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Abstract

The seismic performance of long, embedded tunnels can be significantly influenced by spatial
variation in ground motion, particularly when the tunnel length approaches the wavelength of
seismic waves. This study presents an integrated two-stage modelling approach to evaluate the
effect of global (alignment-scale) effects on local (lining-scale) seismic response of the 27 km
circular Large Hadron Collider (LHC) tunnel at CERN. A Beam-on-Nonlinear-Winkler-Foundation
(BNWF) model is first used to simulate the effects of asynchronous wave-passage and alignment
curvature under 3D seismic scenarios. The results reveal that asynchronous excitation induces
wave-like differential displacements and non-planar forces, particularly intensified at tunnel-
cavern interfaces due to stiffness contrasts. These global actions are then applied as dynamic
boundary conditions in high-fidelity 3D nonlinear finite element analyses (FEA) of a critical
tunnel section. The 3D FEA captures detailed local responses within the reinforced concrete
lining, revealing that conventional 2D plane-strain models underestimate hoop forces and
overlook alignment-induced amplifications of seismic actions. The results demonstrate the
necessity of accounting for alignment effects in seismic tunnel design and demonstrate the

effectiveness of the proposed BNWF-FEA hybrid methodology.

Key-words: Concrete Structures; Earthquakes; Finite Element Modelling; Numerical Modelling;

Seismic Engineering; Tunnels
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Figure 3 Assignment of the asynchronous amplitude vectors to the spring's boundaries
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Abstract

The seismic performance of long, embedded tunnels can be significantly influenced by spatial
variation in ground motion, particularly when the tunnel length approaches the wavelength of
seismic waves. This study presents an integrated two-stage modelling approach to evaluate the
effect of global (alignment-scale) effects on local (lining-scale) seismic response of the 27 km
circular Large Hadron Collider (LHC) tunnel at CERN. A Beam-on-Nonlinear-Winkler-Foundation
(BNWF) model is first used to simulate the effects of asynchronous wave-passage and alignment
curvature under 3D seismic scenarios. The results reveal that asynchronous excitation induces
wave-like differential displacements and non-planar forces, particularly intensified at tunnel-
cavern interfaces due to stiffness contrasts. These global actions are then applied as dynamic
boundary conditions in high-fidelity 3D nonlinear finite element analyses (FEA) of a critical
tunnel section. The 3D FEA captures detailed local responses within the reinforced concrete
lining, revealing that conventional 2D plane-strain models underestimate hoop forces and
overlook alignment-induced amplifications of seismic actions. The results demonstrate the
necessity of accounting for alignment effects in seismic tunnel design and demonstrate the

effectiveness of the proposed BNWF-FEA hybrid methodology.
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parallel dashpots were attached to the tunnel ring, shafts, and caverns with a tri-axial
configuration at a spacing of Iy = 5m. The Winkler-type spring representation idealises the
surrounding ground as a set of uncoupled springs and dashpots, which inherently neglects stress
redistribution between adjacent tunnel segments. However, the tunnel is long between adjacent
caverns in comparison to its diameter and is hence very slender. Under such circumstances it is
reasonable to assume independence between adjacent tunnel segments. Mubarak et al. (2025)
demonstrated that for a semi-circular alignment of similar size and mechanical properties and
synchronous loading, the behaviour of the tunnel rapidly reduces to a plane strain response with
distance away from the caverns. The nonlinear elastic stiffness and damping properties are
reported in the supplementary material (stiffness - Fig A1 and Fig A2; damping - Fig A3) and
were calibrated against a series of nonlinear 2D FE pseudo-static plane-strain analyses for the
cavern, tunnel and shaft sections (the latter at different depths) conducted using PLAXIS 2D 2022.
Further details of the calibration and validation procedures are outlined in Mubarak (2023) and

Mubarak et al. 2025.

A full three-dimensional (3D) analysis was conducted, with the in-plane components
(circumferential and radial) applied at each spring free boundary node having a trigonometric
multiplier applied depending on the spring orientation with respect to the global axes. The in-
plane resultant boundary amplitude vector ‘Hg(t)’ represents the vectorial sum of ‘Hi(t)’ and
‘H(t)’ local components resolved into components in directions circumferential and radial to the
tunnel (i.e. in the direction of the springs) for each time step, as shown in Fig 2a. These
components were assigned with a time shift along the tunnel alignment to mimic an
asynchronous ground motion scenario, as discussed in the following section. The model does not
explicitly simulate seismic wave reflections or refractions due to tunnel geometry or ground
layering. Such effects can become significant for shallow tunnels at lower confining stresses 2z/D
< 10 (where zis the running depth and D is the tunnel diameter; Yang et al., 2023), but the tunnels

in this study are deep (2z/D = 38).
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The tunnel ring was meshed into 27,000 elements such that the length of individual elements
was one-fifth the spacing between the adjacent springs. The general nonlinear dynamic analysis
with implicit time integration scheme was selected for the analysis. To ensure convergence of the
numerical solution, a quasi-static time stepping algorithm with a fixed increment size equal to the
earthquake input motion time increment of 0.005 sec was employed. Newton’s solution
technique was selected to solve the set of nonlinear equilibrium equations and the displacement
was set to vary linearly over each step. The model contains approximately 64,848 different
features; Python scripts for generating different components are available online at DOI:

10.20933/100001310.
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3.1 Asynchronicity

Few explicit guidelines are proposed in the literature for estimating the lag-time of an
asynchronous ground motion. Eurocode 8 (EN 1998- 1:2004) recommends a simple approach
using the apparent shear wave velocity of the ground at the level of the tunnel (V) and the travel

distance (X;) in the direction of the travelling wave, as expressed in Eq.1.

tiag)i = Xj/Va qu

V, is typically taken to be approximately equal to the shear wave velocity of the ground (V. =V; =
1440 m/s, Fern et al. 2018) for underground structures embedded in deep rock rather than in

shallow layers (Abrahamson et al. 1991; Power et al. 1996; Hashash et al. 2001).

Here, V, was determined using available seismometer records for the selected earthquake

motion from 10 seismic recording stations within the Geneva area. These stations were chosen at
ground type-A locations (i.e. rock with V39,2 800 m/s according to Eurocode 8). The arrival time

(to) was then obtained from the available wave record at each station. Knowing the surficial
distance, depth of the seismic source and the arrival time at each station, the apparent average
shear wave velocity for the travelling wave was estimated within the rock formation as Vg, qg. =
1140 m/s (supplementary material Table A1). To further simplify computation for the BNWF
spring’s amplitude vectors, Vi, ay. ® 1000 m/s was adopted. For this apparent velocity, the
maximum total lag-time was estimated to be tig toral = 8.6 sec across the whole LHC (i.e. from E1—
E; with alignment diameter of 8.6 km; Fig 3) assuming that: (i) the seismic waves pass through
homogenous ground and thus reflections, refractions and wave incoherency can be ignored; and
(ii) that the arrival time of the recorded motion at the rock outcrop was assumed approximately
equal to the travel time in deep rock. Asynchronous excitation was applied following the
Eurocode 8 methodology, applying free-field displacement time histories at each connector free
node ‘i’ with a time lag determined using Eq.1, as shown schematically in Fig 3 for the bottom half
of the circular alignment. The amplitudes were assigned from the left end ‘E1’ towards the right

end ‘E,’ based on the assumption of an eastwards wave propagation.
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The directionality of wave propagation was also investigated by assigning the amplitudes in
three different directions to investigate the effect of directionality of wave propagation in relation
to the locations of the caverns. These represented Eastwards propagation (from E; to E2), North-
eastwards (Cavern A to Cavern D) and Northwards (Cavern B to Cavern E). Due to the symmetry
of the alignment and ground properties considered herein, these configurations represent the
earthquake motion originating externally at 45-degree increments around the circumference of

the LHC.
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Fig 3 Assignment of the asynchronous amplitude vectors to the spring's boundaries
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3.2 Ground motion components

A local outcrop earthquake was selected considering the local seismicity of the Geneva
region, with a moment magnitude of M, = 4.5, that was recorded by the Swiss National
Seismological Service in 2005 at the Haute-Savoie province 55 km to the east of Geneva area. The
acceleration time history was scaled consistently across all components such that ag = 0.15 m/s2
in the Hy component according to the design peak ground acceleration (PGA) adopted for all CERN
underground structures (supplementary material Fig A4). A low-pass filter was applied to limit
the frequency content to < 20Hz. The waveform is available at the Engineering Strong Motion

(ESM) database by Luzi et al. (2016), ESM ID: IT-2005-0116.

Site-specific non-linear time history analyses were conducted separately using each of the
individual earthquake components as an input motion in PLAXIS 2D (model details in Mubarak et
al. 2023). Ground displacement amplitude time histories were then extracted from free-field points
at spring/dashpots elevations for the tunnel and vertical shafts (supplementary material Fig. A5 and
Fig. A6) and used as the input displacements at each spring free boundary node in the BNWF

model.
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4. 3-D Finite element analysis (FEA; local scale)

The 3-D FEA considered a short length of the tunnel close to the tunnel-cavern A connection
which was identified to be the most heavily loaded at the alignment scale from the BNWF model.
Two cases were considered, representing different tunnel-end boundary conditions,
representing actions from synchronously- and asynchronously-excited global BNWF models. Due
to the small size of the time-steps required during calculation and the deep running depth of the
tunnel, the model was truncated vertically (Fig 4). The tunnel centreline is at a depth of 92 m
below the ground surface and the confining stress from the ground above the modelled domain
was incorporated as a constant applied vertical total stress of o, = 1916 kPa to ensure that the
stress states and corresponding constitutive behaviour in the tunnel lining and surrounding rock
were captured appropriately. The circular tunnel had a diameter of D = 5.2 m and the model
domain had a depth z = 38m (= 7D) with rock cover of approximately 10m above the tunnel
(where a much weaker rock layer was located) and a length y = 30 m (= Lcrie at Cavern A). The
width of the model x = 50 m (= 10D) was selected based on the results of previous plane-strain
(2D) dynamic analyses for the tunnel section (Mubarak et al., 2024) such that the induced stresses
around the structure degraded to the free-field conditions prior to the boundaries. The model
domain was discretised into 32,273 10-noded tetrahedral elements (52,213 nodes). The mesh in
the ground around the tunnel in the middle portion was refined into elements with characteristic
length ‘I’ less than approximately one-tenth to one-eighth of the minimum wavelength (Amin)

associated with the maximum frequency (fmax) of the input motion (Bathe, 2006).

The analyses were each conducted in eight phases. The first seven phases modelled the initial
conditions (deformations and stresses) associated with sequential excavation of the tunnel in the
axial direction (+y-axis; Fig 4a), where soil volumes were progressively deactivated to provide
stress relief, assuming full face excavation progresses in sections of 5 m followed by activating
the RC tunnel lining at the end of each 5 m excavation stage. This approach assumed ideal
conditions with no volume loss, which was considered reasonable as the tunnel is completely

embedded within competent rock and was constructed using a Tunnel Boring Machine (TBM)
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325  with earth pressure balancing (Laughton, 1989). Earthquake ground motion was applied in the
326  final (dynamic) phase, in which prescribed displacement time-histories were applied in three
327  orthogonal directions at the bottom surface of the model based on those applied to the global
328 BNWF model at the tunnel-cavern connection (i.e. considering the location of the modelled tunnel
329  section with respect to the alignment geometry and direction of the applied seismic motion in

330 relation to the alignment) and with free-field (tied node) side boundaries.
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Fig 4 (a) 3D FE model domain of the longitudinal section at the critical region near the tunnel-cavern-A
connection, and (b) FE model of the modelled 3D longitudinal tunnel lining only, showing the location of
key tunnel cross sections for result extraction. 15
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For seismic analysis, free-field and compliant base boundary conditions were used at the
truncated lateral and bottom boundaries respectively, as proposed by Zienkiewicz et al. (1989),
with normal and tangential relaxation coefficients C1 = 1 and C,=0.25, respectively. The Newmark
numerical scheme was used for solving the equations of motion (Katona and Zienkiewicz, 1985),
with time integration parameters ay = 0.25 and Sy = 0.5 which ensured the stability of the
numerical solution by adding numerical damping to dissipate spurious higher-frequency

oscillations (e.g., Kontoe et al. 2008).

4.1 Longitudinal tunnel section

Volume elements were used to model the concrete lining with embedded elasto-plastic plates
for the reinforcing mesh, consistent with the approach described by and validated by Mubarak et
al. (2023, 2024). The concrete has a compressive strength of 28 MPa (Grade C25/30 according to
EN 1992-1-1: 2004) and was modelled using the nonlinear Concrete Model (Schweiger et al. 2014)
available in the PLAXIS materials library with input parameters summarised in supplementary
material Table B1. This modelling approach for RC was previously validated against experimental
tests from the literature in Mubarak et al. (2023, 2024). Table B2 summarises the equivalent
flexural (EI) and axial (EA) stiffnesses of the plate element used to model the longitudinal mesh
reinforcement above and below the neutral axis assuming an elasto-plastic behaviour. The model,
as calibrated, implicitly accounts for material damping in the range of 7%-10% (Mubarak et al.
2024), consistent with values for reinforced concrete recommended by Newmark and Hall
(1982). Section reinforcement had 6T22 /m top and bottom bars (area of steel, As = 2281mm2/m)
with modulus of elasticity Es=210 GPa, a tensile yield stress of f,=460 MPa (class B500 according to
BS 4449:2005) and tensile capacity N, =f)s.As. Adummy plate element was embedded at the middle
of the tunnel section to extract the hoop forces which had elasto-plastic behaviour with a reduced
flexural (EI) and axial (EA) stiffnesses equal to the stiffness of the reinforced hoop scaled by

(x10-6), such that it did not influence the structural stiffness of the RC lining.
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373  Fig 5 shows the tunnel cross section (N-M) capacity interaction diagram and the moment-

374  curvature (M-k) diagram obtained from PLAXIS and also the nonlinear sectional analysis program

375 Response-2000 (Bentz and Collins 2000). The moment-curvature behaviour shown in Fig 5b was

376  consistent with the El incorporated within the BNWF model.
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Fig 5 (a) Normalised Axial-Normalised Moment (N-M) interaction diagram, and (b) Normalised Moment-

Curvature (M-k) of the LHC tunnel section
384
385 4.2 Ground profile and constitutive modelling
386 The ground profile consisted of a complex and alternating sequence of horizontally bedded

387 layers of Molasse rock with varying thicknesses, strength, and material properties (GADZ, 1996).

388 Two types of rock units were identified at the running (centreline) depth of the tunnel with

389  ‘medium’ to ‘strong’ rock strength and stiffness properties determined based on statistical analysis

390 of a wide range of field data (e.g, GADZ 1996 a & b, GADZ 1998, Madinier et al. 2017, Fern et al.

391  2018). The constitutive behaviour was identical to that used in the 2D plane strain analyses used to

392  calibrated the BNWF spring/dashpot properties (Mubarak et al. 2025). The Hardening Soil model

393  with small strain stiffness (HS-small; Benz et al. 2009) was used with equivalent strength

394  properties calibrated against the available Hoek-Brown failure envelopes of each rock unit over

395  astress range 0-6 MPa (Mubarak et al. 2024). Table B3 (supplementary material) summaries the

396  constitutive parameters for each rock unit (see Fig 4 for layering), where reference stiffness
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parameters were defined at a reference atmospheric pressure of p;ef = 100 kPa. Inherent large-

strain-dependent damping was present within the HS-small model. To account for ground
damping at very small strains, Rayleigh (frequency-dependent) damping was set to a target
damping of D*=1%, following the procedure defined by Amorosi et al. (2010), resulting in az =
0.13 and Sr=0.00075 for target frequencies f,=1.8 Hz and f, = 2.46 Hz, based on a nonlinear 1D
site response analysis in PLAXIS considering the local ground motion characteristics (Mubarak

etal. 2024).

4.3 Boundary conditions

Due to the reduced size of the 3-D model, with the bottom boundary at approximately 23 m
below the tunnel level, the input base motions in the ground were obtained from separate 1D FE
non-linear site response analyses of the complete ground column in PLAXIS using the same
constitutive modelling approach as described above (total depth of 200m, and nearly 120m of
material below the tunnel level) with the input motion shifted in the time domain to represent
the time at which the motion reaches the modelled section of the alignment (as considered for
the BNWF model). The input motions at the bottom boundary of the 3-D FEA were extracted from
the free-field profile at a level of approximately 109 m below ground level (BGL) equivalent to the
bottom of the 3D FEA model. The components in the xy-plane had a directionality multiplier of
0.7 (= cos45° = sin45°), such that the resultant motion with respect to the global x-axis was
consistent with the location of the modelled segment with respect to the direction of the applied
ground motions (see Fig 6a, at Cavern A). The compliant base implemented the prescribed
displacement as an input dynamic load along with a viscous boundary. The lateral soil boundaries
combined non-reflecting viscous boundaries and the appropriate free-field dynamic
displacements (i.e. simulating tied nodes laterally) but did not capture dynamic variation in

horizontal stress due to wave-passage effects within the ground (e.g. due to surface waves). While
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this provides a practical approximation, its limitations—particularly under asynchronous

excitation—should be recognised.

On the tunnel boundaries (A and C, where end ’A’ is at the tunnel-cavern A connection point
and the far end ‘C’ is in the tunnel at L. =30m from the cavern; Fig 4b) the resultant global tunnel
actions obtained from the BNWF model for both synchronous and asynchronous cases at the
alignment scale were imposed as equivalent dynamic stresses (Fig 6 a and b). Six-component
action time-histories at homologous points near cavern-A were extracted from the BNWF models,
namely; Axial force ‘Nx(t)’, Moments ‘M,(t) & M,(t)’, Shear forces 'V,(t) & 'V,(t)’ and Torque ‘T(t)’
(Fig 6b). The action time-histories are shown in supplementary material Fig B1 and Fig B2 for

synchronous and asynchronous ground motion conditions, respectively.

| X

Ch.0.0km z Ch.125 km
@ 5

v

A

Ch.3.375 km Ch.10.125 km

Ch.3.435 km Ch.10.085 km
Ch6.720km  Ch.6.780 km

(b)

Force time-histories at the connection point (A) . o
Force time-histories at the far-end C

—_
—_—

+
VAt
E =

=

Fig 6 (a) Schematic view of the location of the modelled longitudinal tunnel segment and (b) the different
action components in the ‘in-plane’ and ‘out-of-plane’ directions that were obtained from the BNWF model
of the circular LHC tunnel at the critical region near Cavern-A.
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The actions out of the horizontal plane of the tunnel alignment (V,(t), Mx(t) and T(¢)) in Fig B1
(d-f) and Fig B2 (d-f)) had very small amplitudes compared to the actions in the plane of the
alignment (Ny(t), M,(t) and Vi(t)) in Fig B1 (a-c) and Fig B2 (a-c). The ratios of out-of-plane to in-
plane actions of the peak synchronous forces were My/M, = 0.03%, V./Vy = 0.2% and T/M, <
0.0001%, and for the asynchronous forces were My/M, = 1%, V,/Vx = 3% and T/M, < 0.003%. This
demonstrates that despite the 3-D excitation of the 3-D global alignment, the global actions out of the

horizontal plane of the tunnel alignment were negligibly small and were hence neglected.

The dynamic stresses applied to the tunnel faces are illustrated schematically in
supplementary material Fig B3. The axial (N) and shear forces (Vi) were converted to uniform stress
distributions by dividing the force time-histories by the hoop cross sectional area (Anoop = 5.33 m2).
These were applied normal to and in the plane of the tunnel cross-section, respectively. The in-plane
moment (M,) was modelled as equivalent uniform stresses with equal positive and negative
values on the left and right side of the section (Fig B3a). The stresses were obtained by converting
the moment time-history into a couple by dividing by the lever arm (2.2 m) between centroids
of each half of the tunnel and dividing by half the hoop area (0.5Ano0p = 2.66 m?; Fig B3c). A similar
approach could be applied to the out-of-plane moment and shear actions if they had not been
negligibly small. The resultant axial and planar stress components were obtained by algebraic

summation of the individual components in each quarter of the cross-section (Fig B3c).

The resultant stress time-histories considering synchronous and asynchronous motion
components at each end of the 3-D FE tunnel segment are shown in Fig B4. The time of application
of the asynchronous components (Fig B4 ¢ & d) had only a very small differential time-lag (At-lag
= 0.03 sec) between ends ‘A’ and ‘C’ due to the length of the modelled segment. Hence, ground
motions were simultaneously applied to the lower rock surface of the 3D model in both
synchronous and asynchronous cases. It should be noted that the combined (normal) boundary
stress components are well below the compressive and tensile strength of the concrete (Table

B1).
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471 5. Results
472 5.1 Effect of asynchronous wave propagation
473  Fig 7 shows the envelope of peak seismic actions due to the asynchronous ground motion in the
474  Eastwards direction from the asynchronous BNWF analysis along with a synchronous
475  comparator. It can be seen in Fig 7b, e & h that the seismic demand at the alignment level is
476  amplified significantly in the region of the tunnel-cavern connection (of length L¢:i¢. = 30m from
477  the cavern) under all shaking scenarios but is also increased along the entire tunnel length in the
478 3D asynchronous case (Fig 7a, d & g).
479
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490
491 Fig 7 Peak seismic force envelopes due to 3-D Synchronous and Asynchronous Eastwards wave
propagation, where (a), (d) & (g) are force distributions along the circular alignment; (b), (¢) & (h) show
forces at the tunnel-cavern-A connection; (c), (f) & (i) are time histories obtained at the connections to
492 caverns ‘A’ & B’ respectively.
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In both cases this effect is strongly linked to differential displacements due to the stiffness
contrast between the cavern and tunnel (Mubarak et al. 2025), hence why it is seen even under
synchronous conditions. In the asynchronous cases, bending deformations travelling along the
alignment due to the passage of seismic waves amplify differential displacements and strengthen
seismic demand at the tunnel-cavern connection. Neither effect can be observed in conventional
2-D plane-strain analyses of specific tunnel cross-sections and can only be observed at the

alignment scale that is facilitated by the BNWF model presented herein.

5.2 Effect of directionality of wave propagation
Fig 8 shows the effect of the wave propagation direction on the resultant force envelopes along
the tunnel alignment and at the tunnel-cavern connections. The force envelopes are effectively
translated along the longitudinal axis, such that the tunnel-cavern connection points are less
affected by the global actions when the propagation direction is transverse/perpendicular to the
cavern axis. The consequence of this is that a different cavern-tunnel connection point will be
most critical as the propagation direction changes, but the magnitude of the actions at the critical
point will be similar if the motion characteristics of the propagating wave are the similar (e.g.
Cavern B has the lowest global moment and shear actions for NE propagation, while Cavern C has

the lowest global moment and shear for N propagation). In the case that the ground motion
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characteristics were significantly different depending on where they originated from (and hence
the direction in which they propagate) the modelling approach presented herein would facilitate
the rapid estimation of seismic actions from different earthquake scenarios identified from a

probabilistic seismic hazard analysis.
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Fig 8 Directionality effect of propagated seismic wave on the peak seismic force envelopes along the
circular alignment, where (a), (b) & (c) are force distributions due to North-eastwards propagation; (d),
(e) & (f) are force distributions due to Northwards propagation, both compared with the Eastwards
propagation.
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5.3 Maximum length of a synchronous tunnel model
While many researchers have highlighted the importance of considering asynchronicity on
the global response of long structures (e.g. Kramer 1996; Hashash et al. 2001), the literature lacks
explicit guidelines for defining the limiting length beyond which asynchronous effects should be
considered. It is here assumed that that for a seismic wave with a travelling velocity V; (= Vs) with
a range of low frequencies with sufficient strain energy to induce significant transverse
deformations, the seismic wave will produce wave-like deformations (i.e. local bending in the

tunnel alignment) if the tunnel is longer than the wavelength (A).

0.03

0.02 +

0.01 1

Fourier Amplitude (g-sec)

0 5 10 15 20
Frequency, f (Hz)

Fig 9 Fourier amplitude spectrum for dominant component of the local Swiss motion (au1(t) with PGA =
0.15g)

In the case of the LHC, Fig 9 shows the Fourier spectrum of the motion used (au:(t)). The
maximum Fourier amplitude corresponds to f = 10 Hz and there is no input energy beyond f =
20 Hz. Hence, for V/, = 1000 m/s, A = 50-100 m. This suggests that the largest size of a 3-D section
of a tunnel system that can be modelled in continuum FEA with a synchronous/uniform input
ground motion is of the order of 100 m (in this case). For shallower tunnels running in ground
with lower Vs the maximum length would be considerably shorter. Fig 7 (b, e, h) demonstrated
that a critical region of the tunnel where subsequent continuum FEA would be required was the
zone within approximately 30 m of the tunnel-cavern connection. These findings justify the use

of the 30 m domain length in the 3-D continuum FEA and the use of a synchronous input motion
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across the base of the model for this section, so long as the dynamic boundary conditions at either
end of this section (e.g. Fig 7 ¢, f, i) are included to capture the alignment scale asynchronicity

effects.

5.4 Effect of apparent wave velocity on the predicted alignment forces

The accuracy of the estimated seismic wave travelling velocity over a wide area which
extends to several square kilometres might incur a high level of uncertainty, given the numerous
factors that affect wave transmission and coherency. The LHC tunnel (circumference of 27 km)
passes through rock with varying properties and geological conditions with 1000 m/s < V; <1500
m/s (GADZ, 1998; GADZ, 1996). A parametric study was performed on the circular LHC alignment
using the BNWF model considering asynchronous boundary amplitude vectors derived for V, =
Vs =800, 1000, 1500, 2000 and 2500 m/s. The lowest value represents the lower limit specified
by Eurocode 8 for ground type-A (rock), while the upper limit of 2500 m/s was set to represent
a much more competent rock. True synchronous effects are only expected if ground had a very
high V; (for the diameter of the LHC and smallest time step of the input motion, this would be V,

=1.72x 10 6m/s).

Fig 10 shows the variation of the tunnel alignment forces at three key locations with Vs,
namely the tunnel-cavern ‘A’ & ‘B’ connections and at a point along the tunnel line (CH. 5 km)
midway between these caverns. In general, the induced alignment-scale seismic actions tend to
decrease with increased V;and appear to stabilise beyond V,= 2500 m/s at the tunnel-cavern ‘A’
& 'B’ connections. This is consistent with stiffer rock reducing the difference in relative ground-
structure interaction stiffness between the comparatively more flexible tunnel and the cavern.
The transverse bending actions (moment and shear) were relatively unaffected by V. far from the

caverns (e.g. at CH. 5 km).
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Fig 10 Effect of shear wave velocity (or wave travel time) on the tunnel alignment forces
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considering 2D and 3D wave combinations.
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The decrease in alignment forces is also attributed to the range of wave lengths from the
applied asynchronous motion being much wider with higher V.. Given the slenderness of the
tunnel section, slower wave velocities lead to shorter sections being subjected to local bending
with sharper differential displacements, which are exacerbated at the tunnel-cavern connections.
The in-situ range of Vs in the rock for the LHC site suggests that the modelling assumption of using
a lower bound wave velocity (V,=1000m/s) is conservative as it yields the maximum seismic

forces within the range of Vs values considered.

5.5 Local lining actions

The time histories from the BNWF analyses in Fig 7 c, f & i were used as equivalent boundary
stresses in the detailed local 3-D dynamic FEA of the critical tunnel sections, to assess the local
section structural capacity against the induced asynchronous effects at the alignment scale. The 3-
D FEA models were executed using a workstation having 6 Cores with 12 logical processors (Intel
Xeon CPU @3.60GHz, 3601 Mhz) and a physical memory (RAM) = 32 GB. The run time to process
the 5.5 seconds of the ground motion for the 30 m critical length considered was approximately
570,325 seconds (= 5.6 days). Although this could be significantly reduced using high
performance computing capabilities, this demonstrates the difficulty there would be in modelling
the complete 27 km global alignment using 3D continuum FEA, and also the value of the combined
BNWF + limited 3D FEA approach proposed herein to enable analyses to be conducted on
routinely available computing facilities and to also enable design changes to the alignment (global

scale) or structural detailing (local scale) to be implemented within a practical timeframe.

Fig 11 shows the sign convention adopted in this section and Fig 4b indicates key transverse
cross sections (A, B & C) where seismic actions in the RC lining are explored. The in-plane
responses (hoop force Nj, lining moment Mi1 and lining shear Q13) were compared with
(conventional) 2-D plane strain FE dynamic analyses of the tunnel section utilising the same

constitutive models and model parameters for the lining and surrounding ground (reported in
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Mubarak et al. 2024). All responses were obtained at the time step at which the tunnel lining had
maximum ovalisation, defined as the largest ratio of major to minor axis diameters of the

deformed lining (see next section).

360°/0°

Fig 11 Sign convention for the obtained lining forces in the transverse (+ve x-axis) and the
longitudinal/axial (+ve y-axis) directions. Note that (-ve) is compression.

Fig 12 shows the tunnel lining peak forces from transverse sections-A, B & C considering
synchronous and asynchronous boundary conditions. The in-plane forces (Fig 12 a-c) were
compared with 2-D plane strain analysis. The hoop forces (N1) at each section were significantly
smaller in compressive magnitude considering the synchronous alignment effects in 3-D than the
predicted 2-D lining forces meaning that the bending moment capacity was lower in 3-D (Fig 5a).
Simultaneously, the induced moments (M11 and shear forces Q13) were increased in 3-D, such that
the utilisation of the section was increased, though the magnitude of the actions was small for

synchronous conditions.
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634 The induced lining forces were significantly higher in the asynchronous case which are
635  consistent with the larger magnitude of the alignment-level actions from the BNWF model. This
636  impact cannot be predicted using the conventional 2-D or even 3-D analyses of a critical length of
637  tunnel without considering the influence of asynchronicity from the alignment scale on the local
638  tunnel response. For the asynchronous case, lining forces in the out-of-plane direction in (Fig 12
639  d-f) were significantly higher than those in-plane (Fig 12 a-c). In general, the largest actions
640  around the circumference in all degrees of freedom were larger at section A which was closest to

641  the tunnel-cavern connection where the stiffness contrast was highest.

642

(a) Hoop force, N1 (MN/m) (b) Shear force, Q13 (kN/m) (c) Moment, M11 (kKNm/m)

0 o] 0
643 a0 ! 30 a0 30 a0 30
50
60 60 300 80
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90 9 270 90
645
120 120 240 120
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647 .

(d) Axial force, N2 (MN/m) (e) Shear force, Q23 (KN/m) () Moment, M2z (kNm/m)
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—2D
654
Fig 12 Peak seismic forces of the tunnel lining due to synchronous and asynchronous motion obtained at
different cross-sections along the longitudinal section, where (a, b & c) are the in-plane hoop forces, and

655 (d, e & f) are the out-of-plane forces. Note that (-ve) indicates compression.
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The results demonstrate that while 2-D analyses may be able to reasonably capture in plane
seismic bending, the effect of hoop force on the seismic bending capacity of the lining will not
necessarily be well captured, even when using an advanced concrete modelling approach which
inherently couples axial and bending actions, due to the absence of global scale actions

(particularly axial force N2) influencing the induced planar hoop forces (N1).

Fig 13 shows the Axial-Moment capacity interaction diagram for a 1m lining segment at w
=10° clockwise from the tunnel centre line at sections A-C (N1-M11 in plane; N»-M>; out of plane).
The induced actions in the asynchronous case, although larger than the synchronous actions,
remained within the structural capacity of the section; however, they approached the failure
surface at section-A where the largest global and local lining actions were induced. Based on the
residual (post-earthquake) actions, the resilience of the tunnel along the critical length modelled
would be significantly reduced for subsequent earthquakes. These residual actions are attributed
primarily to plastic deformation in the surrounding ground as the tunnel lining itself remained

within the elastic range for the motion considered.
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Fig 13 Axial-Moment (N-M) interaction diagrams to check the capacity of the tunnel lining at (a) section A,
(b) section B and (c) section C. The green numbers indicate the coordinate values of the seismic demand

point (current forces) used to evaluate the s

afety factor relative to the ultimate capacity envelope.
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5.6 Lining deformations
The maximum ovalised shape at sections A, B and C along the longitudinal tunnel axis was
defined at the time-step at which the resultant extension/contraction of a specific tunnel
diameter |Ae;j| was a maximum. This was determined by extracting the vertical and horizontal
displacement time-histories ‘ux(t) & uy(t)’ from several closely spaced points around the
circumference of the tunnel (supplementary material; Fig B5). Each diametrical line had a point
at each end (dij) where i was the first point and j was the corresponding second point. The

resultant diametric deformation between each pair of points was calculated |Ae;; (t)| using:

|Aei;(t)| = ‘\/[ux,i(t) — Uy, j (t)]z + [uy,i(t) — Uy (t)]z Eq.2

Fig 14 shows the maximum ovalised shape of the tunnel at sections A, B and C under
synchronous and asynchronous boundary conditions. In all cases, the deformation had the shape
of a semi-horizontal ellipse, where the deformation near the connection point at section-A was
more pronounced compared to sections-B & C where the response was closer to the 2D plane-
strain case. The same was true in the asynchronous case (Fig 14b), though the ovalisation was
significantly larger in magnitude than for the synchronous case (note different scale of
deformation). This further demonstrates the necessity of 3-D analysis over 2-D analysis for large

tunnel alignments where asynchronicity may be pronounced.

Fig 15 a & b shows the time varying change in the tunnel diameter at sections A, B and C due
to synchronous and asynchronous boundary conditions. For clarity, only the time-histories that
correspond to the diameter with the maximum variation of Ae;; at each section are shown. In the
synchronous case (Fig 15a), the tunnel returns to the original undeformed position by the end of
the earthquake (elastic response). In Fig 15b, the maximum ovalisation in the asynchronous case
occurs by the end of the applied motion (along diameter ds.10 approximately) and remains post-
earthquake. In the asynchronous case, the magnitudes of the structural and ground-structure

relative deformations are larger by more than one (nearly two) orders of magnitude compared to
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the asynchronouos case. This results in irreversible response within the surrounding ground which
is ‘locked-in’ once the earthquake finishes. This information can be useful for assessing the post-

earthquake serviceability of the tunnel, and cannot be captured by conventional 2D plane strain

analyses of tunnel cross-sections.
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u, (x300) (m)

1+
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4+
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Fig 14 Seismic induced ovalisation of different sections along the longitudinal tunnel due to (a)
synchronous and (b) asynchronous boundary conditions
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754 Fig 15 Variation of the tunnel diameters with time at different tunnel sections due to (a) synchronous and (b)
asynchronous boundary conditions, where |Ae| is the difference in tunnel diameter and D is the tunnel
diameter (D= 5200 mm).

755

756

757 6. Conclusions

758 The global seismic response of the circular, deeply-embedded LHC tunnel alignment along

759  its full 27 km length, considering 2-D and 3-D asynchronous ground motion components, was
760  presented in this paper. The dynamic analyses were conducted using the BNWF approach where
761  the ground-structure interaction was modelled using parallel springs and dashpots calibrated
762  against 2-D nonlinear FE analyses, with input motions that represent the local seismicity of the
763  Geneva area and assuming a coherent and steady wave travelling velocity through the
764  surrounding rock. The analyses demonstrated that long tunnel alignments can be highly
765  susceptible to strong asynchronous ground motion effects. These are manifested as global actions
766  (axial, moment, and shear) generated along the alignment that are not captured in conventional 2-

767 D plane-strain analyses of particular tunnel cross-sections. Such conventional local analyses
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(ignoring these global effects) may therefore under-predict the lining forces and lead to under-

designed sections.

The global actions are induced mainly due to differential displacement arising from either (i)
differential ground-structure stiffnesses or (ii) local bending. The former appears primarily at the
tunnel-cavern connection points where the transverse stiffness of the cavern is significantly larger
than the transverse stiffness of the tunnel given their relative sizes. These findings would be similarly
applicable to other large tunnel systems, e.g. underground mass transit systems with intermediate
station boxes (‘caverns’) distributed along their length. A similar response might be anticipated for
a case where a uniform alignment passes through ground with highly contrasting stiffnesses. The
BNWF model can indicate the size of the region(s) that are most significantly affected, identifying
critical locations for more detailed subsequent analyses. Local bending is induced due to
asynchronous motion which travels wave-like through the alignment. The magnitude of the induced
alignment actions is affected by the level of asynchronicity, with the effect becoming larger as the
shear wave velocity of the surrounding ground reduces. Tunnel alignments that pass through
softer/shallower ground may therefore see more significant effects of asynchronicity compared

to those demonstrated herein for the LHC alignment.

These actions induced globally at tunnel alignment scale from the BNWF model were used
as time-varying equivalent boundary multi-axial stresses on the local section of the tunnel lining,
considering synchronous and asynchronous scenarios. This was demonstrated by performing a
local 3-D continuum dynamic FE analysis of a critical longitudinal tunnel section (Lerit. = 30m)
near the tunnel-cavern ‘A’ of the circular LHC tunnel alignment at CERN. The value of Li: defining
the size of the 3-D model was defined from the BNWF results. This second analysis stage

demonstrated that:

1. Conventional 2-D plane strain dynamic FE analyses did not provide accurate representations
of internal lining actions due to the influence of the global tunnel alignment geometry

(including changes of stiffness at tunnel-cavern connections) and motion asynchronicity
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effects at the alignment scale. Proximity to a tunnel-cavern connection and asynchronicity at
the alignment scale resulted in significant increases in lining actions.

Axial compression induced along the tunnel at the global scale resulted in a reduction of
compressive hoop stress, reducing the capacity of the reinforced concrete tunnel lining to
resist co-seismically induced bending moments. Despite increased actions and reduced
capacity, the LHC tunnel lining has sufficient capacity to sustain the applied design seismic
actions under synchronous and asynchronous conditions at the critical location considered.
However, asynchronous conditions resulted in significant residual actions at the end of the
event, which would reduce resilience to future earthquakes.

Conventional 2-D analyses could not capture the out-of-plane tunnel lining response which
appeared to exhibit higher seismic actions than the in-plane response. This demonstrates the
necessity for 3-D analysis at local scale to capture this effect.

Ovalisation was observed in all cases. Away from the tunnel-cavern connection, the deformed
shape in the 3-D case was similar to plane-strain 2-D analyses. The magnitudes of deformation
were generally much larger for asynchronous loading and appeared also to be permanent,
potentially affecting tunnel serviceability; the deformed shape was also significantly different

in shape and magnitude at the tunnel-cavern connection.

These findings highlight that the conventional approach of decoupling transverse and
longitudinal seismic analyses may not be conservative for long or curved underground structures,
as alignment-scale effects can amplify local demands in ways that are not captured by isolated

cross-sectional analyses.
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Figure captions:

Figure 1: (a) Overview of the existing LHC underground complex © CERN, and (b) simplified
plane-view of the circular LHC tunnel alignment adopted for the ground-strucutre interaction

model.

Figure 2: (a) Simplified sketch for the BNWF model of the circular LHC tunnel alignment and (b)
vertical shafts; Hg (t): are the resultant dynamic displacement component in the radial and

circumferential directions.

Figure 3: Assignment of the asynchronous amplitude vectors to the spring's boundaries

assuming Eastwards seismic wave propagation

Figure 4: (a) 3D FE model of the longitudinal section at the critical region near the tunnel-cavern-
A connection, and (b) FE model of the modelled 3D longitudinal tunnel section showing the

location of key tunnel cross sections for result extraction.

Figure 5: (a) Normalised Axial-Normalised Moment (N-M) interaction diagram, and (b)

Normalised Moment-Curvature (M-x) of the LHC tunnel section

Figure 6: (a) Schematic view of the location of the modelled longitudinal tunnel segment and (b)
the different action components in the ‘in-plane’ and ‘out-of-plane’ directions that were obtained

from the BNWF model of the circular LHC tunnel at the critical region near Cavern-A.

Figure 7: Peak seismic force envelopes due to 3-D Synchronous and Asynchronous Eastwards
wave propagation, where (a), (d) & (g) are forces distribution along the circular alignment; (b),
(e) & (h) show forces at the tunnel-cavern-A connection; (c), (f) & (i) are time histories obtained

at the connections to caverns ‘A’ & B’ respectively.

Figure 8: Directionality effect of propagated seismic wave on the peak seismic force envelopes

along the circular alignment, where (a), (b) & (c) are forces distribution due to North-eastwards
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propagation; (d), (e) & (f) are forces distribution due to Northwards propagation, both compared

with the Eastwards propagation.

Figure 9: Fourier amplitude spectrum for dominant component of the local Swiss motion (au1(t)

with PGA = 0.15g)

Figure 10: Effect of shear wave velocity (or wave travel time) on the tunnel alignment forces

considering 2D and 3D wave combinations.

Figure 11: Sign convention for the obtained lining forces in the transverse (x-axis) and the

longitudinal/axial (y-axis) directions. Note that (-ve) is compression.

Figure 12: Peak seismic forces of the tunnel lining due to synchronous and asynchronous motion
obtained at different cross-sections along the longitudinal section, where (a, b & c) are the in-

plane hoop forces, and (d, e & f) are the out-of-plane forces. Note that (-ve) indicates compression.

Figure 13: Axial-Moment (N-M) interaction diagrams to check the capacity of the tunnel lining at

(a) section A, (b) section B and (c) section C.

Figure 14: Seismic induced ovalisation of different sections along the longitudinal tunnel due to

(a) synchronous and (b) asynchronous boundary conditions

Figure 15 Variation of the tunnel diameters with time at different tunnel sections due to (a)
synchronous and (b) asynchronous boundary conditions, where "|Ae|" is the difference in tunnel

diameter and D is the tunnel diameter (D = 5200 mm)
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1062 Notations list

Symbol Unit Description

LHC Large Hadron Collider

CMS Compact Muon Solenoid

ATLAS A Toroidal LHC ApparatuS

BNWF Beam-on-Nonlinear-Winkler Foundation

FEA Finite Element Analysis

RC Reinforced Concrete

ESM Engineering Strong Motion

BGL [m] Below Ground Level

PGA [gor m/s?] Peak ground acceleration, where g =9.81 m/s?

P [GN] Load

) [mm] Displacement

Go [MPa] Initial shear stiffness at small strains

Yo7 [-] Shear strain when the secant shear stiffness G degrades to
70% of the initial shear stiffness, Gy

D% [-] Damping ratio®

pe [kPa] Reference atmospheric pressure = 100 kPa

Vsat [kN/m3] Saturated soil/rock unit weight

Va [m/s] Apparent shear wave velocity

Vs [m/s] Shear wave velocity

Xi [m] Wave travel distance

0 [°] In-plane angle between the tunnel alignment and the
direction of the travelling wave

Lerie [m] Critical tunnel length

I [m] Spacing between Winkler springs

L - Mesh element characteristic length

c’ [MPa] Cohesive strength

@’ [°] Friction angle

Y [°] Dilatancy angle

¢ max [°] Maximum friction angle

Ezs [MPa] 28 days Young’'s modulus

Eur [MPa] Unloading-reloading stiffness

Eoed. [MPa] Oedometer ‘tangent’ stiffness

Eso [MPa] Secant stiffness ‘drained triaxial’

Es [MPa] Modulus of elasticity of steel

m [-] Power for stress-level dependency of stiffness

1% [-] Poisson’s ratio

feos [MPa] Uniaxial compressive strength

ftos [MPa] Uniaxial tensile strength

feon [-] Normalised initially mobilised strength

fefn [-] Normalised failure strength

feun [-] Normalised residual strength
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sfp [-] Uniaxial plastic failure strain
Geps [KN/m] Compressive fracture energy
Gt2s [KN/m] Tensile fracture energy
feun [-] Ratio of residual vs. peak tensile strength
fy [MPa] Tensile yield strength of steel
EIl [GN.m?] Flexural stiffness
EA [GN/m] Axial stiffness
N, [kN/m] Tensile yield strength
r [m] Tunnel radius
D [m] Tunnel diameter
z [m] Tunnel running depth
K [rad/km] Curvature
c [GN.s/m] Dashpot coefficient
to [seconds] Wave arrival time
t-lag [seconds] Total wave lag time
ux(t) and uy,(t) | [m] Horizontal and vertical tunnel displacement vector,
respectively
ay [m/s2?] Ground acceleration
M, - Earthquake Moment Magnitude
ani(t) [m/s?] Dominant (in-plane) horizontal acceleration component
ani(t) [m/s2] Secondary (in-plane) horizontal acceleration component
ay(t) [m/s2] Vertical (out-of-plane) acceleration component
Hy(t) [m] Dominant displacement amplitude vector
Hy(t) [m] Secondary displacement amplitude vector
Hg(t) [m] Resultant displacement amplitude vector
A [m] Seismic wave length
f [Hz] Seismic wave frequency
fmandf; [Hz] Target frequency(ies)
D* % Target damping
Ciand C; - Normal and tangential relaxation coefficients, respectively.
ayand By - Time integration parameters
M, [MN.m] In-plane bending in the tunnel alignment
Vx [MN] In-plane shear in the tunnel alignment
Ny [MN] In-plane axial force in the tunnel alignment
Ahoop [m2] Tunnel hoop area
As [mm?2] Area of steel
Ny [MN] In-plane hoop axial force
Q13 [MN] In-plane hoop shear force
My [MN.m] In-plane hoop moment force
N, [MN] Out-of-plane hoop axial force
Q23 [MN] Out-of-plane hoop shear force
M2 [MN.m] Out-of-plane hoop moment force
T [MN.m] Torque
|Aei; (1)] [m] Resultant time-varying change in tunnel diameter
On [kN/m?] Axial stress
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On [KN/mZ] Shear stress
O [MPa] Unconfined compressive strength of intact rock
Lo [MPa] Vertical total stress

1063
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Fig 4 (a) 3D FE model domain of the longitudinal section at the critical region near the tunnel-cavern-A
connection, and (b) FE model of the modelled 3D longitudinal tunnel lining only, showing the location of

key tunnel cross sections for result extraction.
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Fig 5 (a) Normalised Axial-Normalised Moment (N-M) interaction diagram, and (b) Normalised

Moment-Curvature (M-K) of the LHC tunnel section
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On [KN/m?2] Shear stress
o' [MPa] Unconfined compressive strength of intact rock
Lo [MPa] Vertical total stress
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Fig 14 Seismic induced ovalisation of different sections along the longitudinal tunnel due to (a)
synchronous and (b) asynchronous boundary conditions
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(d) Axial force, N2 (MN/m) (e) Shear force, Q23 (kN/m)
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Figure 1: (b) simplified plane-view of the circular LHC tunnel alignment adopted for the
ground-strucutre interaction model.
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Figure 2 (a) Simplified sketch for the BNWF model of the circular LHC tunnel alignment and (b)
vertical shafts; Hg (t): are the resultant dynamic displacement component in the lateral and tangential

directions
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Figure 3 Assignment of the asynchronous amplitude vectors to the spring's boundaries
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