ...[55.95,5.357] [0.194,0.290] ...[2.255,3.597] ...[50.593,61.307]
k )
f
~ ~ 9 steps of P(t
Reduced bases W, ,,,®, ,® and ;P P v
0 0 7 [ 0 0 i [ 0 0 i = 0 0 <
0.01 0.02 0.009  0.053 0.009  0.052 0009 0.054
w = |0:03 0.08 o (0034 0173| F_ 0034 0.170 5 |0.034 0175 11
= - .
san san san nnn nnn nnn . . . nodes
0.49 0.36 0.500 — 0.209 0.500 — 0.209 0.500 — 0209
10.58 0.32- 10.583 — 0.470. 10.583 — 0.471 0583 — 0.469.
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* Prediction at nodes 2, 6 and 10 (RNNSs)

0.8795 0.0795 i
RNIG = [19.310] S = |([,22403 RNNG —

52.365

4.635

RUHR UNIVERSITY BOCHUM

[0.800,0.959]
[17.607,21.013]
[47.730,57.000]

Errors: 0.58% and 1.07% for lower and upper bounds

* Prediction at other nodes (GPOD and NNMF)

?
[0.800,0.959]

S*

[47.730 57.000]
- ?

Il
|
(U
~
o
S
N
(\O)
=
=
—_
w
]

ulS*

[0.000,0.000]
[0.800,0.959]

[11.689, 13.949]
[17.607,21.013]
[24.373,29.093]

[47.730 57.000]

| [55.840,66.689] |

[0.000, 0.000]
[0.800, 0.959]

[11.590, 14.047]
[17.607,21.013]
[24.422,29.043]

[47.730 57.000]

| [55.804,66.725] |
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[0.806,0.967]

[17.361,20.833]
[47.250,56.700]

[0.000, 0.000]
[0.806,0.967]

[11.556,13.867]
[17.361,20.833]
[24.000,28.800]

[47.250,56.700]

| [55.556,66.667] |
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0
0.2 |
€ 04 :
£ " Lower bound analitical
S 0.6 ~ Upper bound analitical
= 0.8 Lower bound mid-rad
q) .
S 1.0 Upper bound mid-rad
= Lower bound up-low ]
1.2 Upper bound up-low _
| | | | | | | | |

1 2 3 4 3) 6 I 8 9 10 11

Beam nodes

Lower bound  Upper bound Lower bound  Upper bound

1.18 0.61 1.09 0.34
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Verification Example

1
E =[30,36] Gpa
0.8 - 1
1000 samples
- P: Gaussian distribution
= o | Mean value: 50 kN
5 Standard deviation o = 15 kN
o
0.4 /, —— Lower bound cdf |
/ ~ Upper bound cdf Computation time
09| - Surrogate model: 0.5h
Optimization: 10h
0 | _— | | |
20 O 20 40 60 80 100 120

Deflection (mm)

P-box for the deflection of the cantilever beam at node 11 for time step 10
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Application Example

maximum surface settlement ——
minimum surface settlement ——
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2 0004 \\\\\‘#‘,\‘/1 Z
22.75m g-0.006— : 5 0,1 ¥
T -0.008- N
£ -o001- \
“ 0012
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y‘i’ X 48m
Investigated surface area

™ selected points @

o + + + + + o tunnel —
E 20f E E 2? E 23 E E 1 training [ ] LB UB LB UB
é 127 :_, i ; ;5 ? ;4 I E validation[ ]
S ool T 6t T T predicton 6.2 8.9 5.9 8.0
g BOE O EiE b ol
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-30¢ St o i ; 10 1

-40+ + + + + + + + 1 Computation time Surrogate mOdel.- 25

i 5152 % Optimization: 1.5h
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Application Example

* Real-time steering support in mechanised tunnelling

- soil Ia)}ér 1.

soil layer 2

22.75m

32.5m

Yala x 48m
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Conclusion / Outlook

Conclusion
* FE simulations for mechanised tunnelling processes

* Hybrid RNN-GPOD based surrogate model

» Real-time prediction of interval settlement fields with
mid-rad and up-low representations of interval input-
output data
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Conclusion / Outlook

Conclusion
* FE simulations for mechanised tunnelling processes

* Hybrid RNN-GPOD based surrogate model

» Real-time prediction of interval settlement fields with
mid-rad and up-low representations of interval input-
output data

Outlook
« Extension for fuzzy data and polymorphic uncertainty

* Additional steering objectives: face stability, lining forces,
damage risk of existing buildings

 Integration of monitoring data and application project
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Thank you very much for your attention !
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