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Seismic behaviour of tunnels in sand
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Seismic Behaviour of Tunnels and Underground Structures

Ground shaking due to wave propagation and permanent ground
displacements due to lateral spreading, landslides and fault rupture
are affecting underground structures during a strong earthquake.

e these structures include tunnels and pipelines;

e the failure patterns of underground structures are attributed both
to transient and permanent seismic ground displacements;

e a common feature of these structures is their high flexibility and
small mass, compared to surrounding soil.



Seismic Behaviour of Tunnels and Underground Structures

Seismic behaviour of tunnels is very different from above-ground
structures.
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(after Pitilakis & Tsinidis, 2014)

The response of the embedded structure is dominated by the response
of the surrounding soil



Seismic Behaviour of Tunnels and Underground Structures

When travelling seismic waves hit an underground structure, they
force it to deform in various modes
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(c) longitudinal bending (d) diagonally propagating wave



Seismic Behaviour of Tunnels

Closed-form solutions accounting for ovalisation
(Wang, 1993; Penzien & Wu, 1998; Penzien, 2000)
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Seismic Behaviour of Tunnels

It is regulated by two crucial factors:
* the soil-lining relative flexibility;

* theinterface at the contact between the lining and the ground.

during seismic shaking both factors may change due to the
non-linear behaviour of soil

(shear stiffness and strength)

Is an ‘equivalent linear approach’ enough to predict the increase of
structural demand in the lining?



Seismic Behaviour of Tunnels

Mechanised excavation = segmental lining

Longitudinal joints Transverse joints

Ovalization of transverse section < opening of longitudinal joints Bending in longitudinal direction - opening of transverse joints
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Seismic Behaviour of Tunnels in Sand

e Non-linear and irreversible behaviour of sail
e experimental and numerical evidences in plane strain

e effects of tunnel excavation in 3D conditions

e Influence of the jointed pattern of a segmental lining
e influence of longitudinal joints on the internal forces

» fragility of a segmental lining



Experimental benchmark

B
(*Round Robin on Tunnel Test, cf. Bilotta et al., 2014)

centrifuge spin N = 80

diameter, D layer thickness, z cover, C relative density, Dr
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(= 6 cm shotcrete lining)
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T2 6m[75mm]  23.2m[290 mm] 6 [75] 40 Soil:
T3  6m[75mm] 23.2 m [290 mm] 12 [150] 75 dry Leighton Buzzard Sand
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Numerical modelling

Plane strain models - model scale (80g)
- prototype scale (1g)

40m (500 mm)

Plaxis 2D (Brinkgreve et al. 2011). <

elasto-plastic with strain hardening model _ ‘ X
(Schanz et al, 1999) B 2 : .

* R SIATATATR & 0
small strain overlay (Benz et al. 2009) -- L mm)
Hardening Soil with small strain R T

3D models

Plaxis 3D (Brinkgreve et al. 2013).

Initial static conditions:
* same initial stress as in centrifuge or
* modelling a typical excavation process.
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Input signals:
* same input signals as in centrifuge;
* natural signals.

Segmental lining



Numerical modelling

Drained & Undrained TXC/TXE
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* experimental and numerical evidences in plane strain



Experimental and numerical evidences in plane strain
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Experimental and numerical evidences in plane strain
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- shear stiffness is properly modelled overall

- hysteretic damping is underestimated (cf. Brinkgreve et al., 2007)
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Experimental and numerical evidences in plane strain

LVDT 045

LVDT045 !

U

w (mm)
A

0 ] —— Experimental
- —— Model
-8 ] \lme.:Mﬂ\«w'bMWw%du\W
-12 JEQt -

AN s R IR

I

f

ksl Nz

|
20

|
40

W (rpm)
o
I I I |

I B

I |

EQ4

-80 .

20

t(s)

80
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Experimental and numerical evidences in plane strain

w(t)/w,... represents the evolution of densification of the sand layer
£
s
<
~
s
<
0
£ T3 EQ4 - EXP
3
=~
= 0 20 40 60 80
t(s)
£
s "
=
=
=
e T3EQ4 - FEM
=~
= 0 20 40 60 80

t(s)

- permanent changes of internal forces are associated to densification



Numerical evidences in plane strain

South Iceland (2000), M,,=6.6 from ESD
Scaled to a,,,=0.35g; f, =4.2 Hz
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Numerical evidences in plane strain
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Numerical evidences in plane strain
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Seismic behaviour of tunnels in sand
000000000000V

* Permanent changes of internal forces are locked into the tunnel lining

* They are associated to plastic volumetric deformation of soil

e Typical simplified calculations (i.e. Wang, 1993; Penzien & Wu, 1998)
are unable to predict permanent changes



o effects of tunnel excavation in 3D conditions



Modelling tunnel excavation in 3D conditions
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q (KN/m?)

Modelling tunnel excavation

p’(kKN/m?)
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Condition 1 : reference section far from the front

Condition 2 : TBM approaching

Condition 3 : TBM passing

Condition 4 : ring installation within shield

Condition 5 : grout pressure at the shield tail




q (KN/m?)

Modelling tunnel excavation

p’ (kKN/m?)
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Condition 4 : ring installation within shield

Condition 5 : grout pressure at the shield tail




q (KN/m?)

Modelling tunnel excavation

p’(kKN/m?)

120

100

80

60

40

20

20 40 60 80 100 120

Condition 1 : reference section far from the front
[ )

Condition 2 : TBM approaching
o

Condition 3 : TBM passing
[

Condition 4 : ring installation within shield
o

Condition 5 : grout pressure at the shield tail
o




Modelling tunnel excavation

Before the seismic excitation
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A smaller amount of deviatoric
stress is loading the lining ring



Influence of tunnel excavation

' ' - 2200
| M 0

REFERENCE RING

Bending Moments
(kNm/m)

100
200
500
n 400 &
S =
sg 0 £ -500
— z ~400 Té §
§ 800 =8 ~1500
Z. B
~1200 &
0 90 180 270 360 3 -2500
0 90 180 270 360

Angle 0 (degree) Angle 0 (degree)

— tunnel in place — modelling excavation



Influence of tunnel excavation

tunnel in place modelling excavation
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Influence of tunnel excavation

M static condition M dynamic residual
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Seismic behaviour of tunnels in sand

* The state of stress around the tunnel lining changes during excavation

* Due to the reduction of deviatoric stress around the lining ring, the
static internal forces are less severe

* The changes of internal forces during and after shaking depend on the
strain level around the tunnel at the end of the excavation, which
affect the relative stiffness.






Influence of longitudinal joints on the internal forces

Effects of segmental lining

Circumferential joint

Longitudinal joint
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Seismic behaviour of tunnels in sand

Due to the larger flexibility an compressibility of the
assembled ring of lining, the static internal forces are
less severe

BUT

Is the safety level of the structural section (M,N) the
only issue of concern?






Fragility of a segmental lining
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Summary and Conclusions

* The behaviour of tunnel linings under seismic loading is not only an
issue of structural mechanics

* The non-linear and irreversible behaviour of soil plays an important role
in the interaction problem

* Asuitable constitutive model for soil is needed to capture the effect of
soil-lining interaction at different stages of the tunnel life (construction
and pre-earthquake, during seismic excitation, and post-earthquake),
even in rather simple ground conditions

e 3D layouts of segmental lining
e Seismic wave propagation in different planes

e Ground failure (i.e. liquefaction, fault conditions, slope instability...)
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